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To improve asphalt pavement service performance by reducing 
the rate of hardening of the a sphalt-cement, and to provide 
full-depthand deep-strengthand conventional asphalt pavements 
with maximum structural strength per inch of thickness, asphalt 
paving mixtures should be compacted during construction to 
100 percent of laboratory-compacted density. A further ob
jective of compaction is to_ achieve the specified pavement den
sity with maximum surface smoothness and minimum rolling 
effort. 

The ease or difficulty of compaction of any given dense graded 
asphalt-concrete paving mixture by rolling during construction 
is influenced by the viscosity temperature characteristics of the 
asphalt-cement; the temperature of the mix during compaction; 
the gradual increase of stability and density of the mix as rolling 
proceeds; the rate of cooling of the mix behind the spreader; type 
of rolling equipment; and the use of low rather than high vis
cosity asphalt-cements. 

The influence of the viscosity of the asphalt-cement on cold 
weather pavement construction, and on the rate at which a fin
ished asphalt pavement is densified by traffic is reviewed. 

The viscosity of asphalt-cement represents an important 
resistance to the compaction of a paving mixture by rolling 
equipment during construction, and by traffic in service. Con
sequently, whenappropriate compaction equipment is employed, 
compaction of a paving mixture to the specified density by rolling 
during construction (preferably to 100 percent of laboratory
compacted density) is facilitated when the viscosity of the as 
phalt-cement is low, but is made more difficult when the vis
cosity is high. 

Of current compaction equipment, it is indicated that pneu
matic-tire rollers equipped for rapid adjustment of tire inflation 
pressures over the range of from about 25 to 150 psi or more, 
appear most likely to be capable of achieving 100 percent oflab
oratory-compacted density by rolling during construction. 

TM purposed grading of asphalt-cements by viscosity at 
140 F is questioned, because this would tend to eliminate low 
viscosity asphalt-cements, which offer a number of important 
advantages. 

•THERE are two separate stages in the life of every hot-mix asphalt pavement. The 
construction stage from cold aggregate feed and asphalt storage to finished pavement 
usually takes from two to three hours or less. The service stage should last from 15 
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Figure l. Effect of initial air voids iffpavement on change in penetration of asphalt after four years 
of service. 

to 25 years or more, depending on the care with which the pavement is designed and 
constructed, the strength of the foundation on which it is placed, and other factors. 

During the construction stage, the paving mixture is at an elevated temperature 
that normally begins within the range of 275 to 325 F, as it leaves the mixing plant, 
and ends between 100 and 150 F, when final rolling is completed. In the long service 
stage of its existence, the maximum temperature attained at the pavement surface 
seldom exceeds 140 F and ordinarily remains at the highest temperature for only an 
hour or two or less on any one day. In the deeper layers of full-depth and deep-strength 
asphalt pavements, the temperature is usually below 100 F, even in the warmest 
weather (1). 

At the present time, the specified degree of compaction to be obtained by rolling 
during construction usually ranges from 95 to 97 percent of laboratory-compacted 
density. This appears to be the maximum that can be achieved by conventional steel
wheel rollers, which have been the principal compaction equipment for many decades. 
Completion of compaction of hot-mix asphalt binder and surface courses to 100 percent 
of laboratory-compacted density is usually left to traffic. This sometimes requires 
several years. If the asphalt-cement becomes too hard in the meantime, the pavement 
may never be compacted to 100 percent of laboratory-compacted density, and because 
of its higher air voids, it may deteriorate at a faster than normal rate, with resulting 
seriously curtailed service life. 

The compactive effort employed in the laboratory should provide a value for 100 per
cent of laboratory-compacted density that is equal to the density the same paving mix
ture would ordinarily finally attain under traffic. For example, 100 percent of labora
tory-compacted density provided by 60 blows on each face by the Marshall mechanical 
compactor appears to agree closely with the density a pavement usually achieves after 
two or three years of heavy traffic. 
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Figure 2. Marshall stability vs percent laboratory compacted density for identical mixes containing 
low viscosity and high viscosity asphalt-cements. 

This paper has three principal objectives. 

1. To show how the viscosity of asphalt-cement in a paving mixture influences its 
compaction by rolling during construction and by Lraffic during the pavement's early 
service life. 

2. To indicate the need for compaction of all asphalt pavements to much higher 
densities during construction than are specified at the present time, with the objective 
of achieving at least 100 percent of laboratory-compacted density by rolling. 

3. To indicate the type of rolling equipment and the rolling technique required to 
achieve at least 100 percent of laboratory-compacted density and greater surface 
smoothness with a minimum of rolling or compaction effort. 

NEED FOR COMPACTION TO HIGHER DENSITIES DURING CONSTRUCTION 

Figure 1 shows the results of an investigation by Goode and Owings (2) of a number 
of asphalt pavements constructed near Washington, D. C., some years ago. Imme
diately after rolling was complete, samples were cut from these pavements, the air 
voids content was determined, and the penetration at 77 F of the asphalt binder ex
tracted from each sample was measured. Periodically thereafter, further samples 
were cut from these pavements, the asphalt-cement extracted, and its penetration at 
77 F determined. Figure 1 shows the result of this study after data had been obtained 
in this way for the first four years. The abscissa represents percent air voids in the 
pavement samples cut immediately after rolling. The ordinate indicates the hardness 
of the asphalt binder recovered from pavement samples taken at the end of four years 
expressed as a percentage of the penetration at 77 F of the asphalt-cement recovered 
from the pavement samples taken as soon as rolling was finished. 

The asphalt-cement hardened very rapidly to only 30 to 40 percent of its initial 
penetration at 77 F in the pavements that had air voids of 12 to 14 percent immediately 
after rolling. However, it still retained from 70 to 80 percent of its initial penetration 
at 77 Fin the pavements that had been rolled during construction to approximately 6 
percent air voids. 

A number of investigations undertaken during the past 30 years have shown that when 
the asphalt binder hardens to about 20 to 30 penetration, pavement deterioration can be 



TABLE 1 

COMPOSITION OF PAVING MIXTURES 

Gradation Sieve Size 
lj. • 
~}in. 
la in. 

No. 4 
No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
No. 200 

Asphalt Content 60/70 Penetration asphalt percent by 
weight of total mix 

Marshall Properties of Mixes 

No. of blows on each face (Marshall mechanical) 

Theoretical specific gravity 
Bulk specific gravity 
Air voids (%) 
Voids in mineral aggregate (%) 
Marshall stability at 140 F (lb) 
Flow index (units of 0. 01 in. ) 

High Viscosity 
Asphalt-Cement 

2.517 
2.431 
3.4 

16.4 
1,750 

8. 5 

79 

Percent Passing 

100 
71. 9 
54.6 
51. 8 
46.8 
34.9 
13. 1 
4.0 
2. 2 

5. 93 

60 

Low Viscosity 
Asphalt-Cement 

2. 514 
2. 429 
3. 5 

16. 5 
1,475 

7.0 

expected (3, 4). Goode and Owings report that the two pavements with the highest air 
voids after rolling (Fig. 1) in .which the degree of hardening of the asphalt-cement was 
greatest showed signs of deterioration after only two years, and the pavement with the 
third highest air voids after rolling began to deteriorate after ten years of service. 
Consequently, as observed many times in the field, compacting a well-designed paving 
mixture to low air voids retards the rate of hardening of the asphalt binder, and re
sults in longer pavement life, lower pavement maintenance, and better all-around 
pavement performance. 

Dense graded asphalt-concrete paving mixtures should be designed for from 3 to 5 
percent air voids at 100 percent of laboratory-compacted density (5). When rolled to 
the commonly specified 95 percent of laboratory-compacted density, these mixtures 
may be left with 10 percent air voids when rolling is finished, and in cold weather the 
air voids may be 12, 14, or 16 percent or even higher, due to inability to roll to 95 
percent of laboratory-compacted density. 

If the curve in Figure 1 is projected to 100 percent of retained penetration, it inter
sects the abscissa at about 3 percent air voids, which is the lower limit of the air voids 
range specified by current design for dense graded asphalt-concrete. Figure 1 impli~s 
that inasmuch as pavement deterioration usually parallels hardening of the asphalt 
binder, to obtain better long-range pavement performance all asphalt pavements should 
be compacted by rolling during construction to at least 100 percent of laboratory-com
pacted density. 

Figure 2 shows the influence of density on the corresponding Marshall stability of 
asphalt paving mixtures as indicated by data obtained by Lefebvre (6); the properties of 
these mixtures are given in Table 1. The briquettes for the Marshill test were pre
pared in accordance with ASTM designation 01559, except that the number of blows of 
the Marshall mechanical compactor varied from 2 to 60 on each face. 
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The Marshall stability value ordinarily reported for a paving mixture is the sta
bility at 100 percent of laboratory-compacted density, which for the upper paving mix
ture is 1, 750 lb (Fig. 2). Construction specifications usually require rolling to only 
95 or at most to 97 percent of laboratory-compacted density. At 95 and 97 percent of 
laboratory-compacted density, the corresponding Marshall stability values are only 
385 and 710 lb, respectively. These values are approximately only 22 percent and 41 
percent, respectively, of the corresponding Marshall stability at 100 percent of labora
tory-compacted density. Therefore, many asphalt pavements do not seem very stable 
immediately after construction. When paving mixtures are well designed, the principal 
cause of this lack of stability, when it occurs, i~ inadequate compaction by rolling. 

Tests made on pavement samples cut from many parking lots and driveways have 
shown compaction to only 88, 90, and 92 percent of laboratory-compacted density. 
This very poor compaction results in Marshall stabilities that are only about 10 percent 
of the corresponding Marshall stability at 100 percent of laboratory-compacted density, 
and is responsible for many of the reported "tender" mixes, which would be avoided if 
they were compacted to 100 percent of laboratory-compacted density. 

For asphalt paving mixtures that are to serve as the usual relatively thin binder and 
wearing courses (total thickness 3 to 4 in. ), specifying compaction by rolling to from 
95 to 97 percent of laboratory-compacted density is currently accepted, partly because 
of the inability of the widely used steel-wheel rollers to achieve higher density, and 
partly because experience has shown that traffic over a period of several years tends 
gradually to compact the pavement to 100 percent of laboratory-compacted density. 
This additional gradual compaction takes place under traffic, because the surface tem
peratures of asphalt pavements become relatively high (approximately 140 F) in sum
mer, and the pavement, therefore, becomes sufficiently pliable for further compaction 
by traffic. At the same time, however, because of the high air voids content of the 
pavement, the asphalt binder hardens rapidly (Fig. 1), and the pavement may develop 
so much resistance to further compaction by traffic that it may never reach 100 percent 
of laboratory-compacted density. In addition, the binder may become so hard that the 
pavement deteriorates at a faster than normal rate, with resulting seriously shortened 
service life. 

The most important new development in the flexible pavement field is full-depth and 
deep-strength asphalt pavement construction. Results from the AASHO Road Test (7) 
indicated that 1 in. of sandy gravel mixed with approximately 5 percent of 85/100 pene
tration asphalt-cement, and compacted by rolling to about 96 percent of laboratory
compacted density (60-blow mechanical Marshall), had the load-carrying capacity of 
3 in. of high quality crushed stone, and of 4 in. of sandy gravel subbase. 

Through.out most of its depth, W'hiCh .a.w.y cxt"nd !rvm 12 to 15 in., a. !-ull- depth 
asphalt pavement remains relatively cool (below 100 F) even .during the summer sea
son. Due partly to its lower temperature, and partly to the decreased pressure trans 
mitted to its depth in the structure, little or no further compaction by traffic can be 
expected for these full - depth asphalt- concrete bases, particularly in the deeper layers. 
Therefore, as far as density is concerned, the load- carrying capacity of full - depth 
asphalt-conc:r.ete bases per inch of thickness depends almost entirely on the degree of 
compaction they receive during construction. Because the asphalt-treated bases at the 
AASHO Road Test were compacted to only about 96 percent of 60-blow mechanical 
Marshall laboratory-compacted density (7), their corresponding Marshall stabilities 
were only about 30 percent of the Marshall stability corresponding to 100 percent of 
60-blow Marshall laboratory-compacted density (Fig. 2). 

The modulus of stiffness of the upper asphalt paving mixture (Fig. 2) at 77 F varies 
substantially with percent of laboratory-compacted density (Table 2): 

Stability 
S = 2. 5 x 4 = 40 Stability 

Flow Flow 
100 x 4 



TABLE 2 

INFLUENCE OF DEGREE OF COMPACTION ON MODULUS OF STIFFNESS OF 
PA YING MIXTURE AT 77 F AND ON CORRESPONDING 

PAVEMENT TfilCKNESS REQUIREMENT 
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Pavement Modulus of Flow Index Marshall Percent of No. of Thickness Stability 60-Blow 
(in. )a Stiffness (units of 0. 01 in. ) 

12 32,500 11 
14 27,200 11. 5 
17 20, 300 12 
22 14,100 14 
38 8, 400 20 

6,600 21 

~9,000-lb wheel load, CBR3 subgrade. 
Marshall mechanical. 

where 

S = modulus of stiffness (psi); 
Stability = Marshall stability (lb); and 

Flow = flow index (in units of 0. 01 in. ). 

at 77 F (lb) Density 
Blowsb 

8, 950 100 60 
7,825 99. 1 40 
6,075 96.4 20 
4, 925 95. 1 10 
4,200 93.7 5 
3, 475 92. 8 2 

Although these moduli of stiffness are of value only in a relative sense, if they are 
inserted into Burmister's equation for a 2-layer elastic system, they provide the 
thickness requirements for a full-depth asphalt pavement for a 9, 000-lb wheel load over 
a C BR 3 subgrade (Table 2). The differences between these thickness values demon
strate the great influence that percent of laboratory-compacted density can have on the 
thickness requirement of a given asphalt paving mixture. For example, if this paving 
mixture is compacted to 100 percent, to 99. 1 percent, to 96. 4 percent, to 95. 1 percent, 
and to only 93. 7 percent, the corresponding required full-depth pavement thicknesses at 
a temperature of 77 F become 12, 14, 17, 22, and 38 in. 

If asphalt-concrete or other hot-mix is compacted by rolling to only 90 to 92 percent 
or less of laboratory-compacted density, as not infrequently happens during cold weath
er pavement construction, the corresponding Marshall stability values could be as low 
as 10 percent or less of the stability values at 100 percent of laboratory-compacted 
density (Table 2, Fig. 2). At these low-compacted densities, therefore, the load
carrying capacity of asphalt-treated mse per inch of thickness could be less than that 
of 1 in. of good quality granular mse, and serious structural failures of full-depth 
asphalt pavement construction could result from no other cause than poor compaction 
of the paving mixture. Consequently, poor compaction during construction would cause 
a serious setmck to this promising new development of full-depth and deep-strength 
asphalt pavement structural design. Conversely, nothing could contribute more toward 
establishiJ)g the structural advantages of full-depth and deep-strength asphalt pavement 
design than compaction during construction to 100 percent of laboratory-compacted 
density, inasmuch as the data in Table 2 imply that this would make 1 in. of asphalt
concrete as strong as about 5 to 6 in. of the crushed stone mse, or about 6 to 8 in. of 
the sandy gravel submse employed at the AASHO Road Test, or at least as strong as 
some multiple of the 3-in. and 4-in. values, respectively, that the AASHO Road Test 
provided. 
. Some very informative investigations of the compaction of hot-mix pavements by 
steel-wheel rollers have been made by Nijboer (8), Parker (9), Schmidt, Kari, Bower, 
and Hein (10), Fromm (11), and Graham (12). However, these investigations appear 
to indicatethat 100 percent of laboratory-compacted density is not likely to be achieved 
under normal field conditions by steel-wheel rollers. 
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TABLE 3 

ASPHALT INSTITUTE MARSHALL TEST DESIGN REQUIREMENTS 
FOR ASPHALT-CONCRETEa 

Design Requirements 

Highways Airports 

Test Property Heavy Medium Light General Air 
Traffic Traffic Traffic Small Aviation Carrier 

Min Max Min Max Min Max Min Max Min Max Min Max 

No. of blows 
Each face of 
briquette, 
hand compactor 75 50 35 50 75 75 

Stability 
lb at 140 F 750 500 500 500 1000 1500 

Flow index lunits 
of O. 01 in.) 8 16 8 18 8 20 8 20 8 16 8 14 

Percent air voids 
Surface or 
leveling 3 5 3 5 3 5 3 5 3 5 3 5 
Binder or base 3 8 3 8 3 8 3 8 3 8 3 8 

aFor percent voids in mineral aggregate fYMA), see Appendix, Figure 25, 

OBJECTIVES OF COMPACTION BY ROLLING 

The foregoing discussion establishes that compacting well -designed dense graded 
asphalt-concrete paving mixtures to 100 percent of laboratory-compacted density would 
accomplish the following: 

1. Substantially improve the service performance and lengthen the service lives of 
binder and surface cour ses by greatly r etarding the rate of hardening of the a sphalt 
cement. This would apply not only to highways and streets, but even more so to pave
ments for airfields, parking areas, playgrounds, driveways, etc., which, unlike high
ways, receive little or no compaction by traffic after the rollers leave the job. 

2. Greatly increase the structural strength and efficiency of full-depth and deep
strength asphalt pavement construction and of ordinary binder and surface courses. 

Consequently, the compaction of these asphalt-concrete paving mixtures by rolling 
should achieve the following three major objectives: 

1. Obtain at least 100 percent of laboratory- compacted density by rolling during 
construction. 

2. Conduct the rolling operation to attain as nearly possible perfect smoothness of 
ride for the finished pavement. 

3. Achieve the foregoing objectives with a maximum of efficiency, which means a 
minimum expenditure of energy and time for the complete rolling operation. 

Recognition of these compaction objectives, and of the very practical need for them, 
leads directly to an examination of the more important factors influencing compaction 
by rolling. 

FACTORS INFLUENCING COMPACTION BY ROLLING 

In this paper, it is assumed in all cases that the paving mixture to be compacted is 
dense graded asphalt - concrete satisfying Asphalt Institute design requirements based 
on the Marshall test as given in Table 3 (_~). On most paving jobs there is little prac
ticai choice oi aggregates, and oniy very limited changes are possible in type or 
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Figure 3. Comparison of viscosity-temperature curves for low viscosity and high viscosity asphalt-cements. 

gradation of aggregate, asphalt content or grade, or addition or reduction of mineral 
filler (if it is being used), to improve the rolling operation. However, even after every 
possible adjustment (within the limitations of good mix design and economy) has been 
made in mix composition, aggregate drying, and mixing temperature, rolling must 
proceed on the mix delivered to the site. Each of the following factors can then have 
a marked influence on the efficiency and effectiveness of compacting asphalt-concrete 
to the specified density by the rolling operation: (a) viscosity-temperature character
istics of the asphalt-cement; (b) temperature of the mix; (c) gradual increase in density 
and stability of the mix as rolling proceeds; (d) rate of cooling of the mix behind the 
spreader; (e) type of rolling equipment; and (f) low vs high viscosity asphalt-cements. 

There is the further consideration that the expenditure on modern multilane high
ways may average from 1 million to 2 million dollars or more per mile, but the final 
construction operation of rolling the asphalt surface for these highways costs only a few 
cents per square yard. It has finally been -recognized that if a highway is satisfactory 
with respect to its geometric design, the feature that the average motorist values most 
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TABLE 4 

INSPECTION DATA ON HIGH AND LOW VISCOSITY ASPHALT-CEMENTS 

Item 

Flash point COC F 
Penetration at 77 F 100 gr 5 sec 
Ductility at 77 F 5 cm/ sec ems 
Viscosity (poises) 

At 275 F 
At 210 F 
At 140 F 

Thin film oven test 
Loss or (gain) (%) 
Original penetration (%) 
Viscosity of residue at 140 F (poises) 
Viscosity ratio 

IOOd~~ 

High Viscosity 

575 
63 

150+ 

5.23 
53.8 

3,667 

(0. 02) 
65.9 

8,241 
2.2 

Low Viscosity 

615 
60 

150+ 

2. 19 
16. 96 

975 

(0. 10) 
62.1 

2, 518 
2. 6 

-~ 
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Figure 5. Influence of compaction temperature on percent air voids in an asphalt-concrete wearing 
course. 
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is smoothness of ride, and to a very large extent he evaluates the project as a whole on 
this bl.sis. In view of the casual manner in which the rolling operation is often per
formed, however, it seems to be frequently forgotten that in the motorist 's mind any 
resulting rough riding surface can cancel out all the care and expense for high quality 
materials, and for the-excellent engineering and workmanship that may have gone into 
every other part of the roadway structure. Consequently, the rolling of asphalt pave
ments, as the final stage in their construction, merits far more attention than it usually 
receives. In addition to achieving at least 100 percent of laboratory- compacted density, 
rolling to obtain as nearly as possible perfect smoothness of ride is also most impor
tant. 

Viscosity-Temperature Characteristics of Asphalt-Cements 

A recurring theme throughout this paper is that the viscosity of the asphalt-celrulnt 
represents a major source of resistance to the compaction of a paving mixture. Con
sequently, when appropriate compacting equipment is employed, compaction of a paving 
mixture to the specified density is facilitated when the viscosity of the asphalt-cement 
is low, but is made more difficult when the viscosity of the asphalt-cement is high. 

Figure 3 shows viscosity-temperature curves for two different 60/70 penetration 
asphalt-cements (6). Line 1 represents high viscosity asphalt-cements. It indicates 
a viscosity of 523centipoises at 275 F. Low viscosity asphalt-cements have viscosity
temperature curves in the vicinity of line 2, for which the viscosity at 275 F is about 
219 centipoises. In this case, at 275 F the viscosity of the high viscosity asphalt is 
more than twice as high as that of the low viscosity asphalt-cement, and at any tem
perature over the whole range of temperature employed for hot-mix construction, for 
mixing, spreading, and compaction, the low viscosity asphalt-cement has a lower 
viscosity than the high viscosity asphalt-cement. Inspection data for these high and 
low viscosity asphalt-cements (Fig. 3) are given in Table 4. 

The viscosity-temperature curves (Fig. 3) show how rapidly the viscosity of an 
asphalt-cement changes with an increase or decrease in temperature. For the high 
viscosity asphalt-cement, for example, line 1 indicates that its viscosity at 275 F, the 
temperature at which the mix often leaves the spreader, is about 5 poises, whereas at 
about 135 F, the temperature at which rolling often ceases, its viscosity is about 
5, 000 poises. Consequently, this asphalt-cement is 1, 000 times more viscous at 135 F 
than at 275 F. 

Figure 4 shows the influence that the viscosity-temperature characteristics of the 
two asphalt- cements in. Figure 3 can have on the Marshall stability values of paving 
mixtures containing them, over the entire range of construction temperatures. 

The properties of the paving mixture in Figure 4 are indicated in Table 1. Each of 
the test briquettes was prepared in accordance with ASTM designation D 1559, except 
that compaction on each face was 60 blows by the Marshall mechanical compactor, 
which Lefebvre (13) has found to correspond to 75 blows by the hand compactor. All 
test briquettes were compacted to the same bulk density. Consequently, \the differences 
in Marshall stability reflect the differences in the viscosity-temperature characteristics 
of the two asphalt-cements (Fig. 3). 

The Marshall stability of the paving mixture containing the high viscosity asphalt
cement (line 1) is about 150 lb at 275 F, but is about 1, 500 lb at 145 F (Fig. 4). 

From the point of view of the job the roller must do in the field, Marshall stability 
is also a measure of resistance to compaction. Therefore, line 1 (Fig. 4) shows that, 
due entirely to the viscosity of the asphalt cement, resistance to compaction increases 
by 10 times over a rolling temperature range from 275 to 145 F. 

At 275 F, immediately behind the spreader, the stability of the mix containing the 
low viscosity asphalt is about one-half the stability of the mix containing the high vis
cosity asphalt. On a hot summer day this can lead to delayed rolling and to the 
criticism of tender mix being directed against the mix containing the low viscosity 
asphalt, particularly when by merely substituting the high viscosity asphalt, the break
down roller can be kept right up to the spreader. In this case, substitution of the high 
viscosity asphalt-cement increases the Marshall stability sufficiently to carry the 
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weight of the roller (Fig. 4). However, this change to a high viscosity asphalt-cement 
also increases the resistance of the mix to compaction, and additional compactive 
effort must therefore be applied to achieve the specified density. 

Influence of Temperature of Mix on Compaction 

Figure 5 shows the results of a study of compaction of hot-mix asphalt-concrete by 
Parker (9), and Figure 6 shows data obtained fro"m a similar investigation by Kiefer (14). 

Parker's investigation of the influence of the temperatur,e of compaction on the -
resulting density of a paving mixture employed the Marshall compaction procedure 
(50 blows on each face). For a given compactive effort the temperature of compaction 
can have an important influence on the air voids content, and therefore on the density 
of a paving mixture (Fig. 5). For example, compacting this particular mixture at 
150 F results in an air voids value four times as large as that resulting from its com
paction at 275 F. The principal initial difference between the paving mixture at 150 and 
275 F is the much higher viscosity of the asphalt-cement in the mix at 150 F due to its 
lower temperature. This higher viscosity of the asphalt binder is the source of the 
greater resistance to compaction, which is responsible for the 4-fold increase in air 
voids that resulted when the mix was compacted at 150 F. 

Kiefer (14) used the Hveem kneading compactor for his study of the influence of 
compactiontemperature on the resulting density of a paving mixture. In addition, 
Kiefer included both a high and a low viscosity 85/ 100 penetration asphalt-cement in 
his investigation. The high viscosity asphalt-cement had a penetration at 77 F of 92 
and a viscosity of 230 sec Saybolt Furol (approximately 430 centipoises) at 275 F. The 
penetration at 77 F of the low viscosity asphalt-cement was 94, and its viscosity at 
275 F was 120 sec Saybolt Furol (approximately 225 centipoises). Each curve of 
Figure 6 demonstrates that for a given compactive effort the lower the temperature of 
the mix at the time of compaction the lower is the density obtained. The difference in 
density is again a measure of the influence of the higher viscosity of the asphalt-ce
ment at the lower temperature, and its correspondingly greater resistance to com
paction. 

The two compaction curves (Fig. 6) provide further evidence that the viscosity of the 
asphalt binder is a major source of resistance to compaction. For the same compaction 
temperature and the same compactive effort it is apparent that when the mix contains 
the low viscosity asphalt-cement, it offers less resistance to compaction, and is there
fore compacted to higher density. 

For the test data for Figures 5 an<l 6, only part of the compactive effort in each case 
was employed to overcome resistance due to the viscosity of the asphalt-cement, and 
the remainder went to reorienting aggregate particles into either a more dense or a 
less dense structure. As the density of the mixture increased, the latter portion of the 
total compactive effort also increased. Therefore, the difference between the resis
tance to compaction at any two temperatures that is due solely to the viscosity of the 
asphalt-cements is actually much greater than even the substantial differences in air 
voids and density in Figures 5 and 6 appear to indicate. 

A better appreciation of the importance of viscosity of the asphalt-cement as a 
resistant to compaction can be obtained from Figure 6 by comparing the temperatures 
of the two mixes at which a given compactive effort results in the same density. For 
a density of 147 pcf for example, the mix containing the high viscosity asphalt-cement 
must be compacted at 235 F. To achieve the same density, the mix containing the low 
viscosity asphalt-cement can be compacted at 185 F. Therefore, for the same com
pactive effort, and to achieve the same density, the mix containing the low viscosity 
asphalt-cement can be compacted at 50 Flower temperature than the mix containing 
the high viscosity asphalt-cement. This can have practical application for pavement 
construction in colder climates. 

Gradual Increase of Density and Stability as Rolling Proceeds 

As a paving mixture leaves the spreader, its density is somewhere in the vicinity of 75 to 
85 percent of laboratory-compacted density, and its corresponding Marshall stability is 
very low. Both density and stability increase as compaction by rolling proceeds (Fig. 2). 
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Figure 9. Self-propelled pneumatic-tired roller. 

Figure 10. Tight surface texture provided by pneumatic-tired railer. 
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As previously mentioned, from the point of view of achieving compaction by rolling 
in the field, the Marshall stability values of Figure 2 can also be regarded as corre
sponding measures of resistance to compaction. Consequently, the stability values in
dicate how the resistance to further compaction increases as rolling proceeds. The 
increase in density resulting from each pass of the roller increases the resistance 
(Marshall stability) to additional compaction by the next roller pass. 

Figure 2 shows that as compaction proceeds, the increase in resistance to c9mpac
tion (in terms of Marshall stability) which occurs is due solely to the increase in den
sity of the paving mixture (temperature is constant at 140 F, and therefore the vis
cosity of the asphalt-cement is constant). Figure 4 shows that as the mix cools off 
behind the spreader the increase in resistance to compaction (in terms of Marshall 
stability) which occurs is due solely to the increase in viscosity of the asphalt-cement 
as the temperature of the mix decreases (density of the mix is constant). Both of these 
resistances operate simultaneously and in the same direction as rolling proceeds behind 
the spreader. Compaction is opposed by resistance due to the increasing viscosity of 
the asphalt-cement as the mix cools, and it is also opposed by the increasing density 
of the paving mixture as rolling progresses. Consequently, the resistance to com
paction to be overcome by the roller as compaction proceeds behind the spreader would 
be represented by much steeper curves than those in Figure 2. 

Rate of Cooling of Paving Mixture Behind Spreader 

Because of the increasing resistance to compaction due to increasing viscosity of the 
binder as the ·mix loses temperature (Figs. 3 and 4), the rate at which a paving mixture 
cools behind the spreader becomes a very important factor with regard to the com
pactive effort needed to achieve the specified density. Figure 7 represents a large 
amount of data concerning the rate of cooling of a typical layer of dense graded asphalt
concrete binder or surface course mix behind the spreader. The cooling curve shows 
how rapidly an ordinary layer of paving mixture cools off behind a spreader even on a 
hot day when the ambient air temperature is 86 F. As the mix left the spreader its 
temperature was 275 F. In 30 min, the temperature had cooled to 175 F, and in 50 min 
to 150 F. 

Figure 8, taken from Serafin and Kole (15), shows how much more rapidly a normal 
layer of paving mixture loses temperature behind the spreader during cold weather 
construction when the ambient air temperature is 40 to 50 F. Although the mix tem
perature was 280 Fas it left the spreader, it cooled to 175 Fin about 12 min, and to 
150 F in less than 20 min. 

Parker (9) concluded from his investigation of hot-mix compaction that final rolling 
of dense graded asphalt - concrete should be complete when the temperature of the mix 
has cooled to 175 F. He believes that rolling at temperatures below 175 F "is of little 
benefit to the density" of pavements. From laboratory studies and observations of the 
compaction of pavements, Nijboer (8) also concluded that rolling below a temperature 
of about 175 Fis not effective. Parker and Nijboer were working with paving mixtures 
containing high viscosity asphalts in the 85/100 and 60/70 penetration ranges. 

Assuming that rolling should be complete when the mix behind the spreader has 
cooled to 175 F, for the conditions in Figure 7 compaction by rolling should be finished 
within 30 min. It follows that for every 100 tons of mix per hour being spread 12 ft wide 
and to a compacted thickness of 1. 5 in., no roller should be more than about 165 yd 
behind the spreader if compaction is to be effective. When the same rate of production 
is laid under the cold weather conditions (Fig. 8) where the mix of 1. 25 in. compacted 
thiclmess cools to 175 F in 12 min, for effective compaction of a pavement lane 12 ft 
wide no roller should be more than 70 yd behind the spreader. How often does this 
occur in practice? 

When the implications of Figure 8 are compared with much of current rolling prac
tice, the inferior performance of many pavements laid during cold weather in the fall 
should not be surprising. Nor should it be surprising that this poor performance can 
usually be traced directly to inadequate compaction dw.iring ccnstr-i.iction. 

Some recent studies (16) have shown that rolling a paving mixture in a single layer 
5 in. thick resulted in pavement density equal to or greater than that obtained by rolling 
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the same mix in two layers, each 2. 5 in. thick. This should be expected, because a 
5-in. layer cools at a much slower rate behind the spreader than a 2. 5-in. layer, and 
it can therefore be rolled effectively for a longer period of time. However, can these 
thick layers of pavement be rolled to at least 100 percent of laboratory-compacted den
sity, which for reasons given earlier should be the compaction objective for binder and 
surface courses, and particularly for full-depth and deep-strength asphalt pavement 
construction? Can they also be rolled to the degree of surface smoothness required? 

Influence of Type of Roller on Compaction of Hot-Mix 

Excluding vibratory rollers, which are still in the development stage but may 
eventually play an important role in achieving at least 100 percent of laboratory-com
pacted density by compaction during construction, the following three principal types of 
rolling equipment are currently available for the compaction of asphalt paving mixtures : 
(a) conventional steel-wheel rollers; (b) pneu matic- tire rollers with more or less fixed 
tire pressures ; (c) pneumatic -tire roller s equipped with an a ir-on-the-run, or a ir- on
the-go device, for the rapid adjustment of tire inflation pressure from 25 to 125 psi. 

Conventional steel-wheel rollers are well known. Figure 9 shows a heavy self
propelled pneumatic-tire roller. These are of two types. For the more common type, 
when the tire pressures are changed, it is necessary to do this one tire at a time. This 
is so time consuming that these rollers tend to be operated at a single tire inflation 
pressure, such as 50 or 60 psi, that is considered a suitable average for the material 
being compacted. 

For the other type of pneumatic-tire roller there is a connection between each tire 
and the hollow axle on which the tires are mounted. The hollow axle in turn is connected 
to an air compressor or compressed air tank on the roller. By merely flicking a switch 
on the control panel in front of him, the roller operator can change the tire inflation 
pressure from 25 to 125 psi. With existing equipment, the time required to make this 
change in tire pressure is longer than desirable for hot-mix compaction. However, this 
could be speeded up to any necessary rate by means of a compressed air tank of suitable 
capacity, or a compressor of adequate size. Another criticism of current pneumatic
tire rollers is a tendency for the hot-mix to stick to the tires. As this does not seem 
to occur when the tires are hot, providing hot tires should be within the capacity of 
current technology. For example, thermostatically controlled electric heating elements 
might be installed within the carcass of the tire to maintain it at the required minimum 
temperature, or tires that are partly liquid filled might be used, with the liquid being 
heated by thermostatically controlled electric heating elements. Other possibilities are 
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the development or use of special rubber to which hot asphalt paving mixtures would not 
stick even when the tires are cold, or of a more effective detergent applied to the tires 
in the conventional manner that would prevent sticking. 

One of the immediately noticeable advantages of pneumatic-tire rollers over steel
wheel rollers is their ability to close up the texture of the surface to a much greater 
degree than is normally possible with steel-wheel rollers (Fig. 10). 

Figures 11, 12, 13 and 14 show basic differences between these three principal types 
of rollers with regard to their effectiveness for the compaction of asphalt-concrete 
paving mixtures during the breakdown, intermediate, and final stages of rolling. 

Breakdown Rolling. -Figure 11 shows the breakdown rolling of a paving mixture that 
is relatively stable at high temperature as it leaves the spreader. The roller weight of 
250 to 350 lb per lineal inch of roller width (Fig. lla) is that recommended by The 
Asphalt Institute (5) for steel-wheel rollers. On any paving mixture, a steel-wheel 
roller must settle into the mix until the are~~ of contact between the roller wheel and the 
mix multiplied by the resistance of the mix is equal to the weight on the roller wheel. 
If the hot-mix is quite firm, as in Figure lla, the steel roller does not settle deeply 
enough to cause serious lateral displacement of the mix, and breakdown rolling proceeds 
in the normal manner. 

However, during the breakdown or any other stage of rolling with a steel-wheel 
roller, it is purely fortuitous if the pressure exerted by the roller at any time is the 
maximum that the material being compacted could tolerate without harmful lateral dis
placement, cracking, or other impairment. In general, the pressure being applied is 
either too much or not enough. Even for what would be classified as stable mixes, the 
degree of firmness is variable, and in general, during breakdown rolling, a steel-wheel 
roller either settles into the mix so far that it causes detrimental lateral displacement 
of the mix, or the pressure exerted by the roller is less than the mix could support 
without injurious lateral deformation, and each pass of the roller is therefore less 
effective than it should be with respect to increasing the density of the layer being 
compacted. 

Figure llb shows the behavior of the mix during breakdown rolling by a pneumatic
tire roller with a fixed tire inflation pressure of 50 psi, which is assumed to be higher 
than the resistance of even a relatively firm paving mixture immediately behind the 
spreader. The tire settles into the mix until the resistance developed multiplied by the 
tire contact area is equal to the load on the tire. In this case, however, considerable 
lateral displacement of the mix under the tire occurs. This causes the rutting often 
observed as a result of using a pneumatic-tire roller for breakdown rolling. A portion 
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of the mix in zone 1 immediately under the tire is squeezed out laterally into the 
adjacent zone 2, but the remainder of the mix in zone 1 is compacted by the tire. On 
most pneumatic-tire rollers, the spacing between the tires on the front and rear axles 
is staggered, but is so arranged that a strip of pavement equal to the width of the roller 
receives one complete coverage per pass of the roller. However, when the corres
ponding wheel on the rear axle moves up to zone 2, it is unable to force the previously 
displaced material back into zone 1 where it came from. This is prevented by the 
higher stability of the material remaining in zone 1 after the front wheel has passed 
over it. Consequently, noticeable rutting occurs after both front and rear axles have 
passed, and some of this rutting usually remains even after a large number of passes. 

Lateral displacement of paving mixtur es by the steel-wheel roller (Fig. lla) or by 
the fixed inflation pressure pneumatic-tire roller (Fig. llb) has another very serious 
aspect. To achieve smoother pavements, considerable effort and expense is currently 
being devoted to equipping self-propelled mechanical spreaders with electrical or me
chanical devices to enable them to spread uniformly the precise number of pounds of 
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paving mixture on every square foot of surface required to provide pavement smootlmess 
as nearly perfect as possible in both the longitudinal and transverse directions. What 
is the value of this effort to obtain maximum smoothness by almost perfect distribution 
of the paving mixture if it is followed by types of rolling equipment which cause lateral 
deformation of the mix, and in effect redistribute it unevenly? During the 19 64 AAPT 
Symposium on Thickness Variation of Asphaltic-Concrete-Importance of Riding Quality 
(17) it was pointed out that the use of electronic controls on pavers has not resulted in 
any significant improvement in pavement smoothness as measured by the U. S. Bureau 
of Public Roads roughometer. It is not reasonable to expect any substantial improve
ment in pavement smoothness through the use of electronic or mechanical controls on 
pavers until this development in spreading is matched by an equal improvement in 
rolling equipment and rolling techniques. Inasmuch as it is the objective of the electron
ically controlled paver to spread uniformly the number of pounds of paving mixture on 
each square foot of road required for perfect smoothness, it should be the corresponding 
objective of the r olling operation to compress this hot-mix material vertically downward 
without any lateral displacement. 

Figure 11c shows breakdown rolling with a pneumatic-tire roller equipped with a 
device for rapidly changing the tire inflation pressure. A tire inflation pressure of 50 
psi caused considerable lateral displacement of this particular mix (Fig. 11b). How
ever, by adjusting the inflation pressure of the tire in Figure llc to 40 psi, the paving 
mixture is being compacted at the highest pressure it can tolerate without lateral dis
placement. 

Figure 12 shows breakdown rolling on a softer paving mixture, which still satisfied 
The Asphalt Institute design requirements, however (Table 3). The softness is due to the 
basic characteristics of the mix, and may present no serious difficulties to rolling under 
normal conditions. However, a combination of unusually hot weather and a low vis
cosity asphalt-cement (Fig. 3) may result in delayed rolling by conventional rollers. 
Such paving mixtures are sometines referred to as tender mixes. 

When an attempt is made to roll one of these mixes immediately behind the spreader_ 
with the steel-wheel roller of Figure 12a, it settles so deeply into the mix, and cau~t!~ 
such excessive lateral displacement, that rolling cannot proceed, and the roller is 
parked on the shoulder until some cooling of the mix occurs. At the same time vigorous 
complaints may be made about the low viscosity asphalt-cement, if it has been used, 
which may be blamed for the delayed rolling. A change may even be made to a .high vis
cosity asphalt-cement, and this will often eliminate the delayed rolling which, as pre
viously stated, ordinarily occurs in any case only on unusually warm days. 

In all the criticism that delayed rolling usually generates, consideration is seldom 
give~ to the possibility t1'.a! the type of rolling P.q11tpment employed may be at fault in 
this situation, and not the asphalt-cement or the paving mixture. Steel-wheel rollers 
have been standard equipment for compacting asphalt paving mixtures for so many 
decades that their use for this purpose is taken for granted. 

However, when a steel-wheel roller (Fig. 12a) is parked on the shoulder until the 
mix becomes cool enough to roll a gradual increase occurs in the viscosity of the 
asphalt-cement (Fig. 3). This increase in viscosity incr eases the stability of the mix, 
and therefore increases its resistance to compaction (Fig. 4). When the mixture has 
cooled to the point where the stability of the mix, or correspondingly, its resistance to 
compaction, will support the weight of the roller without undue displacement of the mix, 
breakdown rolling can proceed. 

The same result occurs when a high viscosity asphalt-cement is substituted for a 
low viscosity asphalt-cement in this situation. The high viscosity asphalt-cement in
creases the high temperature stability of the mix (resistance to compaction) over that 
provided by the low viscosity asphalt-cement (Figs. 2 and 4). Breakdown rolling may 
then be possible as the mix leaves the spreader. 

In the loose condition behind the spreader, even though both Marshall stability values 
are quite low, the mix containing the high viscosity asphalt-cement has a stability that 
is 100 percent or more higher than the stability of the same mix containing the low vis
cosity asphalt-cement (Fig. 2). Field experience has demonstrated ab.mdantly that this 
large difference percentagewise in Marshall stability values in the loose condition 
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enables a mix containing a high viscosity asphalt-cement to be rolled immediately after 
spreading by a steel-wheel roller, whereas on very hot days, if the same mix contains 
a low viscosity asphalt-cement, breakdown rolling with a steel-wheel roller may be 
delayed. However, it should be clearly recognized that the higher the high temperature 
stability of a paving mixture as it leaves the spreader, the higher is its resistance to 
compaction, and the greater is the compactive effort required to attain the specified 
density. 

The current standard solutions previously described for this situation, either allowing 
the mix to cool before breakdown rolling begins, or the substitution of a high viscosity 
asphalt-cement, are unusual in an engineering sense, as both increase the resistance 
of the mix to compaction. The objective of compaction by rolling should be to attain the 
specified density with minimum rolling effort. Logically, provided they are satisfactory 
in other respects, this calls for paving mixtures having a minimum resistance to com
paction. However, when steel-wheel rollers are employed, as the mixture leaves the 
spreader it must have a substantial resistance to compaction (stability) to support the 
weight of the roller without harmful displacement of the mix. Consequently, the work 
or effort of compaction that must be applied to achieve compaction of the softer mixes 
(Fig. 12) to the specified density, is substantially increased when steel-wheel rollers 
are used, because rolling cannot proceed immediately behind the spreader. 

The pneumatic-tire roller with a fixed inflation pressure of 50 psi also settles so 
deeply into the relatively soft mix to achieve load support, and displaces so much of the 
mix, that it cannot proceed with the breakdown rolling immediately behind the spreader 
(Fig. 12b). It, too, must be parked on the shoulder until the mix cools for a time and 
thereby acquires sufficient resistance to compaction to support the weight of the roller 
without excessive lateral displacement. 

However, even for this soft mix, when a pneumatic-tire roller with quickly adjustable 
tire pressure is employed, by simply reducing the tire inflation pressure to 25 psi, 
breakdown rolling can proceed immediately behind the spreader (Fig. 12c). A tire in
flation pressure of 25 psi is the maximum that this particular hot mixture can tolerate 
without undue lateral displacement. Therefore, when paving mixtures contain low vis
cosity asphalt-cements, the roller (Fig. 12c) can take full advantage of the lower resis
tance of this mixture to compaction (Fig. 2) by rolling immediately behind the spreader, 
and can apply the maximum compaction pressure it can withstand without harmful 
lateral deformation. The direction of compaction is essentially vertically downward 
without detrimental lateral displacement, as it should be. Consequently, there are no 
tender mixes, insofar as the characteristics of the asphalt-cement are concerned, when 
this roller is employed. Provided that they satisfy Asphalt Institute design criteria (5), 
these mixes are only tender when the wrong type of rolling equipment is used to compact 
them. 

Intermediate Rolling. -Figure 13 shows intermediate rolling with each of the three 
types of rollers. With the steel-wheel roller (Fig. 13a), intermediate rolling can be 
continued immediately after breakdown rolling only if the roller does not cause undue 
lateral displacement or cracking of the mix. When excessive lateral displacement or 
movement occurs under the roller, if rolling is continued it will break the bond between 
the hot layer being rolled and the cold layer just underneath. If this happens, the hot 
layer becomes too unstable to roll. Consequently, when using steel-wheel rollers, 
intermediate rolling of softer mixes must quite often be delayed to allow the mix to cool 
and thereby develop sufficient stability (resistance to compaction) that harmful lateral 
deformation or movement of the mix under the roller no longer occurs. When using 
steel-wheel rollers to compact softer mixes, therefore, if delays are necessary during 
either breakdown or intermediate rolling, it is not possible to take advantage of the low 
resistance of these mixtures to compaction at their highest range of temperature after 
leaving the spreader. 

For the pneumatic-tire roller with the fixed tire inflation pressure (Fig. 13b), inter
mediate rolling is efficient only when an inflation pressure of 50 psi is the maximum 
that can be applied to the hot layer without detrimental lateral displacement or move
ment. If this inflation pressure causes harmful lateral movement or deformation under 
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Figure 15. Approximate relationships between increasing resistance of a paving mixture to compoction, 
and between compaction pressures applied by conventional pneumatic-tire and by steel-wheel rollers. 

the tires, this roller too must be parked on the shoulder for a time until the mix cools, 
and the increase in viscosity of the asphalt-cement provides a sufficient increase in the 
stability of the mix to carry the roller without harmful effects. This increase in sta
bility represents an increase in resistance to compaction. However, if the mix 
following breakdown rolling is quite stable, intermediate rolling With the roller in 
Fig. 13b can proceed without delay. Intermediate rolling with a tire inflation pressure 
of 50 psi will not be very efficient, per pass, if the paving mixture could tolerate a 
higher pressure than this. 

The most effective and efficient compaction during the intermediate stage can be 
obtained by means of a pneumatic-tire roller equipped with quickly adjustable tire 
pressure (Fig. 13c). H the mix is still relatively soft after breakdown rolling, the tire 
inflation pressure can be rapidly adjusted to the maximum the hot layer can withstand 
without detrimental lateral movement of the mix. When the mix (Fig. 13) is quite 
firm, it is assumed that it will tolerate a maximum tire inflation pressure of 70 psi for 
intermediate rolling (Fig. 13c). By adjusting to 70-psl tire inflation pressure, maxi
mum compaction is·achieved per pass, and the efficiency of compaction will obviously 
be much greater than that of the pneumatic-tire roller (Fig. 13b) with its fixed tire 
pressure of 50 psi. 

Final Rolling. - Figure 14 compares the three types of rollers for final rolling. 
Again, it is fortuitous if the pressure exerted by the steel-wheel roller (Fig. 14a) is 
the maximum the mix can sustain without being harmed in some way. The pressure 
exerted by the roller will usually be either more than the mix can withstand without 
hair cracking, lateral displacement, destruction of bond between the hot layer and the 
layer beneath, loss of density, etc., or it will be less than the mix could tolerate as 
far as increasing pavement density is concerned, and the efficiency per pass will be 
quite low. 

The pneumatic-tire roller with a fixed tire pressure of 50 psi (Fig. 14b), will ordi
narily apply much less pressure than the mix could sustain for final rolling. Therefore, 
its efficiency per pass will also be quite low with respect to increasing the density of 
the pavement. 

However, for the pneumatic-tire roller with quickly adjustable tire presaure (Fig. 
14c), the tire inflation pressure can be rapidly brought up to 100 psi, or to any maxi
mum pressure that the mix can withstand without detrimental lateral displacement. 
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Figure 16. Approximate relationship between increasing resistance of a paving mixture to compaction 
and required increasing compactive pressure applied by a pneumatic-tire roller equipped with quickly 

adjustable tire inflation pressure. 

Consequently, like the breakdown and intermediate rolling stages, final rolling with this 
type of roller can be made highly efficient. 

General. -Figures 15 and 16 showwhatappears to be the typical performance of each 
of these three types of rollers. The broken curves show the manner in which resis
tance to further compaction builds up as rolling proceeds, due to the increasing vis
cosity of the asphalt-cement as the mix cools and the gradually increased density of the 
mix. Instead of a continuous curve, it should actually be shown as a series of steps 
with the resistance to compaction going up another step after each pass of the roller. 

The solid curve (Fig. 15) represents the pressure applied by a steel-wheel roller. 
As pointed out, the applied roller pressure is sometimes so m11ch in excess of the 
stability of the mix during the breakdown and intermediate rolling stages that it cannot 
be used until the mix has been allowed to cool substantially. However, for final rolling, 
the resistance of the mix may substantially exceed the pressure of the roller, or the 
roller may cause cracking, or the final rolling temperature is so low that only a minor 
increase in density can be obtained. In any case, it is purely fortuitous if a steel
wheel roller is capable of providing the maximum pressure the mix can tolerate without 
deleterious lateral deformation or other damage at all stages of rolling. 

The horizontal line in Figure 15 represents the pressure applied to the mix by a 
pneumatic-tire roller with a fixed tire inflation pressure. As shown, the pressure 
applied by the tire is usually so much in excess of the stability or resistance of the mix, 
and would cause such serious lateral displacement of the mix, that the mix must be 
allowed to cool and thereby develop more stability before this roller can be used for 
breakdown rolling. Its fixed tire pressure may be about right or slightly low for inter
mediate rolling, and tends to be much too low for efficient compaction during final 
rolling. 

Figure 16 shows the excellent compaction performance possible for a pneumatic
tire roller equipped for rapid adjustment of the tire inflation pressure. To avoid harm
ful lateral displacement of the mix, the pressure can be dropped to a low value (for 
example, 25 psi) if necessary, Jor breakdown rolling immediately behind the spreader. 
Because of this control over tire inflation pressure, breakdown rolling proceeds nor
mally and immediately behind the spreader even on mixes soft enough on hot days to 
cause long delays before they can be rolled by a steel-wheel roller, or by a pneu
matic-tire roller equipped with fixed tire inflation pressure. These two latter types of 
rollers are, therefore, parked on the shoulder until the mix cools, during the period 
when the mix offers least resistance to compaction. There are no tender mixes as far 
as the asphalt-cement itself is concerned when pneumatic-tire rollers equipped for 
rapid' adjustment of tire inflation pressure are employed. 
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After two or three breakdown passes with the inflation pressure at 25 psi, the resis
tance of the mix may exceed the tire pressure, which is then raised to perhaps 50 psi. 
After several passes, the resistance of the mix may exceed this tire inflation pressure, 
and it is increased to 75 psi. Finally, after several more passes the resistance of the 
mix may exceed this inflation pressure, which is raised to 100 psi for final rolling. 

The tire inflation pressure could be increased at more frequent intervals than this. 
For some paving mixtures the final compaction pressure required may be 150 or 200 
psi or even higher, and pneumatic -tire compaction equipment that can be quickly 
brought to these tire inflation pressures should be available. 

The principles of rolling advocated here are (a) adjustment of the tire inflation 
pressure at all times to the maximum the paving mixture can tolerate withottt detri
mental lateral deformation, and (b) compaction of the paving mixture to the specified 
density as quickly as possible after the mix leaves the spreader, so as to take full 
advantage of the low resistance of the paving mixture to compaction when it is hottest. 

The foregoing discussion establishes that of all the rolling equipment currently 
available for hot-mix compaction, the heavy self-propelled pneumatic-tire roller 
equipped with quickly adjustable tire inflation pressure is most capable of satisfying the 
following important objectives of rolling: 

1. It achieves the specified density with a minimum of rolling effort. 
2. It ·makes rolling to at least 100 percent of laboratory-compacted density possible 

by concentrating breakdown, intermediate, and final rolling in rapid sequence behind 
the spreader when 'the mix is hot and provides least resistance to compaction. 

3. It achieves maximum smoothness of ride for the finished pavement by avoiding 
detrimental lateral displacement of the mix under the roller as rolling proceeds. 

4. Breakdown rolling can always proceed immediately behind the spreader when the 
mix is at its highest temperature, and offers least resistance to compaction. 

5. No delay in breakdown, intermediatP. . or final rolling occurs and, therefore, 
there are no more tender mixes. 

6. It eliminates roller-induced cracking in the hot layer, and breaking of the bond 
between the hot layer being compacted and the layer beneath, both of which often limit 
the timing and amount of rolling with steel-wheel rollers. 

7. It provides the same aggregate particle orientation in the layer of hot-mix being 
compacted that ordinarily tends to be achieved by traffic compaction. 

8. It achieves more uniform pavement density, particularly over uneven bases, 
because the bridging action of steel-wheel rollers is avoided. 

9. By achieving higher pavement density (and particularly at least 100 percent of 
laboratory-compacted density by rolling during construction) the structural strength of 
full-depth and deep-strength asphalt pavements and of ordinary binder and surface 
courses, per unit of thickness, is greatly increased; and by retarding the rate of 
hardening of the asphalt-cement, asphalt pavement service performance is lengthened 
and improved. 

Low Viscosity vs High Viscosity Asphalt-Cements 

With reference to low vs high viscosity asphalts of the same penetration at 77 F, the 
question of a possible difference in mixing temperatures for paving mixtures, incor
porating them immediately, arises. The author believes that for dense-graded paving 
mixtures, the suggested use of different mixing temperatures in this case is a mistake. 
If the mixing temperature is lowered from 20 to 30 F merely because a low viscosity 
asphalt-cement is being employed, the moisture content of the aggregate is increased 
when it is coated with asphalt in the pugmill. This in turn leads to various moisture 
problems with this paving mixture in the field, such as brown colored mixes, water 
being discharged into the spreader along with the mix, steam bubbling through the mix 
after it has been spread, and delayed rolling which may be caused at least in part by 
moisture in the mix. Consequently, whether the asphalt-cement of a given penetration 
at 77 F has a low or a high viscosity, the miXing temperature for both should be that 
for the high viscosity asphalt-cement. Therefore, the temperature of the mix as it 
goes through the spreader should normally be the same, regardless of the viscosity of 
the asphalt-cement. 



99 

% LABORATORY COMPACTED DENSITY 
Figure 17. Influence of viscosity temperature characteristics of asphalt on resistance of paving mixture 

to compaction. 

Reference to the characteristics of paving mixtures made with low viscosity and with 
high viscosity asphalt-cements has already been made, and is only briefly reviewed 
here. The principal criticism of low viscosity asphalt-cements has been the tender 
mixes that they sometimes produce, with delayed rolling resulting. The compaction 
of tender mixes is essentially a roller problem, which disappears when the right type 
of compaction equipment is employed. Another criticism is the somewhat smaller 
Marshall stability values at 140 F for any given percent of laboratory-compacted den
sity, for paving mixtures containing low viscosity asphalt-cements (Fig. 2). However, 
the paving mixture containing a low viscosity asphalt-cement compacted to 96 percent 
of laboratory-compacted density has the same Marshall stability as that when this paving 
mixture is made with a high viscosity asphalt-cement and is compacted to 95 percent 
of laboratory-compacted density (Fig. 2). 

Against these criticisms, well-designed mixes containing low viscosity asphalt-ce
ments have the following advantages: 

1. To achieve any given percent of laboratory-compacted density, less compactive 
effort is required (Fig. 17). 

2. For the same compactive effort, and at the same elevated temperature, the 
paving mixture containing a Jow viscosity asphalt-cement will be compacted to a higher 
density (Fig. 6). 

3, With proper compaction equipment, it is easier to compact a paving mixture 
containing a low viscosity asphalt-cement to 100 percent of laboratory-compacted 
density than when the same mix contains a high viscosity asphalt-cement. 

4. At the in-place temperatures (less than 100 F) of asphalt bases for full-depth 
asphalt pavements and for the same compacted density, a mix made with low viscosity 
asphalt-cement has an approximately equal or higher Marshall stability than when it 
contains a high viscosity asphalt ·cement (Fig. 4), and therefore, equal or higher 
structural strength per unit of thickness. At higher compacted densities per unit of 
thickness, the mix with the low viscosity asphalt-cement has the higher structural 
strength. 

COLD WEATHER PAVEMENT CONSTRUCTION 

With the current large asphalt paving programs, considerable cold weather con
struction in the fall of each year is inevitable. The greatest hazard to pavement 
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Figure 18. Severe abrasion of asphalt-concrete surface course by traffic during its first winter, caused 
by inadequate compaction during the cold weather of late fall construction. 

performance resulting from cold weather paving oper ations is the frequent inability to 
obtain adequate compaction of the paving mixture by rolling. Because road surface 
temperatures are low in the fall, almost no additional compaction by traffic occurs 
before winter arrives. As a result of poor compaction by rolling and little or no further 
compaction by traffic, many pavements constructed in the late fall are quite friable in 
cold weather, and may ravel and wear away seriously under traffic during the following 
winter. An extreme case of this is shown in Figure 18 where about 11 miles of surface 
course wore through to the underlying base course in some areas during the first winter. 

When samples from pavements that wear badly during the first winter are cut and 
analyzed, it is usually found that the paving mixtures themselves are at least as well 
designed as siRlilar paving mixtures in pavements nearby that are performing satis
factorily. However, when the densities of undisturbed samples cut from these badly 
raveled pavements are checked, it is usually found that they contain 10, 12 or 14 per
cent in-place air voids or more, vs less than 5 percent air voids when compacted to 
100 percent of laboratory-compacted density. Data from the complete analyses, there
fore, generally show that the principal cause of the rapid pavement wear during the 
first winter is poor compaction during construction in the previous fall. 

In view of the foregoing, a well-planned effort should be made to adopt asphalt pave
ment design and construction procedures that will facilitate compaction by rolling to 
higher densities in cold weather, thereby promoting better long-term pavement service 
performance. 

The merits of pneumatic-tire rollers equipped with quickly adjustable tire inflation 
pressures for all rolling operations have already been pointed out in connection with 
Figures 11 to 14 and 16. With this type of roller, compaction can begin as soon as the 
mix leaves the spreader, and can be followed in rapid unbroken sequence by intermedi
ate and final rolling. This is a particularly important advantage in view of the short 
period of time available for effective compaction in cold weather (Fig. 8) when any delay 
in rolling can be disastrous with regard to achieving compaction to high density. 
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Figure 19. Division between the easier portion of pavement density to be achieved by rolling during 
construdion, and the much more difficult portion of pavement density left for compaction by traffic. 

Figure 8 demonstrates that for the mix containing a high viscosity asphalt-cement on 
which it is 00.sed, the temperature of the mix being laid in cold weather (40 to 50 F) 
cooled from 280 Fas it left the spreader, to 175 Fin 12 min, and to 150 Fin 15 min. 
Consequently, during cold weather pavement construction; for the conditions shown in 
Figure 8, which includes the use of a high viscosity asphalt-cement, breakdown, inter
mediate, and final rolling should be completed preferably within 12 mih, and in not more 
than 15 min after the mix leaves the spreader. 

The compaction curves in Figure 6 show that when mixes are otherwise the same for 
a given compactive effort and compaction temperature, the mix containing the low vis
cosity asphalt-cement offers less resistance to compaction, and is therefore compacted 
to higher density than the mix made with high viscosity asphalt-cement. This out
standing advantage of low viscosity asphalt-cements is important at any time, but it has 
Pa.rticular merit for compacting pavements to higher density by rolling in cold weather. 
To obtain a density of 147 pcf, for example by a given compactive effort, the mix con
taining the high viscosity asphalt-cement must be compacted at a temperature of about 
235 F, but this same density is achieved if the mix made with the low viscosity asphalt
cement is compacted at a temperature of about 185 F, which is 50 F lower (Fig. 6). 

In comparison with the mix containing a high viscosity asphalt-cement on which Fig
ure 8 is based, and for which the minimum effective rolling temperature is 175 F, this 
50 F lower effective compaction temperature for the mix of Figure 6 containing the low 
viscosity asphalt-cement could provide an additional ten minutes or so of time after 
leaving the spreader during which compaction by rolling would continue to be efficient 
and effective. Consequently, one of the most effective methods for achieving better 
compaction of pavements during cold weather construction would be strict enforcement 
of a specification stipulation requiring compaction to 98 percent of laboratory-com
pacted density after August 31. This would be facilitated by the use of low viscosity 
asphalt-cements for pavement construction, particularly in the fall. 

Kelly (18) recently stated: "tender asphalt does fine when the ai.r temperature is 
about 40 F-;-wind is blowing, and you need a little more rolling time. " As tender is a 
term that is sometimes applied to paving mixtures containing low viscosity asphalt-ce
ments, Kelly's recommendation, based on practical construction experience, is in agree
ment with the implications of Figures 6 and 8. It indicates that for cold weather con
struction, paving mixtures made with low viscosity asphalt-cements can be effectively 



102 

compacted by rolling at lower temperatures and for a longer period of time than is 
possible when the same paving mixtures contain high viscosity asphalt-cements. 

Consequently, the compaction of asphalt paving mixtures to high density, and pref
erably to 100 percent of laboratory-compacted density, by rolling during cold weather 
construction, would be facilitated by the following: 

1. Use of low viscosity asphalt-cements. 
2. Use of pneumatic-tire rollers equipped with quickly adjustable tire inflation 

pressure for the entire rolling operation. 
3. For the usual thickness of binder and surface courses, completion of breakdown, 

intermediate, and final rolling to the specified density within 15 min after the paving 
mixture leaves the spreader when the mix contains a high viscosity asphalt-cement, and 
within 20 min when it contains a low viscosity asphalt -cement. 

PAVEMENT COMPACTION BY TRAFFIC 

Most current asphalt pavement construction specifications require that the paving 
mixture be compacted by rolling to from 95 to 97 percent of laboratory-compacted 
density. Further compaction from this point to 100 percent of laboratory-compacted 
density is left to traffic (Fig. 19). Lefebvre (13) has accumulated considerable evidence 
to show that for many pavements at least, lOOpercent of laboratory-compacted density 
as provided by 75-blow Marshall with the hand compactor, or 60-blow Marshall with the 
Marshall mechanical compactor, approximates the ultimate density a pavement achieves 
in service under heavy duty traffic. 

Even when a pavement is rolled to 97 percent of laboratory-compacted density, its 
Marshall stability at 140 F is only about 40 percent of its stability at 100 percent of 
laboratory-compacted density (Fig. 2). The resistance of the mix to further compaction 
(in terms of Marshall stability) is, therefore, highest in the range of 97 to 100 percent 
of laboratory-compacted density (Figs. 2 and 19). Furthermore, compaction by rollers 
is undertaken at the elevated construction temperatures, whereas compaction by traffic 
must take place at ambient temperatures, but is probably only really effective when the 
pavement temperature is within the range of 100 to 140 F. 

Most well-designed dense graded asphalt-concrete surface course mixtures ar e r e
quired to have 3 to 5 percent air voids at 100 percent of laboratory-compacted density 
(Table 3). Consequently, when these paving mixtures are compacted by rolling to only 
9 5 percent of laboratory-compacted density, the air voids content of the pavement at the 
end of the rolling operation is from 8 to 10 percent. At this relatively high percentage 
of air voids, the rate of hardening of the asphalt binder is fairly rapid, and the service 
life of the pavement can thereby be substantially shortened (Fig. 1). 

To decrease the air voids and thereby slow down the rate of hardening of the asphalt
cement, it is important that the pavement be compacted by traffic from the 95 to 97 per
cent of laboratory- compacted density left by the roller to 100 percent of laboratory
compacted density as quickly as possible. At any specified compaction temperature, 
the paving mixture containing the high viscosity asphalt-cement has a lower density be
cause of its greater resistance to further compaction than the corresponding paving 
mixture made with the low viscosity asphalt-cement (Fig. 6). Consequently, pavements 
made with low viscosity asphalt-cements can be expected to attain 100 percent of labora
tory-compacted density faster under identical conditions of traffic, temperature, etc., 
than pavements of the same composition but containing high viscosity asphalt-cements. 

The surface texture of pavements containing low viscosity asphalt-cements closes 
up faster under traffic than that of pavements which are otherwise identical but have 
been made with high viscosity asphalt-cements, particularly in the case of the more 
open texture of pavements compacted entirely by steel-wheel rollers. This is a qualita
tive indication that the entire pavement densifies faster under traffic when it contains a 
low viscosity rather than a high viscosity asphalt-cement. 

To prove this quantitatively by means of test data obtained on samples cut from 
pavements is net easy, because cf the rnany variations in sa.mpli.-ig, rr"...ix compositioµ, 
traffic, temperatures, founcta.tion conditions, repeatability of test results, etc., that 
can raise questions concerning the validity of any conclusions that may be made. By 
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Figure 20. Influence of viscosity of asphalt-cement on rate of densification of an asphalt pavement by 
traffic: higher viscosity asphalt in pavement in foreground and in left lane, lower viscosity asphalt in 

flushed pavement beyond construction joint in right lane (age 8 months). 

Figure 21. Serious flushing in wheelpaths in asphalt-concrete containing lower viscosity asphalt ce
ment beyond junction with asphalt concrete containing higher viscosity asphalt (age 8 months). 
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Figure 22. Typical appearance of asphalt pavement containing higher viscosity asphalt-cement {age 
8 months). 

Figure 23. Pavement containing lower viscosity asphalt-cement. 



TABLE 5 

INSPECTION DATA ON HIGHER AND LOWER VISCOSITY 
ASPHALT-CEMENTS FOR FIGURES 20 TO 23 

Data 

Flash point COC F 
Penetration at 77 F 
Ductility at 77 F 
Ductility at 60 F 
Loss on heating at 325 F (% loss by wt) 
Residue (% original penetration) 
Solubility CC14 percent 
Viscosity at 275 F sec S. F. 

Lower 
Viscosity 

620 
172 

150+ 
Nil 
88 
99.7 
60 

Higher 
Viscosity 

640 
93 

150+ 

Nil 
89 
99.7 

100 
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an unusual combination of circumstances, however, for otherwise identical conditions, 
a given paving mixture containing a low viscosity asphalt-cement does compact faster 
under traffic than when it contains a high viscosity asphalt-cement. A pavement project 
9 mi long was laid in October and November several years ago (Figs. 20, 21, 22, 23). 
The paving mixture for the entire project was produced by a single hot-mix plant, from 
a single plant setup, and from a single aggregate source. The principal variable in 
this project was the difference in the high temperature viscosities of the two asphalt
cements employed. Part of the 9 mi of pavement contained the lower viscosity asphalt
cement, and the remainder contained the higher viscosity asphalt-cement. 

Inspection data on the two asphalt-cements are given in Table 5. Both asphalt-ce
ments were from the same crude source. The lower viscosity asphalt-cement had a 
viscosity of 60 sec Saybolt Furol at 275 F (about 110 centipoises), and the higher vis
cosity asphalt-cement had a viscosity of 100 sec Saybolt Furol at 275 F (about 190 centi
poises). When compared with many asphalt-cements in North America, both would be 
referred to as low viscosity asphalts. Nevertheless, the viscosity of one was nearly 
twice that of the other. 

For area 1 in Figures 20, 21 and 22, the paving mixture contained the higher vis
cosity asphalt-cement. The pavement in areas 2 and 3 in Figures 20, 21 and 23 con
tained the lower viscosity asphalt-cement. 

Analyses of numerous samples of paving mixture taken during construction showed 
that the paving mixtures made with the higher and lower viscosity asphalt-cement s, 
zones 1 and 2 (Figs. 20 to 23) were quite uniform, and were practically identical with 
respect to aggregate gradation and asphalt content. The results of an average paving 
mixture analysis are given in Table 6. Density tests conducted on a limited number of 
samples cut from the finished pavement immediately after rolling indicated compaction 
during construction to a pproximately 95 percent of laboratory-compacted density (75-
blow Marshall). 

From the analysis of 18 paving mixture samples from this project by Lefebvre (13), 
density determinations after compaction to 100 percent of laboratory-compacted density 
showed that 16 of the samples had air voids between 0 and 3. 1 pe1·cent, whereas 13 
samples had air voids values between zero and 1. 3 percent. This indicates a repre
sentative overall average of about 1 percent air voids for the paving project as a whole. 
(The air voids values were determined on the basis of the bulk specific gravity of the 
compacted briquettes and the measured theoretical maximum specific ""t'avity by Rice's 
vacuum saturation method (19 ), which is now ASTM designation D2041. ) Consequently, 
as the pavement was compacted to about 95 percent of laboratory-compacted density 
during construction, it contained about 6 percent ail· voids when the rollers left the job. 

Tests made by Lefebvre (13) on scores of samples cut from pave ments during the 
past 10 years have shown thaTihose which are flu s hing or bleeding badly have been 
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TABLE 6 

COMPOSITION OF PAVING MIXTURE FOR FIGURES 20, 21, AND 22 

Gradation 

Asphalt Content 

Sieve Size 

% in. 
£2 in. 
la in. 

No. 4 
No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
No. 200 

Percent by weight of total mix 

Marshall Properties of Mix (75 blows) 

Theoretical specific gravity 
Bulk specific gravity 
Air voids (%) 
Voids in mineral aggregate (VMA) (%) 
Marshall stability at 140 F (lb) 
Flow index (units of 0. 01 in.) 

Percent Passing 

100 
97 
82 
59 
50 
39 
27 
14 
8 
6 

6. 3 

2.440 
2.419 
0.9 

14. 1 
1375 

14. 5 

compacted by traffic to air voids contents within the range of from zero to about one 
percent. If paving mixtures have been inadvertently designed to have from 0 to about 
1 percent air voids when compacted to 100 percent of laboratory-compacted density 
(60-blow Marshall mechanical), it is usually only a matter of time until they begin to 
flush or bleed under heavy-duty traffic. 

As previously stated, the paving mixtures in zones 1 and 2 in Figures 20 to 23 had 
about 6 percent air voids when rolling was complete, but would contain only about 1 per
cent air voids or less when compacted by traffic to ultimate density which is equal to 
100 percent of laboratory-compacted density. Consequently, the period of time required 
for the paving mixtures in zones 1 and 2 to compact under traffic from the 6 percent air 
voids contained at the end of construction to about 1 percent air voids when flushing or 
bleeding could be expected, would be indicated by the appearance of flushing or bleeding, 
which could be recorded photographically. 

The traffic count on this section of pavement was reported to be 1, 600 vehicles per 
day including about 400 trucks. 

As pointed out earlier, the nine miles of pavement were constructed in October and 
November. Figures 20, 21 and 22 were taken the following July, about eight months 
after construction. 

The pavement in the foreground and in the left lane, zone 1, of Figure 20 contains 
the higher viscosity asphalt-cement. The pavement beyond the con.struction joint in the 
right lane, zone 2, contains the lower viscosity asphalt-cement. Flushing or bleeding 
has already become quite pronounced in the wheelpaths of zone 2, but none has yet 
appeared in zone 1. Therefore, because of the lower viscosity asphalt-cement, after 
only a few months of traffic the pavement in zone 2 has densified from 6 percent air 
voids to about 1 per~ent air voids or less. This has also been verified by tests on pave
ment samples cut from zone 2. The lack of flushing or bleeding demonstrates that 'the 
same traffic volume has not caused this degree of densification in zone 1, and this is 
due to the greater resistance to compaction provided by the higher viscosity asphalt
cement. 
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In Figure 21, only the unflushed pavement in the immediate foreground in the left 
lane contains the higher viscosity asphalt-cement (zone 1). The balance of the pavement 
in both lanes was made with the lower viscosity asphalt-cement. The paver was moving 
away from the spreader in the left lane when the change in the mix from higher to lower 
viscosity asphalt-cement was made. No construction joint was placed between the two 
mixes. The first truck load of mix made with the lower viscosity asphalt-cement was 
dumped into the paver on top of the last of the mix containing the higher viscosity 
asphalt. The appearance of flushing in the wheelpaths in the left lane defines within a 
length of an inch or so in each wheelpath where the first of the mix made with the low 
viscosity asphalt came through the spreader. 

Figure 22 shows the typical appearance of a section of pavement containing the higher 
viscosity asphalt-cement (zone 1), after the same eight months of traffic to which the 
pavements in Figures 20, 21 and 22 had been exposed. No flushing has developed, in
dicating that because of the higher viscosity of the asphalt-cement, the pavement has 
substantially greater resistance to compaction by traffic than the same paving mixture 
made with lower viscosity asphalt-cement. That the pavement with the higher viscosity 
asphalt-cement in this project (zone 1) does flush or bleed when it has been traffic com
pacted to an air voids content of about 1 percent or less was indicated by the appearance 
of flushing on a number of short sections after about three years of traffic. 

A common reaction to Figures 20 and 21 is that the bad flushing that has occurred in 
zone 2 is due entirely to the lower viscosity of the asphalt-cement. However, if flushing 
or lack of flushing depended primarily on the viscosity of the asphalt binder, it would 
not be possible to construct road mixes or cold plant mixes with the more fluid MC and 
SC grades without having them flush under traffic, because these liquid asphalt binders 
are many times less viscous or more fluid than the lower viscosity asphalt-cement of 
zone 2. However, when well designed, mixes made with liquid asphalts do not flush or 
bleed. 

Except in quite unusual circumstances, as far as the design of the paving mixture 
itself is concerned, pavements do not flush or bleed unless, because of some oversight 
in their design, they are able to densify under traffic to an air voids content of about 
1 percent or less. This is the only reason for the serious flushing or bleeding of the 
pavement in zone 2 in Figures 20 and 21. Dense-graded asphalt-concrete paving mix
tures designed to have from 3 to 5 percent air voids at 100 percent of laboratory-com
pacted density (corresponding· to ultimate density under traffic) do not flush or bleed in 
service, regardless of the viscosity of the asphalt-cement with which they are made. 

This is verified by Figure 23, which was taken 20 months after construction. The 
lower viscosity asphalt-cement was used for all pavement shown. As in Figures 20 and 
21, serious flushing has occurred in the pavement in zone 2. However, although it also 
contains the lower viscosity asphalt-cement, no flushing has occurred in zone 3, and 
the construction joint in the right lane provides sharp demarcation between the flushing 
of zone 2 and the non-flushing of zone 3. The question that naturally arises is why is 
there no flushing in zone 3. 

An excellent construction record was kept on this project. Following a period of 
rain, the aggregate could not be adequately dried at a fast enough rate when put through 
the drier once. The coarse aggregate was, therefore, put through the drier by itself 
and placed in a stockpile. It was then recombined with the fine aggregate and went 
through the drier a second time. From analysis of the paving mixture, it is apparent 
that the double drying of the coarse aggregate removed an additional portion of the per
cent passirig the Nos. 100 and 200 sieves. As a result, when this paving mixture was 
compacted to 100 percent of laboratory-compacted density, it contained from 2 to 3 
percent air voids. This paving mixture went into zone 3. Although it also contains the 
lower viscosity asphalt-cement, Figure 23 shows that it is not flushing after 20 months, 
and on the basis of past experience will never flush or bleed because at ultimate com
paction by traffic it will still contain from 2 to 3 percent air voids. Therefore, Fig
ure 23 shows that as far as paving mixture design is concerned, flushing or bleeding 
can be expected when paving mixtures are used that may eventually densify under traffic 
to an air void content within the range of 0 to about 1 percent. 
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Figure 24. Correlation between viscosity at 140 F and penetration at 77 F for currently used asphalt
cements. 

High viscosity asphalt-cements provide greater resistance to compaction by rolling 
during construction (Figs. 2, 6, 17). Higher viscosity asphalt-cements also provide 
greater r esistance to compaction by tr affic (Figs. 20 to 23). Therefore, high viscosity 
asphalt-cements impede, whereas low viscosity asphalts facilitate , the achievement of 
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and in service under traffic. 

INFLUENCE OF PROPOSED SPECIFICATION FOR ASPHALT-CEMENTS 

The following specifications, which would substitute grading by viscosity in poises 
at 140 F for grading of asphalt-cement paving grades by penetration at 77 F, have been 
under consideration for some time. 

Paving Grade of 
Asphalt-Cement 

AC 5 
AC 10 
AC 20 
AC 40 

Range of Viscosity 
in Poises at 140 F 

500 to 750 
1, 000 to 1, 500 
2, 000 to 3, 000 
4, 000 to 6, 000 
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Figure 24 shows viscosity in poises at 140 F vs penetration at 77 F for a large 
number of asphalts in current use in the United States and Canada. The range in pene
tration at 77 F associated with each of the proposed new grades is 

Viscosity Grade 
at 140 F 

AC 5 
AC 10 
AC 20 
AC 40 

Corresponding Range of 
Penetration at 77 F 

80 to 250 
45 to 170 
25 to 120 
15 to 80 

Figure 24 shows that for any given range of penetration at 77 F, for example 85/100 
penetration, low viscosity asphalt-cements lie in the vicinity of line A, and the high 
viscosity asphalt-cements approach line B. 

One of the propose d new grades, AC 10, would include all of the most commonly used 
current grades ofasphalt-cements, 40/50, 60/70, 85/100, and 150/200 penetration. 
Consequently, it seems very questionable that highway engineers would ever consent to 
use a grade of asphalt such as the proposed AC 10. Instead, if grading by viscosity at 
140 F were adopted, they would rule out the hardest materials. In effect, this would 
mean drawing a line across Figure 24 like line C, and stating that only asphalts that lie 
between lines C and B would be accepted. 

This in turn, however, would exclude the whole class of low viscosity asphalt-ce
ments, which have excellent records of service performance, and which this paper has 
indicated should be considered as optimum or premium asphalts for cold weather, and 
for deep-strength or full-depth asphalt pavement construction. 

The principal reason for promoting grading of asphalt-cements by viscosity at 140 F 
has been to provide a more uniform asphalt-cement for high temperature mixing, laying 
and compaction operations, and in particular to avoid the use of low viscosity asphalt
cements that sometimes result in tender mixes. However, this paper has emphasized 
that tender mixes are associated with the use of steel-wheel rollers, and that by 
properly employing pneumatic-tire rollers equipped to change the tire inflation pressure 
quickly, tender mixes, as far as the asphalt-cement is concerned, no longer exist. 

Therefore, it is strongly recommended that no action be taken toward t he a doption of 
grading asphalt-cements by viscosity at 140 F, and that the current grading by penetra
tion at 77 F be retained. In particular, retention of grading by penetration at 77 F will 
permit the continued use of low viscosity asphalt-cements, which provide paving mix
tures having the following important advantages. 

1. Low resistance to compaction by rolling at elevated temperatures (Figs. 2, 4 
and 17). 

2. Faster compaction by traffic (Figs. 21, 22 and 23). 
3. For fulJ-depth or deep-strength asphalt pavements, equal or higher stabilities 

to those of paving mixtures made with high viscosity asphalt-cements (Fig. 4). 
4. More easily compacted to 100 percent of laboratory-compacted density by rolling 

during construction (Fig. 6). 

SUMMARY 
1. There is need for compacting asphalt pavements to at least 100 percent of lab

oratory-compacted density by rolling during construction to: (a) retard the hardening 
of the asphalt-cement and, therefore, provide longer service life and better pavement 
performance; and (b) increase the structural strength of full-depth and deep-strength 
asphalt particularly, and also of ordinary binder and surface courses, per unit of 
thickness. 

2. There is also the need for the development or perfection of rolling equipment and 
rolling techniques that will provide finished pavements with more nearly perfect 
smoothness of ride. 

3. Factors influencing the degree of compaction of an asphalt-concrete paving 
mixture that may be achieved by rolling are: (a) viscosity temperature characteristics 
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of the asphalt-cement; (b) temperature of the mix behind the spreader during the rolling 
operation; '(c) rate of cooling of the mix behind the spreader; (d) gradual increase of 
density and stability of the paving mixture as rolling proceeds; (e) type of rolling equip
ment; and (f) low viscosity vs high viscosity asphalt-cements. 

4. Of current hot-mix compaction equipment, only self-propelled pneumatic-tire 
rollers equipped for rapid adjustmen,t of tire inflation pressure appear capable of 
satisfying the following five major obj ectives of rolling: (a) apply the maximum pressur e 
to the hot-mix at all times during breakdown, intermediate, and final rolling that it can 
tolerate without harmful lateral displacement under the roller; (b) achieve the specified 
density with a minimum of rolling effort; (c) achieve at least 100 percent of laboratory
compa cted density by rolling during construction; (e) achieve more nearly perfect 
smootlmess of ride; and (f) allow no delay at any time during breakdown, intermediate 
or final rolling. 

5. For pavement construction in cold weather, it is demonstrated that very rapid 
cooling of the mix behind the spreader is the principal cause of the poor compaction 
often obtained, and that good compaction of normal binder and surface course layers 
and also of full-depth and deep-strength asphalt pavements, in cold weather, would be 
facilitated by: (a) the use of low viscosity asphalt-cements; (b) the use of pneumatic 
tire roll~rs equipped for rapid adjustment of tire inflation pressure; and (c) compaction 
to specified density within aliout 15 min after the mix leaves the spreader when the mix 
contains a high viscosity asphalt, and within about 20 min when it contains a low vis
cosity asphalt-cement. 

6. Photographic and other evidence is presented to show that because the viscosity 
of the asphalt-cement represents an important source of resistance to compaction, 
asphalt pavements are compacted much faster by traffic from the density achieved by 
rolling during construction, to their ultimate density under traffic, when they contain 
low viscosity asphalt-cements. This reduces the period of time during which the 
asphaJt - cements hardens rapidly because of the r elatively high air voids usually re
maining after rolling to the specified density is complete. 

7. Grading of asphalt-cements by viscosity in poises at 140 F, to replace grading 
by penetration at 77 F, should be rejected because it would eliminate the use of low 
viscosity asphalt-cements, which in addition to their good record of service perfor
mance have the following important advantages: (a) low resistance to compaction by 
rolling at elevated temperatures; (b) faster compaction by traffic; (c) for full-depth or 
deep-strength asphalt pavements, equal or higher stabilities to those of paving mix
tures made with high viscosity asphalt-cements; and (d) more easily compacted to at 
least 100 percent of laboratory compacted density by rolling during construction. 
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Appendix 

1--------1-- ---1 BASIS OF DIAGRAM 

A.S:T.M. BULK SPECIFIC 
GRAVITY OF AGGREGATE 

Figure 25. Relationship between minimum VMA and nominal maximum particle size of aggregate for 
compacted dense-graded paving mixtures. 



112 

Discussion 

C. R. FOSTER, National Bituminous Concrete Assoc. -There are many excellent 
thoughts in this paper. The effect of initial voids on the rate of hardening of the asphalt 
should be brought to the attention of all concerned with the construction of pavements 
because the r ate of har dening affects the ser vice life. I support the desirability of 
obtaining low voids during construction. Our association also supports this desir
ability. In 1962, the National Asphalt Pavement Association distributed to its members 
a brochure which quoted essentially the same data used by Dr. McLeod, to show the 
effect of initial voids on life. The brochure was intended to encourage members to 
compact asphalt pavements to low void contents. 

I differ with Dr. McLeod's statement that the mix should be compacted to 100 per
cent of laboratory density. In my experience, asphalt pavements compact under traffic 
regardless of the density they are compacted to during construction. Of course, if the 
density after construction is low, the increase under traffic will be more than if con
struction density is higher. But it will compact, and my concern is that if the pave
ment is built to 100 percent it may compact enough in the first part of its life to flush. 
This was the reason that the Corps of Engineers added a top limit to its specifications 
for heavy-duty pavement. The Corps specifications require 98 to 100 percent of lab
oratory density. 

Dr. McLeod recommends the use of low viscosity asphalt. Our association feels 
that penetration at 77 F gives little or no control of viscosity at construction tempera
ture. We have supported viscosity grading for consistency to provide better control at 
construction temperatures. I question the use of the terms, low or high; we need an 
optimum viscosity-that viscosity which produces the best product. Dr. McLeod states 
that low viscosity would aid compaction. I have two comments. First, if it aids com
paction during construction it would also aid compaction during traffic, which would 
further incr ease the hazard of flushing under traffic. The other is that a certain 
effective viscosity of the mix is needed to prevent the mix from shoving around rather 
than compacting. The effective viscosity of the mix is controlled by the gradation and 
surface texture of the aggregates, particularly the fine aggregate, the quantity and 
type of filler, and the viscosity of the asphalt-cement. 

Dr. McLeod suggests that the proper use of an air on the run roller would solve all 
problems of tenderness. My experience does not bear this out. We occasionally en
counter mixes which have such low effective viscosity that they do not compact under 
even low pressure rubber-tired rollers. As mentioned previously, the viscosity of the 
asphalt is a part of the effective viscosity. A certain optimum viscosity is needed for 
rolling. I think the viscosity specifications recently distributed by the Asphalt Institute, 
designated research specifications, and the viscosity specifications used by the Texas 
Highway Department represent optimum viscosities. 

Finally, Dr. McLeod mentions use of rubber-tired roller for knockdown, inter
mediate, and final rolling. Rubber-tired rolling is being used more and more for 
knockdown, and certainly changing the air on the run will make the rollers more ver
satile. However, I have seen severe striations or grooves in surface courses which 
were put in by the rubber-tired roller. These produce a distressing ride, and if 
rubber -tired rollers are used on the surface course they must be operated in such a 
manner that grooves are not left. My concern about grooves being left in the surface 
course is such that at present I am not willing to make a blanket recommendation to go 
to rubber-tired rollers exclusively on surface course mixes. 

NORMAN W. MCLEOD, Closure. -Mr. Foster's comments are appreciated, partic
ularly because of his disagreement with several points in my paper. Progress is 
usually faster in any field when there is some difference of opinion, because each side 
is then forced to reexamine its assumptions and basic data. 
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First, Mr. Foster disagrees that wearing course mixtures should be compacted to 
100 percent of laboratory-compacted density, because he believes that further densifi
cation would still occur under traffic, and this would cause a pavement to flush. 

In our experience, pavements will only flush after being closed up to 100 percent of 
laboratory-compacted density if, due to poor paving mixture design, the air voids in 
the pavement are within the range of 0 to 1 percent. During the past 12 years, scores 
of pavement samples have been sent from every part of Canada to our research depart
ment for test. In every case where the sample came from a flushed or bleeding pave
ment, the air voids in the sample were within the range of 0 to 1 percent. On not one 
occasion has pavement flushing or bleeding been reported when the sample of pavement 
showed from 3 to 5 percent air voids after compaction to 100 percent of laboratory
compacted density. This influence of air voids on whether or not a pavement is likely 
to flush or bleed is shown by the bad flushing of zone 2 (air voids 0 to 1 percent) and 
the lack of flushing of zone 3 (air voids 2 to 3 percent) in Figure 23. It is to avoid 
pavement flushing or bleeding that The Asphalt Institute currently 'specifies that pave
ments should be designed to have 3 to 5 percent air voids after compaction to 100 per
cent of laboratory-compacted density. 

It should be added that the degree of compaction employed to obtain 100 percent of 
laboratory-compacted density in the laboratory should duplicate the density expected 
for the same paving mixture after its ultimate compaction by traffic in the field. 

It is probably true, as Mr. Foster suggests, that even after it has been rolled to 
100 percent of laboratory-compacted density, a pavement undergoes increase in density 
due to traffic compaction. However, the limited existing evidence implies that the in
crease in density is so small that no flushing would occur if the paving mixture were 
designed to have from 3 to 5 percent of air voids after compaction to 100 percent of 
laboratory-compacted density. 

Mr. Foster's remarks indicate that he has been basing his comments on rolling to 
100 percent of laboratory-compacted density on the service performance of asphalt 
wearing courses. Since the publication of the AASHO Road Test reports, however, 
there has been increasing interest in full-depth and deep-strength asphalt pavement 
structural design. Because of the low temperatures, and the low pressures transmitted 
from wheel loads, the deeper layers of asphalt-concrete in these pavement structures 
do not increase in density because of traffic. Consequently, their densities remain 
essentially the same as when the roller left the job. Figure 2 and Table 2 indicate that 
compacting these asphalt bases to only 95 or to 97 percent of laboratory-compacted 
density, which is the_ maximum ordinarily specified by current specifications, develops 
only about 20 percent and 40 percent respectively of the stability that these mixes have 
when compacted to 100 percent of laboratory-compacted density. Therefore, as they 
are usually compacted, these base course mixes develop only a fraction of the load
carrying capacity per inch of thickness of which they are capable. Consequently, in 
the interest of reduced thickness and reduced cost of full-depth and deep-strength 
asphalt pavement construction, it is important that the asphalt paving mixtures employed 
for asphalt bases be compacted by rolling during construction to at least 100 percent of 
laboratory-compacted density as represented by 75-blow Marshall compaction employing 
the hand operated compactor. 

Opposition to the use of low viscosity asphalt-cements, to which Mr. Foster refers, 
developed because of the delayed rolling (tender mixes) that occurred during hot weather 
when using steel-wheel rollers. Presumably therefore, this opposition to low vis
cosity asphalt-cements would vanish, if the accompanying delayed rolling did not occur. 
The paper makes it quite clear that for hot-mix asphalt-concrete paving mixtures 
satisfying Asphalt Institute design requirements, delayed rolling is a fault of steel-wheel 
rollers, and should be so recognized. The paper also explains that by substituting 
properly operated pneumatic-tire rollers equipped for rapid adjustment of tire inflation 
pressure for steel-wheel rollers, the rollers can be kept right up to the spreader, and 
tender mixes and delayed rolling disappear as far as the use of low viscosity asphalt
cements is responsible for this condition. 

As Mr. Foster points out, because low viscosity asphalt-cements aid compaction by 
rolling, due to their lower viscosity and therefore lower resistance to compaction, they 
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also assist compaction by traffic for the same reason. However, contrary to what 
Mr. Foster has concluded, as demonstrated by zones 2 and 3 in Figure 23, this does 
not increase the hazard of flushing if the paving mixture has been designed to have from 
3 to 5 percent air voids at 100 percent of laboratory-compacted density. 

If a pavement has been designed, inadvertently or otherwise, to have 0 to 1 percent 
air voids after compaction to 100 percent of laboratory-compacted density, it can 
ordinarily be expected to flush or bleed regardless of the viscosity of the asphalt-ce
ment employed. The only difference will be in the length of time required before 
flushing occurs. If a low viscosity asphalt-cement has been used (Fig. 20), the pave
ment may densify after only a few months of traffic to 0 to 1 percent air voids, and 
flushing will occur. If the same mix contains a high viscosity asphalt-cement, be
cause of its higher viscosity and greater resistance to compaction it may require from 
2 to 4 years for the same annual volume of traffic to close it up to 0 to 1 percent air 
voids when flushing begins. However, because of its much longer exposure at higher 
air voids, the asphalt - cement in the paving mixture made with high viscosity asphalt 
cement may harden so seriously, with accompanying pronounced increase in viscosity 
and therefore in resistance to compaction, that the traffic volume to which the pave
ment is subjected may be unable ever to densify the pavement to the 0 to 1 percent air 
voids where flushing is likely to occur. Nevertheless, this drastic hardening of the 
high viscosity asphalt-cement usually shows up in some other form of inferior pave
ment performance. 

'Low viscosity asphalt-cements provide paving mixtures with the benefits of lower 
resistance to compaction by rolling, and of lower resistance to compaction by traffic. 
Therefore, the pavement is open (high air voids) to the detrimental effects of air and 
water for a much shorter time. This results in a slower rate of hardening for the 
asphalt binder in service, which in turn can be expected to lengthen pavement life. Our 
own experience with pavements made with low viscosity asphalt-cements is that when 
the pavements are properly designed and constructed, they provide excellent service 
performance. 

Mr. Foster expresses agreement with the viscosity specifications recently distri
buted by The Asphalt Institute as research specifications. These specifications would 
substitute grading asphalt-cements on the basis of their viscosities at 140 F for the 
present method of grading based on penetration at 77 F. Mr. Foster favors these 
research specifications because he feels that an optimum viscosity is required for 
rolling. This is true if he is referring to steel-wheel rollers. However, as previously 
point out, the use of properly operated pneumatic-tire rollers equipped for rapid adjust
ment of tire inflation pressure makes compaction of paving mixtures independent of the 
viscosity characteristics of the asphalt-cement, apart from the amount of rolling effort 
r equired to achieve the specified density. Greater rolling effort will be needed for 
mixes containing higher viscosity asphalt -cements because of their higher resistance 
to compaction, and less rolling effort when identical mixes contain lower viscosity 
asphalt-cements due to their lower resistance to compaction. The general adoption of 
pneumatic-tire r oller s equipped for rapid adjustment of tire inflation pressure would 
therefore eliminate one of the principal arguments advanced for grading asphalt-ce
ments by viscosity at 140 F. This method could have destructive effects of long-term 
pavement performance. 

Mr. Foster refers to the severe grooving or rutting he has seen in surface courses 
compacted by pneumatic-tire rollers. The paper explains with illustrations that this 
can only happen as a result of displacement of the mix under the roller wheels because 
the tire inflation pressure is too high. This harmful displacement does not occur when 
the tire inflation pressures in pneumatic-tire rollers are properly adjusted. As with 
any other new technique, at the present time the correct tire inflation pressure to be 
employed can be determined only on the basis of observation and experience. At all 
times the actual tire pressure to employ should be the highest that the pavement layer 
being compacted can tolerate without harmful lateral deformation occuring. Although 
currently the correct tire pressure to employ must be determined by a "seat-of-the 
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pants" approach, it should not be too difficult to develop instrumentation that would 
automatically and continuously adjust the tire pressure at all times to the highest 
pressure the layer of hot-mix undergoing compaction could withstand without detrimental 
lateral movement of the paving mixture from under the tires of the roller taking place. 




