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Foreword 
The reports you will find in this RECORD will contribute new 
information of value to you if you are an engineer, contractor 
or supplier of materials or equipment, with interests in the con
struction of bituminous pavements. In addition to findings from 
the American scene one report in particular provides some in
sight into the more advanced paving practices in Europe. 

Research, in the field of construction practices for highways, 
is proving to be a great revealer, particularly as to actual results 
on the larger undertakings, using current improvements in ma
terials and newly developed types of equipment. The area of 
bituminous pavement operations is no exception. Pavement 
research, however, is different from much other research in 
that, broadly speaking, it does not lend itself to test-tube type 
of study. In construction practices, no one can argue with what 
is shown by the results of full-scale tests. This makes it easier 
to get official adoption of revisions for additional specifications 
and construction requirements, many of which may have been 
handed down for half a century . 

In the first report, "High Temperature Pneumatic Compac
tion," it is shown that the use of a release agent in the spray 
water used to prevent sticking, permits pneumatic-tire rollers 
to be used very effectively for breakdown rollingwith pavement 
temperatures as high as 255 F and in some instances 275 F. The 
method results in an improved pavement density and structure 
which appears to be independent of the tire pressure. It works 
equally well for intermediate pneumatic compaction. However, it 
does not work well in a team that includes a steel tire roller 
used to iron out grooves in the surface. 

For a long time highway engineers have been concerned about 
hardening developed by petroleum asphalts in hot mixes between 
the time of mixing and placement and also the effects of such 
hardening on the durability of the pavement. The exhaustive 
studies included and analyzed in the second report contribute one 
more milestone in knowledge of this complicated process. It 
traces the hardening through mixing and hauling into the early 
life of the pavement and while the conclusions offer no quantitative 
limitation on hauling time, they do recommend prudence in such 
limitation and the protection of the hot material en route. 

"A Program for Smoother Roads" sets forth in detail the de
velopment of mechanics for control of bituminous resurfacing 
operations. Every highway department has at one time or other, 
been faced with the problem of rebuilding deteriorated wearing 
surfaces on both bituminous and concrete highways. With un
limited funds it is not a difficult task but in an effort to restore a 
like-new profile and crown it often happens that the quantities 
and cost get out of hand. Using, on a statewide basis, a mini
mum cover and average cross-sectional area system geared to 
computers, the methods reported enable the designer to econo
mize, retain control and still produce a smooth new riding sur
face with imperceptible undulations. 

The fourth report is by a Swiss engineer and covers the Euro
pean application of the automatic screed in controlling bituminous 



pavement surfaces. The very exacting specifications to be met 
are presented and analyzed together with the high quality and 
durability of the surfaces obtained by use of the screeds. The 
report, amply supplemented with pictures, conveys to the reader 
a message of deliberate thoroughness aimed at long life for the 
highway. Incidentally, in this connection the author is employed 
by the contractor and in Switzerland the contractor is required 
to guarantee the pavement for its first five years of service. 

The final report covers research with the great outdoors as 
the laboratory. It is not theoretical, but as written by an 
engineer in a top-management position, it is highly thought pro
voking. It shows that semiannual condition surveys find flaws in 
highways that mi e;ht ntherwi RP. he nverlnnkeci. 'T'he theme i R that 
whether attributable to design or construction the same defi
ciencies should not be repeated time after time. The condition 
survey is the tool for evaluation. 
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High Temperature Pneumatic Compaction 
R. J. SCHMIDT and L. E. SANTUCCI, Chevron Research Co., Richmond, Calif.; and 
W. A. GARRISON, Contra Costa County Public Works Dept., Martinez, Calif. 

A field test is described which compares the core densities and 
air permeabilities obtained on asphalt concrete (AC) when com -
pacted by several rolling sequences. The different procedures 
used include steel wheel rolling alone and in combination with 
pneumatic compaction made under a variety of test conditions. 
The conditions include both low and high pressure tires, mod
erate and high pavement compaction temperatures, and the use 
of pneumatic rollers for intermediate or breakdown compac
tion. Pneumatic compaction was conducted at pavement tem
peratures as high as 275 F without preheating the tires by 
means of a release agent added to the water lubricating the 
tires. Pavement densities as high as 95 percent of laboratory 
compacted values were obtained at 195-220 F. Values less than 
90 percent were obtained by pneumatic compaction at 135 F, 
the highest temperature possible to roll without the AC sticking 
to water-lubricated tires. 

1 THE DEGREE of compaction of an asphalt concrete (AC) pavement is possibly the 
most important factor determinin~ its properties and durability. Compaction is para
mount in controlling the stability (i.e., resistance to plastic deformation) and tough
ness (1) of a well-designed AC mix. It also controls the durability of the pavement be
cause it can significantly influence the permeability and void content which can limit 
the weathering rate of the asphalt binder. The fatigue resistance of the AC also ap
pears to be related to the degree of compaction (2). 

The stability, as measured by the Marshall orHveem test, can vary as much from 
a poorly compacted to a well-compacted mix as it varies when the aggregate system 
is changed from gravel to crushed aggregate. A well-compacted crushed quartzite 
may have a Hveem stability of 55 and uncrushed gravel, 35 (3). Yet, the same crushed 
quartzite AC mix can vary in Hveem stability from 37 to 55 if its compaction is in
creased from 140 to 146 pcf by more thorough compaction of the sample tested (3). 
Similarly, pavements which are not thoroughly compacted are soft or tender immedi
ately after construction (1). They are easily damaged by traffic or by such abuses 
as ladies' high-heeled shoes. High permeability pavements, which may result from 
poor compaction, are most conducive to rapid weathering of the asphalt binder (4). 
The severity of all three of these shortcomings can be reduced by proper compac tion 
of the AC during construction. 

A high degree of compaction is not readily achieved during construction. Additional 
compaction cannot always be obtained by using a greater number of roller passes or by 
using a heavier steel-wheeled roller (5, 6). If the mix is too unstable or the roller is 
too heavy, excessive rolling may actually decompact the mix. Where very thorough 
compaction is required, rubber-tired pneumatic compactors are used between break
down and finish steel wheel rolling. The most effective pneumatic compaction is ob
tained at high temperatures where the viscosity of the asphalt binder is low. However, 

Paper sponsored by Committee on Construction Practi ces-F lexib le Paveme nt and presented at the 
45th Annual Meeting. 
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the temperature at which these pneumatic compactors can be used is limited by the 
point at which the AC begins to stick to the tires. 

Very high degrees of pneumatic compaction have been obtained by Rensel (7) who 
was able to roll at high temperatures (275-300 F) without sticking provided that the tires 
were preheated. Calman (8) has tried, with limited success, to use various materials 
on the tires to prevent sticking. 

This paper describes the degree of compaction obtained on a field study comparing 
several commonly used compaction procedures. Included are high temperature pneu
matic compaction studies made possible by means of a release agent which prevents 
AC from sticking to cold pneumatic compactor tires at high-pavement temperatures 
(250-275 F). 

D.l!:::;lGN 01" FIELD TEST 

This field comparison of compaction procedures was made on a paving project in 
Moraga, California. Paving was done under the direction of the Contra Costa County 
Public Works Department and constructed by the 0. C. Jones Paving Co. 

The grading of the crushed gravel used (Fig. 1) complied wilil U1e California Divi
sion of Highways' ¾-in. maximum type B mix. A 6. 2 percent design asphalt content 
was selected for the mix. This particular gradation and asphalt content were chosen 
because the mix had the potential of densifying under sufficient compaction to a low 
voids content (2 percent) and, because at high pavement temperatures, with the slightly 
rich asphalt content selected, the mix would have the greatest tendency to stick to the 
pneumatic compactor tires. 

Seven different rolling sequences werP r.nmp::irPrl. Tn nnP nf thPsP. sequences, steel
wheel rolling was used. In another, breakdown was accomplished with a pneumatic 

(!) 
z 
er) 

80 

er, 60 
~ 
~ 
z 
Lu 
U 40 a: 
i.&.i 
a.. 

20 

SPECIFICATION LIMITS 
3/4 INCH MAXIMUM, MEDIUM 

1960STATE OF CALIFORNIA 
SPECIFICATIONS 

DESIGN AGGREGATE 
GRADING 

COMPOSITE OF EXTRACTED 
AGGREGATE GRADINGS FROM 

SECTIONS B, F ANO G 

0 ...__ ............. _&-..1.__.__,J.....__&-..1'------'------'---L-----_._---..J 
NO. 200 40 20 10 4 3/81N. l/21N. 3/41N. I IN. 

N0.80 30 16 8 

SIEVE SIZES 
BUREAU OF PUBLIC ROADS EXPONENTIAL SCALE (~) 

Figure 1. Design and extracted aggregate grading curves for Moraga test sections. 



T
A

B
L

E
 

1 

SU
M

M
A

R
Y

 O
F

 L
A

B
O

R
A

T
O

R
Y

 A
N

D
 

F
IE

L
D

 R
E

SU
L

T
S 

O
N

 M
O

R
A

G
A

 
T

E
S

T
 S

E
C

T
IO

N
S

 

P
n

eu
m

at
ic

 
M

ix
 T

em
p

er
at

u
re

 D
u

ri
n

g
 

A
v

er
ag

e 
H

v
ee

m
 

M
ax

im
u

m
 

E
x

tr
ac

te
d

 
A

ir
 V

oi
ds

 
A

ir
 F

lo
w

 
C

o
m

p
ac

ti
o

n
 

T
ir

e
 

R
o

ll
in

g
, 

F
 

D
en

si
ty

 
L

ab
o

ra
to

ry
 

R
el

at
iv

e 
T

h
eo

re
ti

ca
l 

A
sp

h
al

t 
of

 
R

at
es

 i
n

 
S

ec
ti

o
n

 
P

ro
c
e
d

u
re

a
 

P
re

ss
u

re
 

o
f 

P
av

em
en

t 
D

en
si

ty
 

C
o

m
p

ac
ti

o
n

 
D

en
si

ty
 

C
o

n
te

n
t 

P
av

em
en

t 
P

la
ce

 
C

o
re

s 
(%

) 
of

 M
ix

 
F

ro
m

 C
o

re
s 

C
o

re
s 

(p
si

) 
B

re
ak

d
o

w
n

 
P

n
eu

m
at

ic
 

F
in

is
h

 
(p

cf
) 

(p
cf

) 
(p

cf
) 

(%
) 

(%
) 

(m
l/

m
in

) 

A
 

1
2

-t
o

n
 s

te
el

 
2

8
0

-2
8

5
 

1
3

6
.4

 
1

5
0

.4
 

9
0

.7
 

15
4.

 3
 

5.
 2

 
11

. 
6 

12
05

 
8

-t
o

n
 s

te
el

 f
in

is
h

 
1

4
5

-1
5

0
 

B
 

1
2

-t
o

n
 s

te
el

 
2

1
5

-2
2

5
 

1
3

2
.6

 
1

4
7

.9
 

89
. 

7 
15

3.
 8

 
4

.7
 

1
3

.8
 

12
30

 
5

-t
o

n
 p

n
eu

m
at

ic
 

40
 

1
1

0
-1

3
5

 
8

-t
o

n
 s

te
el

 f
in

is
h

 
1

0
0

-1
2

0
 

C
 

1
2

-t
o

n
 s

te
e
l 

2
1

0
-2

2
0

 
1

4
3

.1
 

15
1.

 6
 

9
4

.4
 

15
3.

 5
 

5.
 0

 
6

.8
 

65
 

5
-t

o
n

 p
n

eu
m

at
ic

b
 

40
 

1
9

5
-2

2
0

 
8

-t
o

n
 s

te
el

 f
in

is
h

 
1

7
5

-1
9

5
 

D
 

1
2

-t
o

n
 s

te
e
l 

2
4

5
-2

7
5

 
14

1.
 2

 
15

1.
 0

 
9

3
.5

 
15

3
. 3

 
5

.6
 

7.
 9

 
20

0 
5

-t
o

n
 p

n
eu

m
at

ic
b

 
40

 
2

4
0

-2
5

0
 

8
-t

o
n

 s
te

el
 f

in
is

h
 

1
4

0
-1

5
0

 
E

 
1

2
-t

o
n

 s
te

el
 

2
5

0
-2

7
0

 
14

1.
 4

 
1

4
9

.8
 

94
. 4

 
15

3.
 6

 
5.

 5
 

7
.9

 
26

0 
5

-t
o

n
 p

n
eu

m
at

ic
b

 
90

 
2

1
0

-2
3

5
 

8
-t

o
n

 s
te

el
 f

in
is

h
 

1
4

5
-1

5
5

 
F

 
1

2
-t

o
n

 s
te

el
 

2
5

0
-2

7
0

 
14

1.
 4

 
14

9.
 8

 
94

. 4
 

15
3

. 3
 

5.
 5

 
7

.8
 

13
5 

5
-t

o
n

 p
n

eu
m

at
ic

b
 

90
 

1
7

0
-2

3
5

 
8

-t
o

n
 s

te
el

 f
in

is
h

 
1

4
5

-1
5

5
 

G
 

5
-t

o
n

 p
n

eu
m

at
ic

b
 

40
 

2
0

5
-2

3
0

 
13

5.
8 

15
1.

 0
 

89
. 9

 
15

2
.8

 
5

. 3
 

1
1

.1
 

77
0 

8
-t

o
n

 s
te

el
 f

in
is

h
 

1
4

0
-1

6
0

 

0
R

ef
er

 t
o 

T
o

b
ie

 2
 f

or
 m

or
e 

co
m

p
le

te
 d

es
cr

ip
ti

o
n

 o
f 

cc
,n

po
ct

io
n

 e
q

u
ip

m
en

t,
 

bT
hr

ee
 p

er
ce

n
t 

C
h

ev
ro

n
 r

o
ll

er
ee

ze
 a

dd
ed

 t
o 

ro
ll

er
 w

o
rc

r,
 

w
 



4 

compactor. In still others, intermediate pneumatic compaction was conducted at a 
variety of pavement temperatures and tire pressures. 

DESCRIPTION OF FJELD TEST 

The final pavement thickness was approximately 2 in. Sections B through F were 
laid on March 25, 1965, during a period of bright sunlight. During this time the am
bient temperature was approximately 75 F. Sections A and G were laid on March 29, 
1965, a day which was cloudy and overcast with an ambient temperature of approxi
mately 55 F . 

In all but one case (section G) where pneumatic compaction was used for breakdown 
rolling, a 12-ton tandem steel-wheel roller was used on the breakdown roll. In most 
cases, breakdown was followed by pneumatic compaction of some type. All sections 
were finish rolled with an 8-ton tandem roller. All rolling s equences are indicated in 
Table 1, and the equipment used is indicated in Table 2. 

Section A 

All Steel Wheel Rolling. Steel-wheel breakdown rolling at 280-285 F, a followed by 
finish rolling at 150 F, resulted in an in-place density of 90 . 7 percent relative com -
paction (percent of the laboratory compaction obtained by the Hveem procedure on re
compacting the cores taken from this section for density m easurement). This value is 
typical of the compaction obtained under these conditions. 

Section B 

!ntermediate Pneumatic 5-Ton Compaction; Four Coverages with 40-psi Tires al 
Low Pavement Temperatures. This intermediate pneumatic compaction was conducted 
at the highest temperature possible (130-135 F) without the AC pavement sticking to 
watP.r-lnbric::ttP.<I t.irP.s . Ea.ch 8pot on the paveme nt was rolled four times by one of the 
tires on the pneumatic compactor. A relative density of 89. 7 percent was obtained. 
'This v::1luP. is not significantly greater than that obtained with steel rolling only. A 
limited amount of intermediate pneumatic compaction made at low pavement tempera
tures with a lightweight low tire pressure compactor does not appear to be of any value . 
When rolled at pavement temperatures greater than 160 F, the AC rolled up on the 
tires (Fig. 2). 

Section C 

Intermediate Pneumatic 5-Ton Compaction, Four Coverages with 40-psi Tires at 
High Pavement Temperatures. Section C is s imilar to s ection B except that the pneu 
matic compaction was conducted at high temperatures (195-220 F). The tires were 
lubricated with water containing 3 percent of a release agent. While using this material 
in the water, no sticking of this mix to the pneumatic tires at rolling temperatures as 

T.ABLE 2 

COMPACTION EQUIPMENT USED ON MORAGA TEST SECTIONS 

Roller Compaction Wheel Tiller Wheel 
Type of Roller Wt 

Compaction (tons) Dia. Wt Dia. Wt 
(in.) (lb/lin in.) (in.) (lb/ lin in.) 

Steel breakdown Tandem Bros 12 60 276 48 176 
Pneumatic Nine -wheel Bros 5 
Steel finish Tandem Galion 8 53 211 40 142 

aTemperatures referred to are temperatures at the center of the approximately 2-in. thick lift of AC 
laid in the test sections. 
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Figure 2. Mix sticks at moderate temperature (160 F) to pneumatic tires lubricated with water. 

high as 250 F occurred. Under these conditions, the pneumatic roller followed closely 
behind the paver (Fig. 3). Some mixes have been compacted with pneumatic com
pactors at temperatures as high as 300 F without sticking, provided the tires are lub
ricated with the release agent. A relative compaction of 94. 4 percent was obtained 
under these rolling conditions. This considerable increase in compaction over that 
obtained in case B was obtained by increasing the intermediate compaction temperature 
from about 130 to 210 F. 

Section D 

Intermediate Pneumatic 5-Ton Compaction, Variable Coverages with 40-psi Tires 
at High Pavement Temperatures. This section was compacted by a procedure similar 
to that in section C except that the compactor inched its way across the pavement by 
moving laterally, progressing one tire width with each pass. Under these conditions, 
the center of the paved area was covered eight to nine times and the edges, approxi
mately four times. This additional number of roller passes did not increase the com
paction obtained. The relative compaction value of 93. 5 percent is compared to 94. 4 
percent obtained with four passes of the roller. These differences are not significant. 

Section E 

Intermediate Pneumatic 5-Ton Compaction, Four Coverages with 90-psi Tires at 
High Pavement Temperatures. This section was compacted under conditions similar 
to those in section C, except that the tire pressure was increased to 90 psi. The rela
tive compaction of 94. 4 percent obtained is identical to the value obtained under the 
same conditions except with 40-psi tire pressure. 
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Figure 3. No sticking of mix at high temperature (250 F) to pneumatic tires lubricated with release 
agent. 

Section F 

Intermediate Pneumatic 5-Ton Compaction, Multiple Passes with 90-psi Tires at 
High Pavement Temperatures. The procedure used in this section was similar to that 
used in section E except that pneumatic rolling was continued until the roller "walked" 
out of the mix, i.e., until the AC stability increased as a result of a combination of 
compaction increase and temperature decrease to a point where it could support the 
roller without appreciable displacement by the tires. A value of 94. 4 percent relative 
compaction was obtained by this procedure as well. The additional number of passes 
was apparently of no value. 

Section G 

Pneumatic o-'l'on Breakdown Compaction, Four Coverages with 40-psi Tires, and 
l::iteel Wheel J<'inish. l::iteel-wheel breakdown was not used on this section. The tour 
coverages of the pneumatic roller at 205-230 F left deep grooves and were removed 
by the finish roller at approximately 150 F. Poor compaction (89. 9 percent relative 
compaction) was obtained under these conditions. The results were comparable to 
steel-wheel breakdown without intermediate pneumatic compaction (section A) and low 
temperature, lightweight intermediate pneumatic compaction (section B). 

FOLLOWUP FIELD AND LABORATORY TESTING 

A 100-ft section from each test section was examined for the relative compaction 
obtained by means of the different rolling procedures described. An air permeability 
representative of each of these sections was established by measuring in-place air flow 
rates (9) according to the pattern described in Figure 4. A 4-in. diameter core was 
taken at each spot where an air flow measurement had been made. The density of each 
of these cores was determined by the procedure of Santucci and Schmidt (10). Air voids 
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were calculated by means of the procedure 
described in the Asphalt Institute Manual, 
Series No. 2 (11). Rice's method (12) was 
used to determine the maximum theoreti
cal density of each mix. 

In-place air flow rates from each of the 
sections correlated with calculated air 
voids' values (Fig. 5). The curve of best 
fit to the experimental data was calculated 
by the method of least squares (13), and 
modified slightly for simplicity in calcu
lation by rounding off the exponent. The 
equation for this best fit curve is given 
by: 

A 100/(1 + 1/Q) 

where 

A = air voids, percent, and 
O 25 Q = 0. 024 (air flow rate, ml/min) · 

Air flow rate measurements were taken 
after all rolling had been completed and at 

Figure 4. Air permeability and coring pattern on i a mix temperature of 150 For less. For 
typical Moraga test section. this particular mix, which approaches the 

classification of 6A or 6B in a paper by 
Hein and Schmidt (14) , it was no t neces-

sary to correct the air flow rates for temperature. -
After the density on each core was determined, the cores from each section were 

collected and warmed in a 140 F oven, broken up by hand, and mixed together. A rep
resentative sample of each of these com
posite mixes from each section was ex
tracted by means of the modified Abson 
procedure (ASTM Designation D762-49). 
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Figure 5. Prediction of pavement air voids from 
field measured air flow rates. 

A wet screen sieve analysis of the aggre -
gate remaining after the Abson extraction 
is shown in Figure 1. This grading curve 
represents the composite curve from three 
of the test sections. 

Hveem stabilities and densities were 
run on the mixes recovered from the test 
road and trucks. The average stability 
was 50. Hveem laboratory densities are 
given in Table 1. 

Penetration and viscosity measurements 
were made on the asphalts obtained from 
the extracts. Data on asphalts recovered 
from the first and second days' field test
ing are given in Table 3. 

DISCUSSION OF RESULTS 

Intermediate pneumatic compaction at 
high pavement temperatures resulted in 
more complete compaction than was ob
tained with steel-wheel rolling alone. 
Pneumatic compaction with a lightweight 
pneumatic compactor was of no value when 
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TABLE 3 

PROPERTIES OF ASPHALTS RECOVERED FROM MORAGA TEST SECTIONS 

Asphalt 
Property 

Penetration at 77 F 
Viscosity: 

275 F (capillary), 
stokes 

140 F (capillary), 
kilopoises 

0 Piaced 3-25-65. 
bpiaced 3-29-65 . 

Composite of 
Sections 

B, C, D, E, and Fa 

68 

4.39 

2.68 

Composite of 
Sections A and Gb 

65 

4.43 

2.83 

Ref. of 
Test Method 

ASTM D 5-61 

ASTM D 445-64 

ASTM D 2170-63T 

made at 135 F, a temperature low enough to prevent sticking between the tires 
and pavement. 

The low densities obtained when pneumatic breakdown rolling was done (section G) 
were not anticipated. The breakdown pneumatic rolling procedure is known to give 
good compaction (7) if intermediate pneumatic rolling is used immediately to iron out 
ridges anrl e;rnnvAs lAft hy thA hreakdown roller. As it was, the finish steel-wheel 
roller used on section G actually broke down the uncompacted ridges and decompacted 
the highly compacted grooves left by the pneumatic breakdown roller. Wide variations 
in densities and air flow rates occurring transversely across the lane width suggest 
that the finish roller did not effectively even out these crests and depressions. 

CONCLUSIONS 

The following conclusions were reached from this investigation. 

1. With the aid of 3 percent of a release agent in the spray water, a pneumatic tire 
roller can be used on an a::;_phall mix at temperatures at least as high as 250-255 F with
out the mix sticking to the tires. With water only, pickup on the tires of a pneumatic 
roller is frequently severe at 150-160 F. 

2. The compa tion procedure of steel-wheel breakdown rolling (high-temperature, 
intermedia te pneumatic rolling) and steel finish rolling gives high density, low per
meability, and low air void pavements. 

3. The final pavement density obtained appears to be independent of the tire pres
sures on lightweight pneumatic rollers used for high-temperature intermediate rolling. 
The densities obtained with 40-psi tire pressures were no different than those obtained 
,.vith tirAs prA~~nrAri t.n 90 psi. With a heavier pneumatic compactor, higher pressure 
tire s would, no doubt, cause increased compaction. 

4. The data showed that breakdown pneumatic rolling must be followed immediately 
by intermediate pneumatic compaction to iron out the grooves left during breakdown 
rolling. If lruned uul by steel rollers at low temperatures, decompaction occurs and 
low densi.ties result. 

High density, low permeability, low air voids, and highly durable pavements can be 
obtained with proper compaction procedures. The use of a pneumatic roller for inter
mediate compaction of a mix at high temperatures has bP,en demonstrated as a most 
effeetive way of obtaining these desirable properties. 
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Hardening of Asphalt in Hot Bituminous Mixes 

During the llauling Process 
PAUL H. WRIGHT and RADNOR J. PAQUETTE 

Respectively, Assistant Professor, and Professor, Georgia Institute of Technology 

Concern has been expressed by highway engineers that asphalt 
in hot bituminous mixes may harden excessively during the 
hauling process, particularly if the haul distance is long. Such 
hardening could conceivably cause early brittleness in asphalt 
cement under service conditions and shorten the pavement's 
life. 

The research reported herein was performed at Georgia 
Tech. under the sponsorship of the Georgia Highway Department 
and the U.S. Bureau of Public Roads to determine the signifi
cance and seriousness of asphalt hardening during the period of 
haul. 

Samples of hot bituminous mix were taken from trucks trav
eling en route from the mixing plunt to the paving oite at times 
of one, two, and four hours after preparation of the mix. In ad
dition, mix samples were taken immediately after mixing and 
after the material had been placed on the roadway. A total of 
about 100 field samples were taken from ten trucks, including 
asphalts manufactured from four sources of crude. 

Recovery of the asphalt was accomplished by the Abson 
method. Absolute viscosity was used as the primary measure 
of asphalt hardness. A microviscometer was used to measure 
viscosity at temperatures of 60, 77, and 95 F. Viscosities were 
reported at 0. 05 reciprocal seconds. Penetration and ductility 
tests were also conducted. To provide some indication of mo
lecular changes, thin asphalt films were placed between sodium 
chloride plates and tested on an infrared spectrophotometer. 

Significant hardening occurred in all of the asphalts studied. 
The extent of hardening varied with the asphalt source. Also, 
asphalt viscosities varied significantly with the position and 
depth from which the mix sample was taken from the truck bed. 
Asphalt samples taken from the uppermost 1 in. were generally 
......... .c .............. ,i.1.,,...,_ ,1..1-. ............... .::_ 4-1-.. ..... -..-..- .... .:-..J .......... ..... .c 4-1-..,,... .._.:,.y 
OV.L.. LV.1. UlCl,U. LllUi::tt .1.U. UJc; .1 c.u1a..1uuv.1. U.1. L.U.\:- .LUJ.A. 

Asphalt ductility decreased with increase in haul time. 
Changes in the infrared spectra occurred at wave lengths of 
2. 9, 5. 9, and 9. 7 microns. 

•AS EARLY as 1929, it was known that asphalt in hot bituminous mixes hardens during 
the mixing process (1). Since that time the nature and magnitude of the hardening dur
ing mixing has been the subject of extensive research. In 1937, Brannon (2) reported 
that mixing time as well as temperature affected the hardness of asphalts fi.ter re -
covered from pavements. A recent comprehensive study by Bright and Reynolds (3) 
showed that the hardening of asphalt in hot mixes is also dependent on the rate and-

Paper sponsored by Committee on Construction Practices-Flexible Pavement and presented at the 
45th Annual Meeting. 

lO 
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manner in which 1.nix samples are cooled. The severity of hardening during mixing re -
mains a ma tter of widespread interest and controversy (4, 5). 

A great deal of research effort has also been directed-to -evaluating and measuring the 
hardening that occurs during a pavement's service life. Brannon's study (2) of asphalts 
recovered from wearing surfaces indicated a steady decrease in penetration wiU1 age 
amounting to a decrease of 47 percent at 30 months. White (6) asserted in 1947 that 
asphalt content is the greatest single factor determining the amount of drop in penetra
tion of asphalt in service. In a test road project in Michigan, Parr, and Serafin (7) 
found that penetration of asphalt extracted from cores decreased up to the age of 17 
months, and the n r emained constant or increased slightly thereafter. The work of Simp
son, Griffin and Miles in the Zaca-Wigmore project (8) coniirmed the finding that most 
of the hardening occurs in the first 16 to 20 months, and reported that pavements with 
high air void content hardened more rapidly than those with low air voids, giving cre
dence to White's earlier statement concerning the effect of asphalt content. The Zaca
Wigmore project also showed that hardening of an asphalt is greatest at the top of a 
pavement and decreases with increasing depth in the pavement. 

In contrast to the amount of research on hardening during mixing and during a pave
ment's service life, little research has been done to measure hardening during the 
hauling process. Bright and Reynolds (3) took a cursory look at this problem in their 
study of the effect of mixing temperature on asphalt hardening. They followed trucks 
en route from the plant to the paver, took samples, and measured the hardness of the 
recovered asphalt. Their research indicated that some hardening of the asphalt did oc
cur, but the results were spotty and generally inconclusive. 

The purpose of the research reported here was to determine if significant asphalt 
hardening does occur during the haul period, and if so, to measure and evaluate the 
severity of the haul effect. 

PROCEDURE 

To measure the effect of haul time on asphalt hardening, samples were taken from 
trucks en route from a central mixing plant to the construction site at the following 
times: at central plant at time of loading; one, two, and four hours after mixing; and 
immediately after placement but before compaction. 

Mixes were prepared at temperatures of approximately 300 and 320 F. No attempt 
was made to vary the mixing time from that normally used by the manufacturer. All 
but two of the mixes were type E surface mixes, Georgia State Highway Department 
specifications, with a 60-70 penetration grade asphalt. The remaining mixes were 
type A binder mixes. 

The trucks were driven at normal haul speeds and were in constant motion except 
for periodic stops made for sampling. The mixes were not covered during the haul 
period. 

Samples were taken from the truck bed in accordance with the general recommenda
tions of ASTM D979-51. The total weight of each sample was approximately 10 lb. 
Each sample was composed of subsamples taken from three a rbitrarily chosen locations 
across the width and length of the truck bed. Samples were taken from the crust (top 
1 in.) and from a depth of approximate ly 12 in. 

The field samples were placed in cloth sampling bags and cooled by quenching in 
water. (To test the effect of the rate of cooling, a single sample was taken from each 
truck at the time of mixing and allowed to cool normally to air temperature. ) The 
samples were stored in water from the time of sampling until removal for the extrac
tion procedure. 

After removal from the water, the samples were dried in a 250 F oven for approxi
mately 30 min. Care was taken to insure that the temperature of the sample did not 
exceed 150 F during the drying process. A special series of tests was conducted which 
compared viscosities of asphalts recovered from samples dried at normal air tempera
tures to those from samples dried in the oven. It was concluded that no significant 
hardening resulted from drying the samples in the oven. 
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The asphalt was extracted by means of a Dulin rotarex centrifugal extractor using 
an analytical reagent grade benzene. The asphalt was recovered by the Abson method, 
ASTM D1856, with slight modifications. Instead of the specified glass aeration tube, a 
copper tube similar to that specified by ASTM D762 was used to admit carbon dioxide 
to the asphalt benzene solution during the distillation procedure . It was not always 
possible to dry the sample and extract and recover the asphalt in an 8-hr period. 

Absolute viscosities were determined with a microviscometer (Fig. 1) using the 
procedure proposed by Griffin, et al. (9). Viscosities were determined for a shear rate 
of 0. 05 reciprocal seconds and at test temperatures of 60, 77, and 95 F. 

Penetration tests were conducted on the asphalt samples in accordance with ASTM 
D5-61. Ductility tests were run at a test temperature of 48 ± 5 F and a rate of pull of 
2 cm/min. 

For each series of tests, infrared spectrograms were made for the original asphalt 
and for samples taken immediately after mixing and after a 4-hr haul. Because the 
amount of absorption of infrared light is directly related to the thickness of asphalt 
film, special care was required to obtain asphalt films of a constant thickness. Asphalt 
films were formed between 2-cm by 4-cm sodium chloride plates, using a film former 
(Fig. 2). 

After the film former had been precisely adjusted by means of the plates and a 
0. 003-in. gage, it was heated in a 250 F oven along with the asphalt sample. With 
special care, the heated asphalt sample was then placed between the plates and pressed 
to a thickness of 76 ± 3 microns by the film former. 

The asphalt films were irradiated by a Beckman model IRS infrared spectrophotom -
eter. 

Figure l. Sliding plate microviscometer. 
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Figure 2. Film former. 

RESULTS 

Microviscosity Test Results 

It is convenient to consider the microviscosity test results as part of one of three 
groups of experiments: (a) the basic test series, (b) control experiments, (c) special 
tests to define sources of variation. 

In the basic test series, nine trucks were stopped en route from the mixing plant to 
the construction site and field samples were periodically taken during the haul process. 
At least ten mix samples were taken for each truck. These samples were stored in 
water, and later, in the laboratory, asphalt samples were extracted, recovered, and 
tested by the microviscometer. 

To provide a comparison with results expected in normal construction procedures, 
three control experiments were conducted. In each of these experiments, samples 
were taken from trucks with normal delay (about 10 to 20 min) and with a delay of 
4 hr. To test the possible effect of haul time on the long-term hardening characteristics 
of asphalt under service conditions, core samples were taken from the pavements con
structed from each of these six truck loads of bituminous mix. 

In addition, three special series of tests were made to isolate and define sources 
of variation in the viscosity data. 

In all, more than 800 microviscosity tests were conducted during this study. 
Basic Test Series. -The viscosity results for the basic test series showed a recur

ring pattern of hardening during the haul process. Although there were significant 
variations in the data attributable to at least seven sources, the data clearly showed 
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TABLE 1 

MEAN ABSOLUTE VISCOSITY OF NINE SERIES OF TESTS 
VS HAUL TIME 

Mean Absolute Viscosity (megapoises) 
Haul Tlme 

60 l' 77F 06F 

Original asphalt 18. 0 2.19 0. 265 
After mixing 18. 5 2. 52 0. 377 
1 hr after mixing 22. J 3. 78 0. 551 
2 hr after mixing 26. G 5. 07 0. 686 
4 hr after mixing 30, 1 7. 10 1. 208 
After placement 27. 3 5. 20 0. 683 
1 week after placement 34. 0 7. 73 1. 196 

that hardening does occur during haul and 
that the extent of hardening depends on the 
duration of haul. 

Mean absolute viscosities for the basic 
scric::; of tests are given in Table 1; vis
cosity is related to duration of haul in Fig
ure 3; Figure 4 is a semilogarithmic plot 
of viscosity and test temperature. 

Absolute viscosities of samples taken 
after the 4-hr haul were on the order of 
two or three times as great as those of 
samples taken immediately after mixing. 

The results showed an unexpected decrease in viscosity during the process of plac
ing the mix on the roadway. This apparent anomaly was evidently due to heterogeneity 
of the mix in the truck bed and a failure to obtain samples from the truck truly repre -
sentative of the entire mix. Detailed results for the basic series of experiments are 
given in Table 2. 

Effe ct of Asphalt Source . -As expected, wide variation in hardening patterns was 
no ted for different asphalt s ources (Fig. 5). 

The asphalt from Shell Oil Company, Atlanta, showed the greatest change in vis
cosity during haul, increas ing by more than threefold. This asphalt was a mixture 
produced from crude oils from fore ign (Venezuela) and domestic (Louisiana) sources. 
It was the only asphalt source sampled processed in a continuous mixing plant. 

The asphalt supplied by Hunt Oil, Tuscaloosa , Ala. , showed a moderate change in 
viscosity during the haul process. It was the only one tested prorl11cP.rl P.ntirely from 
domestic crudes . The supplier listed its source as Warrior Basin (Mississippi and 
Alabama). 

The Humble Oil asphalt also showed a moderate amount of hardening during haul, 
although the viscosity values we r e relatively small. The s upplier indicated that it was 
a blend of Venezuelan (Lagunillas) and domestic asphalts (probably Texas or Louisiana). 
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TABLE 2 

ABSOLUTE VISCOSITY VS TIME OF SAMPLING 

Mbclng Absolute Viscosity (megapoises) 
Asphalt Sample Temperature Source Serles (deg F) Original After 1 Hr 2 Hr 4 Hr After 1 Week 

Asphalt Mbcing Later Later Later Placement Later 

(a) At 60 F 

Humble Oil, 1100 315 20.0 26.2 31. 8 36. 9 35. 0 37.1 34.9 
Charleston 1100 315 20.0 25. 0 27. 0 34. 9 40.0 37.0 33.0 

Humble Oil, 1200 300 21. 9 27. 1 19 . 1 37. 2 33.5 37.5 30.8 
Charleston 1200 300 21. 9 27. 5 21. 4 36.5 34.8 36.4 36. 8 

Hunt Oil, 2100 320 18. 1 6.9 20. 4 15. 4 20. 1 20. 5 16. 7 
Tuscaloosa 2100 320 18. 1 7.7 20. 9 14.3 19.8 19.7 16.7 

Hunt Oil, 2200 316 17. 2 19. 0 19.4 14.5 26.7 19.0 33.5 
Tuscaloosa 2200 316 17.2 17.8 20 . 0 14.5 24.1 30.0 35.0 

Hunt Oil, B2100a 320 18. 1 18.9 23 . 0 30.0 29.1 24.9 25.4 
Tuscaloosa B2100a 320 18. 1 15.9 22. 2 35.5 23.1 27. 7 24.7 

Hunt Oil, B22ooa 295 17.2 19 . 2 12. 6 21. 5 27.3 20.2 26.6 
Tuscaloosa B22ooa 295 17. 2 18. 3 16. 1 18.5 25. 0 17.2 25. 7 

Shell Oil, 4100 320 16. 9 17.4 24.6 38.4 40.0 31. 8 39.2 
Atlanta 4100 320 16.9 17.6 26. 7 34. 5 39.0 31. 9 35.7 

Shell Oil, 4200 300 17.8 19. 2 30. 1 27. 5 35. 0 22.4 36.0 
Atlanta 4200 300 17. 8 19 . 6 29 . 8 27.8 35.5 21. 3 37. 1 

Shell Oil, 3100 325 19.6 14. 8 17. 5 21. 2 28.0 31. 2 60.0 
Savannah 3100 325 19. 8 15. 2 15. 8 19.9 30.3 26.0 65. 0 

(b) At 77 F 

Humble Oil, 1100 315 1. 75 1. 98 3. 50 6.74 4.24 5.20 5.92 
Charleston 1100 315 1. 75 2.40 3. 08 6. 52 4.21 5.52 7. 53 

Humble Oil, 1200 300 1. 67 2. 15 2. 02 4. 07 3.94 4.69 6. 55 
Charleston 1200 300 1. 67 2. 39 2. 00 4.39 4.30 4. 49 6. 45 

Hunt Oil, 2100 320 2. 79 1. 28 4.35 2.76 4. 18 4.30 3.44 
Tuscaloosa 2100 320 2. 79 1. 31 4.33 2. 73 4. 56 4.75 3.40 

Hunt Oil, 2200 316 2.65 2. 70 3. 65 2.92 5.20 6.00 8.71 
Tuscaloosa 2200 316 2. 65 2.65 3. 75 3.23 4. 95 5.55 8.75 

Hunt Oil, B2100a 320 2. 79 3.32 5. 08 7. 38 8. 58 5. 31 6.28 
Tuscaloosa B2100a 320 2.79 2. 95 5.06 8.12 5.66 5.28 6. 59 

Hunt Oil, B2200a 295 2.65 3.55 2. 95 4.34 5.54 4.24 6.03 
Tuscaloosa B22ooa 295 2.65 3.39 2.62 4.32 5.45 3.29 5. 75 

Shell Oil, 4100 320 2.31 2. 72 4. 29 8.61 10.9 7. 35 7. 59 
Atlanta 4100 320 2.31 2.60 4. 52 8. 13 10. 5 7. 22 7. 74 

Shell Oil, 4200 300 2.42 3. 02 5. 82 5.67 8. 50 3. 97 10.3 
Atlanta 4200 300 2.42 3.62 6. 15 5. 50 8. 65 4. 56 9.51 

Shell Oil, 3100 325 1. 93 1. 70 2. 53 2.92 13.9 6.22 14.7 
Savannah 3100 325 1. 97 1. 60 2. 26 2.84 14.6 5. 71 13.9 

(c) At 95 F 

Humble Oil, 1100 315 0.183 0.207 0.340 0.664 0.392 0.493 0. 660 
Charleston 1100 315 0.183 0. 250 0. 302 o. 586 0.388 0.503 0. 672 

Humble Oil, 1200 300 0.189 0.242 0. 209 0.385 0.422 0.425 0.698 
Charleston 1200 300 0. 189 0.238 0. 178 0. 330 0. 560 0. 470 0. 664 

Hunt Oil, 2100 320 0. 382 0. 224 0. 634 0.460 0. 798 0.680 0. 563 
Tuscaloosa 2100 320 0.382 0.200 0. 632 0.492 0.946 0.813 0. 507 

Hunt Oil , 2200 316 0.355 0.534 0. 690 0.430 0.968 1.04 1. 79 
Tuscaloosa 2200 316 0. 355 0.531 0. 715 0. 495 0.962 1. 06 1. 76 

Hunt Oil, B21ooa 320 0.382 0. 516 0. 788 1. 50 1. 51 0.758 1. 24 
Tuscaloosa B210oa 320 0. 382 0.522 0. 733 1. 55 1. 38 0.824 1. 21 

Hunt Oil, B22ooa 295 0.355 0.642 0. 409 0. 585 1. 09 0.493 0.901 
Tuscaloosa B2200a 295 0.355 0. 595 0. 498 0.612 1. 16 0.526 0.964 

Shell Oil, 4100 320 0.283 0.417 0.662 0.938 1. 77 0.921 0.996 
Atlanta 4100 320 0.283 0. 417 0. 725 0.930 1. 56 0.893 0. 989 

Shell Oil, 4200 300 0.287 0.422 0. 905 0. 830 1. 10 0.533 1. 45 
Atlanta 4200 300 0. 287 0.436 0.914 0.812 1. 14 0.574 1. 45 

Shell Oil, 3100 325 0.226 0.198 0.302 0.378 2.86 0. 795 2. 43 
Savannah 3100 325 0.217 0. 190 0. 275 0.362 2.74 0.499 2.58 

0 Binder mix . 



16 

10 ,--- ----,~-----.---r-----.----, 
l:!.. SHELL OIL, ATLANTA 

o HUNT OIL, TUSCALOOSA 

o HUMBLE OIL, CHARLESTON 

? ~o ----c---+---~ --.1------' 
DURATION OF HAUL, HOURS 

Figure 5. Absolute viscosity vs }1aul Ju1·utioi-1. 

The viscosities of the 2-hr samples varied 
widely from the expected pattern. The 
reason is not known, but it is thought to be 
due in part to the manner in which field 
sample::; were laken. 

Only one series of samples was taken 
from the plant which used asphalt from the 
Shell Oil Co. , Savannah, Ga. Viscosities 
were the smallest of those tested. Mod
erate increases in viscosity occurred with 
increases in the haul period. Curiously, 
the viscosities roughly doubled during the 
first week after the pavement was con
structed. 

Effect of Mixing Temperature. -One of 
the original aims of the project was to 
measure the effect of extreme mixing 
temperatures by mixing the bituminous 
samples at 250 and 350 F. Because of 
practical and economic considerations it 
was decided in the early stages of the 
project that use of such extreme mixing 
temperatures was not feasible. Mixes 
prepared at these temperatures would not 
meet Georgia. Highway Department speci
fications. This course of action led to two 
alternatives: u::;ing mixes which did not 

meet specifications, or wasting 10 to 15 tons of bituminous material for each truck 
sampled. Furthermore, mixes prepared at 250 F with some heat loss during the haul 
process would have been difficult, if not impossible, to place and compact. It was 
therefore decided to prepare the mixes at a high temperature and a low temperature, 
but to keep both temperatures within the specification limits. The average high tem
perature used was approximately 320 F and the low temperature was about 300 F. 

Statistical analysis of the results showed that mixing temperature was a significant 
source of variation. Except for those taken just after mixing, the samples mixed at 
the high temperature tended to be slightly harder than those mixed at the low tempera
ture. The average magnitude of this difference, however, was on the order of 20 per
cent or less. It could be concluded from these results that variations in mixing tem
perature of 20 F (within the range provided by the specifications) are of little practical 
concern even though they account for significant variations in the asphalt viscosity. 

Unexpectedly, the samples taken just after mixing which were mixed at high tem
peratures showed smalle r viscosities than those mixed at low temperatures. Possibly, 
this anomaly occurred strictly because of chance variations. A statistical variance
ratio test (F-test) indicated tl.at the variation in results ~t the tivo rnL'::ing; temperatures 
were significantly different at the 5 percent level. However, a t-test at the 10 percent 
level failed to show significant difference between the means of the viscosities at the 
high and low temperatures. 

Average viscosities for high and low mixing temperatures for samples taken at dif
ferent haul times are shown in Figure 6. 

Effect of Mix Heterogeneity. -It is common knowledge among those who have observed 
bituminous paving operations that asphalt mixes tend to form a hard crust at the upper 
surface during the hauling process. Despite the fact that this crust amounts to a small 
percentage of the total volume of the mix, it was decided during the planning stages of 
this project to take three samplP.s from the crust during haul at times of 1, 2, and 4 
hours after mixing for comparisons with those samples taken beneath the surface. 

Believing that the hardening phenomenon wa s primarily an oxidation process, and 
one which depended on exposure to air, the investigators expected that the asphall 
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Figure 6. Absolute viscosity vs haul duration. Fi gure 7. Absol ute viscos ity vs haul duration. 

samples taken from the uppermost 1 in. of material would yield higher viscosities than 
samples taken beneath the crust. However, the results showed that viscosities of as
phalt samples taken from the crust were significantly lower (softer asphalt) rather than 
higher at all three laboratory test temperatures. This is thought to be due to a verti
cal temperature gradient which has been observed while the truck is in motion. Tem
peratures of the material in the crust were approximately 120 F , whereas the tempera
tures 12 in. beneath the surface were roughly 300 F. Indeed, the low temperatures at 
the surface account for the formation of the hard crust which softens when the truck 
stops and the temperature of the surface approaches the temperature of the mass under
neath. 

Figure 7 compares average viscosities of crust samples with those taken 12 in. be
neath the surface for three test temperatures. Detailed test data for crust and non
crust samples are given in Table 3. 

The results of the crust series of tests coupled with unexplained variations in the 
test data prompted the researchers to examine more closely the heterogeneity of the 
mix within the truck bed. To obtain a measure of mix heterogeneity, a special series 
of samples was taken. As before, a truck was loaded with bituminous material and 
driven for 4 hr. However, no samples were taken en route to the construction site. 
At the end of the 4-hr haul period, nine representative samples were carefully taken 
from various locations within the mass. Samples were taken from the front, middle, 
and back of the truck bed and at depths of 1, 12, and 24 in. An analysis of variance 
indicated that the effects of both position and depth of sampling were significant at the 
0.1 percent level. Graphs of averages of these results are shown in Figures 8 and 9. 

The smallest and larges t viscosities diffe red as much as 250 percent (Figs. 8, 9 
and Table 4), which explains to a large extent the sizable variations that occurred 
earlier in the main series of tests and the apparent decrease in viscosity during the 
process of placing the mix on the roadway. 

The highest viscosities were obtained from a depth of 12 in. and the lowest from a 
depth of 24 in. These results imply that the main series of tests, sampled at 12-in. 
depths, represents an upper limit of the hardening occurring throughout the truck bed. 
The probable reason for the lower viscosities for the samples taken at a depth of 24 in. 
is that this material is insulated from the air by the material lying above it. 
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TABLE 3 

ABSOLUTE VISCOSITY OF SAMPLES FROM CRUST VS 
SAMPLES FROM 12 IN. BENEATH SURFACE 

Absolute Viscosity (megapoises) 

Source Series 1 Hr After Mixing 2 Hr After Mixing 4 Hr After Mixing 

Crust Non-Crust Crust Non-Crust Crust Non-Crust 

(a) Test Temperature 60 F 

Humble Oil, 1100 30.1 31. 8 32.0 36.9 38.0 35.0 
Charleston 1100 29.1 27. 0 27.5 34.9 38. 0 40. 0 

Humble Oil, 1200 14. 3 19. 1 24. 1 37.2 24. 0 33.5 
Charleston 1200 20. 0 21. 4 23.9 36. 5 22. 5 34. 8 

Hunt Oil, 2100 14.8 20.4 18. 5 15. 4 13.6 20. 1 
Tuscaloosa 2100 13.4 20.9 18.1 14.3 12. 8 19. 8 

Hunt Oil, 2200 21. 7 19.4 19. 2 14. 5 26.0 26.7 
Tuscaloosa 2200 21. 7 20.0 19.0 14. 5 24.0 24. 1 

Hunt Oil, B2100 16.7 23.0 17.4 30.0 20.9 29. 1 
Tuscaloosa B2100 24.1 22.2 18.0 35. 5 18. 9 23. 1 

Hunt Oil, B2200 22.2 12.6 21. 9 21. 5 20.6 27.3 
Tuscaloosa B2200 19. 9 16.1 22.2 18.5 21. 8 25.0 

Shell Oil, 4100 22.4 24. 6 30.3 38.4 30 . 5 40. 0 
Atlanta 4100 23.6 26.7 26. 0 34. 5 31. 2 39. 0 

Shell 011, 4200 25.8 30.l 26.0 27.5 25.6 35. 0 
Atlanta 4200 25.5 29.8 23.7 27.8 24. 6 35. 5 

Shell 011, 3100 18.3 17. 5 22.1 21. 2 23.6 28.0 
Savannah 3100 19.0 15.8 22.9 19.9 23 . 4 30.3 

Average ?.1 . 3 22. I 22.9 26 , 6 24. 4 30,35 

(b) Test Temperature 77 F 

Humble Oil, 1100 3. 95 3. 50 4.19 6.74 4. 27 4.24 
Charleston 1100 3,91 3,08 3, 43 6. 52 3. 97 4.21 

Humble Oil, 1200 0.99 2.02 2. 94 4. 07 2. 34 3.94 
Charleston 1200 1. 16 2.00 2.25 4.39 2.28 4. 30 

Hunt Oil, 2100 2.76 4. 35 3. 10 2.7G 2. 35 4.18 
Tuscaloosa 2100 2.47 4. 33 2. 97 2. 73 2. 14 4. 56 

Hunt Oil, 2200 4.18 3.65 4.06 2.92 5.28 5.20 
Tuscaloosa 2200 4. 18 3.75 3.80 3.23 5. 77 4. 95 

Hunt Oil, B2100 4. 10 5.08 3.17 7.38 5.08 8. 58 
Tuscaloosa B2100 3.98 5.06 3.25 8 12 3.80 5.66 

Hunt Oil, B2200 3.08 2. 95 3.49 4.34 4.45 5. 54 
Tuscaloosa B2200 3. 34 2.62 3.42 4.32 3. 95 5.45 

Shell Oil, 4100 4.18 4.29 4. 93 8. 61 5.71 10.9 
Atlanta 4100 4. 05 4.52 4.72 8.13 5. 45 10.5 

Shell 011, 4200 4.n 5, R?. 5. 16 5.67 5. 22 8. 50 
Atlanta 4200 4.67 6.15 5.04 5. 50 5. 16 8.65 

Shell Oil, 3100 2. 54 2. 53 4.06 2.92 3.37 13.9 
Savannah 3100 2. 55 2.26 3. 80 2.84 3.06 14.6 

Average 3. 38 3.78 3.77 5. 07 4. 09 7. 10 

(c) Test Temperature 95 F 

Humbie Oii, liuu u. 376 0. 340 0.312 O.GG"t U. "1:J.V 
" .... ,..., v.vv~ 

Charleston 1100 0. 368 0.302 0.358 0. 586 0. 328 0.388 
Humble Oil, 1200 0.115 0.209 0.245 0.385 0.233 0.422 

Charleston 1200 0. 132 0.178 0.254 0.330 0.237 0.560 
Hunt Oil, 2100 0.424 0.634 0.600 0.460 0.451 0. 798 

'l'uscaloosa 2100 0.400 0.632 0.673 0. 492 0. 353 0.940 
Hunt Oil, 2200 0. 850 0.690 0.676 0.430 0.993 0.968 

Tuscaloosa 2200 0.850 0. 715 0. 677 0. 495 1.02 0. 962 
Hunt Oil, B2100 0.760 0.788 0.500 1. 50 0.706 1.51 

Tuscaloosa B2100 0.698 0.733 0.487 1. 55 0.622 1. 38 
Hunt Oil, B2200 0.435 0.409 0.608 0.585 0.886 1. 09 

Tuscaloosa B2200 0. 530 0. 498 0.646 0.612 0.960 1. 16 
Shell Oil, 4100 0.485 0.662 0.533 0.938 0. 668 1. 77 

Atlanta 4100 0.458 0.725 0.577 0.930 O.R25 1. 56 
Shell Oil, 4200 0.54G 0.905 0.779 0.030 0. 650 1. 10 

Atlanta 4200 0.600 0.914 0.760 0.812 0.660 1. 14 
Shell Oil, 3100 0.287 0.302 0.360 0.378 0. 356 2.86 

Savannah 3100 0,286 0.275 0.416 0.362 0.280 2.74 

Average 0.478 0.551 0. 526 0.686 0.580 1. 208 
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TABLE 4 

EFFECT OF LOCATION OF SAMPLE IN TRUCK BED ON 
ABSOLUTE VlSCOSITYa 

Absolute Viscosity (mega_poises) 
Depth of Sample (in . ) 

12 

24 

Avg. 

12 

24 

Avg. 

12 

24 

Avg. 

Back Middle 

(a} Test Temperature 60 F 

28. 5 
25. 5 
28. 4 
28. 3 
21. 5 
21. 4 

25. 6 

24. 2 
24. 8 
30. 5 
32, 0 
21. 7 
22. 4 

25. 9 

(b) Test Temperature 77 F 

5. 87 
5. 59 
5. 75 
5, 63 
3. 26 
3.13 

4. 87 

4. 24 
4. 49 
6. 76 
6. 90 
3. 67 
3. 64 

4. 95 

(cl Test Temperature 95 F 

0. 605 
0. 615 
0. 610 
0. 602 
0. 360 
0. 331 

0. 521 

0, 484 
0. 462 
0 , 826 
0, 830 
0. 386 
0, 392 

o. 563 

Front 

24. 3 
22. 9 
24. 7 
24, 2 
22 , 0 
22 . 4 

23. 4 

4. 12 
3. 92 
4. 32 
4. 28 
3. 31 
2. 92 

3. Bl 

0. 430 
0. 439 
0. 489 
0. 444 
0. 339 
0. 332 

0. 412 

Avg. 

25. 0 

28. 0 

21. 9 

4. 71 

5. 61 

3. 32 

0. 506 

0 . 634 

o. 357 

aAsphalt source: blend1 Venezuelan and domesticj asphalt grade: 
60-70 pen. ; gradation of mix: type E surface mix. 
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Figure 9. Absolute viscosity vs test temperature. 

Relatively small viscosities were noted 
ior the samples taken from the front of 
the truck bed. This is thought to be due 
to the probable lower temperatures in this 
portion of the mix. 

Effect of Field Sample Cooling Pro
cedure. -For the main series of tests, 
field samples were quenched in water im
mediately after sampling. However, as 
an adjunct to the basic experiment, an ad
ditional sample was taken from each truck 
just after preparation of the mix. It was 
allowed to cool gradually to air tempera
ture, providing a measure of the effect of 
method of cooling on the asphalt viscosity. 
A variance-ratio test showed the method
of-cooling effect to be significant at the 
0. 1 percent level. Of the 54 comparisons 
made, 36 of the air-cooled viscosities 
were higher than the viscosities of the 
quenched samples. Ave rage viscosities 
of the air-cooled samples were approxi
mately 20 to 40 percent higher than the 
quenched samples (Table 5). These re
sults are consistent with the results of a 
study by Bright and Reynolds (3) which 
showed large differences in per cent pene
tration retained for quenched and unquenched 
samples, especially at high mixing tem-
peratures. 

Control Tests. -Three control experiments were conducted to provide a measure of 
the effect of long haul times on the hardness of asphalt in pavements during the first 
year of pavement life. Core samples were periodically taken from pavement sections 
for which the bituminous mix had been hauled for 4 hr and from comparable sections 
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TABLE 5 

EFFECT OF METHOD USED IN COOLING FIELD SAMPLES ON 
ABSOLUTE VISCOSITY 

Absolute Viscosity (megapoises) 

Series 60 F 77 F 95 F 

Air Cooled Quenched Air Cooled Quenched Air Cooled Quenched 

1100 20 . 5 26. 2 1. 82 1. 98 o. 196 0. 207 
21. 4 ~5. 0 1. 94 2. 40 0.189 0, 250 

1200 11 . 0 27 , 1 0,978 2.15 0. 121 0. 242 
13. 2 27. 5 1. 15 2. 39 0. 129 o. 238 

2100 19. 2 6, 88 3.92 1. 28 0. 833 0. 224 
19 . 8 7. 65 3. 78 1. 31 0. 797 0. 200 

2200 18. 6 19. 0 3. 70 2. 70 0. 530 0. 534 
19. 2 17.8 3. 62 2. 65 0.555 0. 531 

B2100 23. 5 18. 9 3. 89 3, 32 0.663 0. 516 
21. 2 15. 9 3. 90 2. 95 0.818 0. 522 

B2200 18. 7 19. 2 3. 72 3.55 0. 502 0. 642 
14. 7 18. 3 3. 53 3. 39 0. 549 0. 595 

3100 19 .4 14. 8 2. 78 1. 69 0. 360 0. 198 
20. 5 15. 2 2. 92 1. 60 0. 352 0.190 

4100 30.0 17.4 5. 40 2. 72 0. 560 0. 417 
29.4 17. 6 5. 71 2. 60 0. 583 o. 417 

4200 36. 8 19. 2 6. 27 3.02 0. 832 o. 422 
35. 3 19. 6 7. 07 3.62 o. 772 0. 436 

Avg. 21. 8 18. 5 3. 67 2. 52 0. 519 o. 377 

for which the mix had been hauled less than 30 min. Results of these control tests are 
given in Table 6. 

The data shown for the control tests appear to be highly variable, and the pattern 
of hardening is irregular. However, the results show that during the first few weeks 
of pavement life asphalt hauled for 4 hr is harder than that hauled for less than 30 min. 
This differential in hardness is still evident in core samples taken 10 months after con
struction. 

The true character of the pavement hardening phenomenon is obscured due to varia
tions in viscosity with pavement depth (8, 10). The values given in Table 6 may be con
sidered as average viscosities for the entire surface course. 

To illustrate the extent of variations of hardening with pavement ciept.h, six pave
ment cores, 10 months of age, were sliced into thin sections with a diamond saw and 
the viscosities of the asphalt recovered from these slices were determined by the 
microviscometer. These data are given in Table 7. These results indicate U1al as
phalt viscosity decreases nonlinearly with pavement depth, the viscosity of the asphalt 
at the surface being on the order of 50 percent greater than that ½ in. below the sur
face. Similar results have been found by Coons (11) in his study of eleven pavement 
surfaces ranging in age from 1 to 13 yr. -

Results of Penetration Tests 

Penetration tests were conducted for all the asphalt cement samples using the stand
ard procedure given in ASTM D5-61. In most cases, these findings closely paralleled 
the results of the microviscosity tests. The penetration results and the absolute vis
cosities at 77 F were exponentially related (Fig. 8). The following least-squares re
gression model was developed for these variables: 

Absolute Viscosity at 77 F, megapoises = 3591. 3 (penetration)-!. 719 

Although the regression coefficients for this model were significant at the 1 percent 
level, the correlation coefficient of 0. 81 suggests that only about two-thirds of the 
variation in viscosity is explained by the variations in penetration. There is consid
erable scatter away from the best-fit curve (Fig. 10). 

Basic Test Series. -The penelralion results confirmed that hardening does occur 
during the haul process. The average penetration values decreased during the 4-hr 
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TABLE 6 

CONTROL TEST DATA-ABSOLUTE VISCOSITY VS TIME OF SAMPLING 

Absolute Viscosity (megapoises) 

Time of 
Hunt Oil, Tuscaloosa Shell Oil, Savannah Shell Oil, Atlanta Sampling 

Not Delayed Delayed 4 Hr Not Delayed Delayed 4 Hr Not Delayed Delayed 4 Hr 

(a) At 60 F 

Original asphalt 17. 2 17. 2 19.6 19.6 16. 9 16.9 
17. 2 17.2 19. 8 19. 8 16. 9 16.9 

After mixing 22. 0 19. 0 16. 5 14. 8 18. 8 17.4 
21. 2 17. 8 15.4 15.2 18 . 4 17.6 

1 hr later 19 . 4 17. 5 24. 6 
20 . 0 15. 8 26. 7 

2 hr later 14. 5 21. 2 38.4 
14. 5 19. 9 34.5 

4 hr later 26.7 28. 0 40. 0 
24.1 30. 3 39.0 

After placement 26. 6 30.0 16.3 31. 2 20. 6 31. 8 
27. 2 19 . 0 16.4 26. 0 19. 5 31. 9 

1 wk later 34. 0 33 . 5 23. 3 60.0 31. 7 39.2 
35. 3 35. 0 24. 1 65. 0 29.4 35.7 

1 mo later 27. 6 42.1 40. 3 31. 0 32.0 38.8 
27. 4 41. 8 39.0 33. 5 32.2 35. 0 

3 mo later _a _b _b -b 35. 5 
38.2 

6 mo later -a -b -b -b -b 

(b) At 77 F 

Original asphalt 2. 65 2. 65 1. 93 1. 93 2. 31 2.31 
2. 65 2. 65 1. 97 1. 97 2. 31 2. 31 

After mixing 4. 35 2. 70 I. 73 I. 70 2. 49 2.72 
4. 33 2. 65 I. 77 1. 60 2.45 2.60 

1 hr later 3. 65 2. 53 4. 29 
3. 75 2. 26 4.52 

2 hr later 2. 92 2.92 8.61 
3, 23 2.84 8. 13 

4 hr later 5. 20 13. 9 10.9 
4. 95 14. 6 10. 5 

After placement 5. 53 6. 00 1. 93 6. 22 2.54 7. 35 
5. 42 5, 55 1. 91 5. 71 2.80 7.22 

1 wk later 8. 08 8. 71 3. 41 14. 7 5. 65 7. 59 
8. 20 8. 75 3. 39 13. 9 5. 68 7.74 

1 mo later 7. 85 12. 2 8. 50 8.42 6.64 8.87 
7. 44 12.7 8. 55 8. 05 6.86 8.44 

3 mo later _a 10.4 7.52 8.48 6.88 
10. 3 7. 76 9 . 25 7. 10 

6 mo later _a 10. 3 14. 6 7. 80 10 . 0 
11. 9 13. 9 7. 27 9. 78 

10 mo later 14. 7 19. 3 15.2 15. 3 15. 5 17.4 
15. 9 18.8 15. 3 13. 9 16.1 18.8 

(c) At 95 F 

Original asphalt 0.382 0. 355 0.227 0. 226 0.287 0. 283 
0. 382 0. 355 0.216 0.216 0.287 0. 283 

After mixing 0.670 0. 534 0.218 0.198 0.354 0.417 
0. 659 0. 531 0.218 0. 190 0. 368 0.417 

1 hr later 0.690 o. 302 0.662 
0.715 0.275 0.725 

2 hr later 0. 430 0.378 0.938 
0. 495 o. 362 0.930 

4 hr later 0. 968 2. 86 1. 77 
0 . 962 2. 74 1. 56 

After placement 0. 780 1.04 o. 243 0.795 o. 410 0.921 
0. 798 l. 06 0.268 0.499 0.437 0.892 

1 wk later 1. 30 l. 79 0, 374 2. 43 0,857 0,996 
1. 29 1. 76 0,378 2. 58 0.878 0. 989 

1 mo later 1. 19 2. 08 l. 01 1.11 0.855 1. 16 
1. 15 2.20 1. 01 1.05 0.892 1. 16 

3 mo later _a I. 17 o. 941 1.10 1.09 
1.18 0.961 1. 07 1.11 

6 mo later _a 1. 29 2. 05 1.03 1. 57 
1. 27 1. 96 1. 02 1. 56 

0 Not sampled. 
6somples too hard to test at 60 F. 
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TABLE 7 

EFFECT OF DEPTH IN PAVEMENT ON ABSOLUTE VISCOSITY-TEN-MONTH 
OLD CORES AT 77 F 

Depth Below Hunt Oil, Tuscaloosa Surface (in.) 

Not Delayed Delayed 4 Hr 

% 19. 8 21. 3 
21. 5 21. 9 

1/, 14. 2 17. 3 
15.1 16. B 

1/, 12. 7 17. 4 
13.1 18. 6 

I¼ 12. 2 19. 2 
14, 0 20. 0 

VISCOSITY AT 77 °F 3591 3 (PENETRATION)" 1 719 

NOTE: ONLY 29 OF 152 DATA POINTS ARE SHOWN 

Absolute Viscosity (megapoises) 

RhPll Oil, R,nrnnn~h .9hPll Oil , Atl~nt~ 

Not Delayed Delayed 4 Hr Not Delayed Delayed 4 Hr 

22 . 4 
23 . 1 
13 . 9 
13 , 4 
13. 7 
13 , 9 
12. 5 
12. 7 

14. 2 22. 8 23. 9 
13. 7 24. 4 25. 4 
16. 5 13 . 3 12. 4 
13. 9 13.1 14. 8 
15. 2 13 , 3 16. 3 
14. 1 14, 3 17. 2 

12. 5 17. 1 
12. 5 17. 7 

haul period to about 70 percent of the av
erage penetration of the samples taken 
just after mixing. Penetration test re
sults for the basic test series are given 
in Table 8. Figure 11 plots the average 
penetration values vs duration of haul. 

The asphalts showed an apparent gain 
in penetration during placement. This is 
consistent with the viscosity results, and 
as previously stated, was evidently due 
to heterogeneity of the mix in the truck 
bed and a failure Lu ublain lruly repre
sentative field samples. 
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Figure 10. Absolute viscosity vs penetration . 

Effect of Asphalt Source. -Although 
the data were more variable, the pene
tration results showed the same pattern 
of hardening for the three sources as in
dicated by the microviscosity tests. The 
greatest loss in penetration during haul 
was shown by the Shell Oil, Atlanta sam -
ple, and the smallest loss by the Humble 
Oil, Charleston sample. Average pene
tration values decreased ?.4, 20, and 14, 
respectively, for the Shell Oil, Atlanta, 
Hunt Oil, Tuscaloosa, and Humble Oil, 
Charleston samples. Figure 12 plots the 
the penetration results for these three 
•ourcc•. 

TABLE 8 

PENETRATION VALUES VS TIME OF SAMPLING 

.Penetration Value!. 

Source Series Orig. After !Hr 2Hr 4Hr After 1 Wk 
Asphalt Mixing Later Later Later Placement Later 

Humble Oil, Charleston 1100 75 69 61 55 64 53 49 
Humble on, Charleston 1200 75 77 73 52 54 52 52 
Hunt Oil, Tuscaloosa 2100 66 80 36 46 41 49 51 
Hunt Oil, Tuscaloosa 2200 66 55 53 56 42 43 35 
Hunt Oil, Tuscaloosa B2100 66 69 59 44 51 57 57 
Hunt Ull, 'l'uscaloosa B2200 bb bU n ti'/ si 41 ob 
Shell Oil, Atlanta 4100 49 63 50 43 34 42 32 
Shell Oil, Atlanta 4200 49 60 42 50 40 55 38 
Shell Oil, Savannah 3100 49 60 55 52 24 37 25 

Avg. 60 66 56 52 4, 48 42 

a Five sec. , 100 gm, 77 F . 
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Figure 12. Percent penetration retained vs haul 
Effect of Mixing Temperature. -The duration. 

penetration results failed to show a well-
defined relationship between mixing tern -
perature and asphalt hardening. However, it was found that about 60 percent of the as
phalt samples mixed at high temperatures yielded smaller penetrations than those mixed 
at the lower temperatures. 

Effect of Mix Heterogeneity. -The penetration results strengthened the viscosity 
findings with regard to mix heterogeneity. These values were consistent with earlier 
findings indicating that during haul more hardening occurs beneath the surface of a 
bituminous mix than at the surface. The penetration values for crust samples tended 
to be greater than for non-crust samples, especially after a 4-hr haul period (Table 9). 
Figure 13 shows averages of these data. 

Table 10 gives penetration results for the special series of tests made to measure 
mix heterogeneity more precisely. These results strongly indicate, as previously 
suggested, that hardening is most severe at a depth of about 12 in. After a 4-hr haul 
period, the samples taken at 12-in. depths showed an average penetration of 43 com
pared with penetration values of 51 and 57 for samples taken at depths of 1 and 24 in. , 
respectively. 

Little difference occurred in the penetration results for samples taken from the 
front, middle, and back of the truck bed. 

Effect of Field Sample Cooling Procedure. -The penetration results corroborated 
the results of the viscosity tests which showed that the manner in which field samples 
are cooled significantly influences the magnitude of hardening. Comparisons were 
made for the nine series of tests of air-cooled and water-quenched samples. In six 
of the nine comparisons, lower penetrations were noted for the air-cooled samples. 

TABLE 9 

PENETRATION VALUE OF SAMPLES FROM CRUST VS 
SAMPLES FROM 12 IN. BENEATH SURFACE 

Penetration Value a 

Source Series 
!Hr After Mixing 2Hr After Mixing 4Hr After Mixing 

Crust Non-Crust Crust Non-Crust Crust Non-Crust 

Humble Oil, Charleston 1100 73 61 65 55 63 64 
Humble Oil, Charleston 1200 87 73 68 52 68 54 
Hunt Oil, Tuscaloosa 2100 40 36 40 46 58 41 
Hunt Oil, Tuscaloosa 2200 48 53 46 56 43 42 
Hunt Oil, Tuscaloosa B2100 63 59 67 44 63 51 
Hunt Oil, Tuscaloosa B2200 64 72 58 67 58 52 
Shell Oil, Atlanta 4100 39 50 5D 43 40 34 
Shell Oil, Atlanta 4200 53 42 50 50 48 40 
Shell Oil, Savannah 3100 53 55 48 52 43 26 

Avg. 58 56 55 52 54 45 

a Five sec. i 100 gm, 77 F , 
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TABLE 10 

PENETRAT!IJN VALUE.S-RFFEGT QF T.l"lrATTnN OF 
SAMPLE IN TRUCK BED 

Penetration Valuea 
Depth of Sample (in. ) Avg. 

Back Middle Front 

1 45 54 54 51 
12 47 39 43 43 
24 58 56 57 57 

Avg. 50 50 51 

~Five sec., 100 gm, 77 F. 

On the average, penetration values were 
60 and 66 for the air-cooled and quenched 
samples, respectively (Table 11). 

Control Tests. -Penetration control 
tests were made in an attempt to evaluate 
the effect of long haul times on the hard
ness of asphalt in pavements during the 
first year of pavement life. The penetra
tion control test results, (Table 12) gen
erally paralleled the viscosity control test 
results previously discussed. 

Results of Ductility Tests 

Ductility tests were conducted for sam
ples taken just after mixing for compari
son with those taken after a 4-hr haul 

TABLE 11 

PENETRATION VALUE-EFFECT 
OF METHOD USED TO COOL 

FIELD SAMPLES 

f'cnctrution Vuluoa 
Series 

Air Cooled Quenched 

1100 81 69 
1200 97 77 
2100 40 80 
2200 60 55 

B2100 59 69 
B2200 71 60 

4100 51 63 
4200 42 60 
3100 ~1 60 

Avg. 60 66 

~Five sec., 100 gm, // ~. 

TABLE 12 

CONTROL TEST DATA-PENETRATION VS TIME OF SAMPLING 

Penetration Valuea 

Time of Hunt Oil, Tuscaloosa Shell Oil, Savannah Shell Oil, Atlanta Sampling 

Not Delayed Dt'lay1<d 4 Hr Nnf OP.layP.d Delayed 4 Ur Not Delayed Delayed 1 Hr 

Original asphalt 66 66 49 49 49 49 
After mixing 45 55 58 60 47 63 
1 hr later 53 55 50 
2 hr later 56 52 43 
4 hr later 42 24 34 
After placement 41 43 5G 37 44 42 
1 wk later 35 35 46 25 43 32 
1 mo later 37 35 39 37 41 38 
3 mo later _a 35 34 44 40 
6 mo later _b 35 34 42 39 

~~:; :::~i~J.O gm, 77 F. 
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period following the general procedures of ASTM D113-44. However, the procedure 
was modified in two important respects. First, the rate of pull was 2 cm/min rather 
than the specified 1 cm/min. Second, the tests were conducted at 48 ± 5 F. Although 
these modifications lessen the value of the ductility results for comparison and correla
tion with other research, the tests were of significant value in detecting changes in 
ductility during the 4-hr haul period. A statistical t-test comparing the ductilities of 
the asphalt before and after haul was significant at the 0. 1 percent level, indicating 
with a high degree of certainty that there was a decrease in ductility during the haul 
period. 

Results of the ductility tests are given in Table 13. Although the extent of loss in 
ductility varies with the asphalt source, a loss in ductility was indicated during the haul 
period for all asphalt sources tested. Virtually no loss in ductility was noted for the 
control test samples hauled less than 30 min. 

Infrared Spectroscopy Results 

To provide some clues concerning the probable chemical changes occurring during 
the hauling process, a study was made of the infrared absorption characteristic of the 
asphalts used in this investigation. For each asphalt source, spectrograms were made 
for the original asphalt, and for samples taken immediately after mixing and after a 
4-hr haul. Asphalt films, 76 ± 3 microns in thickness, were irradiated between sodium 
chloride plates by use of a Beckman model IR 8 spectrophotometer. 

Changes in absorption were most noticeable at wave lengths of 2. 9, 5. 9, 9. 7 microns, 
identified by previous researchers, respectively, as the hydroxyl, carbonyl, and the 
carbon-oxygen-carbon band (12). The wave length of 9. 7 microns may also be indica
tions of oxygen, nitrogen, orsulfur linkages (13). 

The results strengthen the widely held beliefthat the chemical reaction contributing 
most to asphalt degradation is that of oxidation (14). 

Effects of Long-Period Storage of Hot Asphalt Mixes 

A special study was made to evaluate the effects of storing hot bituminous mixes for 
24 hr or longer. In an attempt to simulate this effect, a 10-gal bucket was filled with 
hot bituminous mix obtained from a nearby mixing plant. This material was immedi
ately covered, transported to the laboratory, and placed in a 250 F oven. Another 10-
gal bucket was concurrently filled with the mix, covered, and taken to the laboratory 
where it was maintained at normal air temperatures. Subsamples were taken from the 
buckets at the following times: 4, 8, 24, 96 and 168 hr after mixing. 

TABLE 13 

LOSS IN DUCTILITY DURING 
FOUR-HOUR HAUL PERIOD 

Sample 
Series 

1100 
1200 
2100 
2100-Wb 
2200 
B2100 
B2200 
4100 
4100-Wb 
4200 
3100 
3100-Wb 

Ductilitya 

After Mixing 

127.00 
46.25 
14.75 
8.50 
9.00 

13.00 
9.25 

18.00 
11. 25 
22.25 
33.50 
16.30 

After Placement 

8.00 
0.00 
6. 50 
7. 50 
5.30 
6.75 
7.75 
8. 50 

10. 50 
16.25 
7.75 

aDuctility at 48 F with rate of pull= 2 cm/min . 
6control tests, average hau I period = 18 min. 

The asphalt was recovered from the 
subsamples by the Abson technique, and 
the hardness was measured by penetration 
and microviscosity tests. 

After a period of 96 hr, viscosities of 
the asphalt maintained at 250 F were as 
much as 24 times as great as that main
tained at normal air temperatures. (This 
varied with viscosity test temperature.) 
Figure 14 plots these results for a vis
cosity test temperature of 77 F. 

Practically no change in penetration 
occurred in the samples stored at normal 
air temperatures, whereas the penetra
tion of the asphalt stored in the oven de
creased in an exponential pattern from 63 
to 15 during the 7-day period (Fig. 15). 

How well these tests simulate the stor
age of bituminous mixes in insulated bins 
is a matter of conjecture. However, the 
results suggest that it would be unwise to 
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Figure 14. Absolute viscosity vs storage time. 

use mixes stored in this manner lacking 
evidence that extreme hardening does not 
occur. Similarly, the use of a mix kept 
for long periods in a truck bed would also 
be highly questionable. 

EVALUATION OF RESULTS 

It would be desirable to evaluate the 
seriousness of hardening caused during 
the haul process in terms of how much, 
if any, such hardening would be likely to 
decrease the pavement life. There are 
several reasons why such a direct and 
simple evaluation is not possible, all of 
which relate to our limited understanding 
of the hardening process and its influence 
on pavement behavior. The first reason is 
the scarcity of available data for asphalt 
hardening under service conditions. Al
though several excellent research efforts 
have been made in this area, little vis-
cosity information is yet available for as

phalts taken from pavements during the latter part of a pavement's service life. Fur
thermore, available hardening data are complicated by differences in environmental 
conditions such as trafiic, climate, and mix gradation. 

A second complicating factor which precludes a straightforward evaluation of the 
results of this study is the generally accepted knowledge that asphalts from different 
erutle origin Lend Lo vary widely in hardening susceptibility. 

Finally, the durability of a pavement cannot be stated simply in terms of accepted 
measures of asphalt ha1·dness such as viscosity or penetration. In the words of Simp
son, et al. (~): 

It is not possible to set an upper limit of asphalt viscosity beyond which 
foi lure under traffic wi 11 occur because the deflection of the road deter
mines the magnitude of tensile stress developed which in turn leads to 
failure. 

100 

I 
I 

o STORED IN 250 °F OVEN 

' b. STORED IN OPEN AIR 

10 
ORIGINAL ASPHALT I 

l 
AFTER MIXING 

/ . A 
A -

~ 
" '--------20 

0 • 20 40 ~ 80 100 ·~ 160 180 
[)IIRATION OF STORAGE, HOURS 

Figure 15. Asphalt penetration vs storage time. 
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Despite the inability to evaluate in quantitative terms the long-term effects of the 
hardening during haul, most asphalt technologists would probably agree that any harden
ing, however small, must be regarded as undesirable. A fuller appreciation of the 
seriousness of this effect must await further research. In the meantime, a prudent 
course of action would be to keep the haul time as short as possible, consistent with 
economy and practicality. 

CONCLUSIONS 

1. Asphalt in hot bituminous mixes significantly hardens during haul, the extent of 
hardening varying with duration of haul and asphalt source. 

2. Asphalt hardening during haul is both a time and temperature phenomenon which 
is affected by variations in mix temperature existing during the haul period. This is 
believed to be the principal reason that the viscosity of asphalt sampled during haul 
was significantly related to position and depth from which the sample was taken from 
the truck bed. 

3. Asphalt sampled from the uppermost 1-in. crust in a truck bed hardens less dur
ing haul then the asphalt sampled from the hotter mix within the mass. 

4. The results of this research indicate that high mixing temperatures may result 
in slight increases in asphalt hardening even though the mixing temperature is main
tained within the 300 to 320 F range. 

5. The hardening that occurs during haul may be evident in cores taken from pave
ments as much as 10 months after placement. 

6. Viscosity of asphalt extracted from pavement cores decreases nonlinearly with 
pavement depth, and the viscosity of the asphalt at the pavement surface may be 50 
percent or more greater than that of the asphalt½ in. below the pavement surface. 

7. Asphalt ductility decreases during the haul process. 
8. The changes occurring in asphalt during the haul process are most noticeably 

reflected by changes on an infrared spectrogram at wave lengths of 2. 9, 5. 9, and 9. 7 
microns. 
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A Program for Smoother Roads 
GLENN ANSCHUTZ, Engineer of Photronics , 
GLENN O. McDONALD, II, Programmer, and 
JACK L. CONKLIN, Methods Analyst, State Highway Commission of Kansas, Topeka 

The demands of a traveling public for smooth, all-weather 
roads have produced a number of plans for the improvement 
of the riding surfaces of new or reworked highways. This 
paper is concerned with this problem; it discusses asphaltic 
laydown equipment with string-line sensoring devices for sur-
face controls and the use of the electronic computer for the 
mathematical computations required for such controls. The 
authors have attempted to provide sufficient information re-
lating to program control and reasoning and the mechanics of 
input and output data so that the reader can use the body of the 
program involved and produce other programs which may 
differ in local detail. A sample problem is included to aid in 
the presentation of the approaches used. 

•REALIZING that the traveling public dramatically and quickly reacts to rough roads, 
highway engineers have, through the years, concerned themselves with old and new road 
surfaces to palliate abrupt vertical curvature or broken pavements. An economical and 
practical approach to the revitalization of older surfaces which has been used by many 
highway departments is the application of asphaltic surfaces of several types. In ad
dition, to provide the smoothest surfaces possible on such construction and on final layers 
of new construction, a computed grade line has been used to control this surfacing. In 
the field, such a grade is represented by a surveyed string line. A traveling string line 
has also been used with much success toward the achievement of good driving surfaces. 

For several years the Kansas State Highway Commission has been concerned with the 
rebuilding of deteriorated wearing surfaces on bituminous and concrete highways which 
have sufficient width and base for the continuation of their use . By placing a thin layer 
of asphaltic concrete on these surfaces, it has been possible to continue their use as 
desirable highways. For many years the material used for this construction was road
mixed asphalt, placed with a blade. As better equipment became available, this method 
was discarded in favor of central mixing plants and asphalt laydown machines. This 
technique was in use until the early 1960's when Frank Drake invented a device which 
made it possible to construct a controlled, rather than a uniform, thickness overlay. 
By controlling the overlay thickness, a more uniform and smoother riding surface has 
been obtained. 

This intricate control is now required equipment on all laydown machines used on 
Kansas highways. A sensor is used on a string line which has been preset to the eleva
tion of the surface to be constructed. As the device senses a closure or departure of 
the string line from the existing surface , the thickness of the material being placed on 
the road is increased or decreased accordingly. The string line, which is usually 
placed along the centerline of the roadway, must be set by the ordinates or elevations 
of a predetermined reference grade. 

The establishment of a reference grade by,the tangent and vertical curve method is 
not used because the cost of the amount of surfacing material required would be pro
hibitive. Instead, the existing nonuniform grade is modified to establish a sufficiently 
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improved grade while maintaining the general existing grade trend. This grade can be 
described by any of several methods, and can be computed either manually or by elec
tronic computer. The Kansas Highway Commission uses a computer to establish the 
modified grade line, which is described both by elevations and fill ordinates above the 
original grade line. 

PRELIMINARY SURVEY 

The complete procedure for the design and construction of an improved wearing sur
face consists of an original survey, computations for a modified grade, and the actual 
construction of the project. 

The preliminary survey provides the data or information by which an existing grade 
line can be slightly adjusted so that its characteristics are smooth, and when it is used 
for spreading asphalt a surface of good riding qualities is attained. The primary pur
pose of the survey and grade-line adjustment is to place asphaltic mixtures in the vary
ing thicknesses that tend to improve the ridability of the finished surface. 

Filling sags, cutting humps, and building ramps on either side of abrupt vertical 
excurvatures are the tools available to straighten or improve the grade line. To utilize 
these tools, knowledge of the location, character, and magnitude of each irregularity is 
required, and this information is obtained in a preliminary survey. This can be illus
trated by plotting the existing grade-line elevations to a distorted scale on profile paper. 
The scale, 1 in. = 2 5 ft horizontally and 1 in. = 0. 5 ft vertically, magnifies the irregu
larities so that they are easily detected and may be treated or eliminated by manual 
straightening with a flexible curve or straightedge. The field notes are generally sub
mitted to the design department for grade-line adjustment by the electronic computer. 

'l"1h,-. ,.,.,.......,f.;,-u-,1 .....,..,.....,....,,...,.,.....,....,.,.....,,4. .;..., fh,-.. ..,....,.,....,...f- .; ......... ..,...,.......,.4-.,.-,f- .f.;,.,,J,t 't'V'IA<'IC:011..-..on-,ont Tho ')lr,,#-11-:iil 
..L J.J.\., V~..L '--.1.'vU..J.. J.J..1...:;u.::,u.1. \..,.1.1.1\..,lJ.l, .1..::, l,J.J.\., J.J.J.VOl. J.J...LJ.J:-'V.L l,'-',.1.1.1, • ..L.L\.,..LU J.J.J.V'""'"-'"..L V.1.J.J. ..... .l.ll... ..L ...... '-' ...................... ... 

locating of the original profile points does not require a great deal of accuracy or detail 
work. If existing blue top stakes, right-of-way stakes, pavement edge or any other set 
line is available, a transit is not needed to establish the line to be profiled. When such 
a line is available, chaining and cross-chaining works very well in establishing the line. 
Much can be gained by careful work when taking level readings, and little is to he e;::1inP.ci 
by taking excessive time to make exact locations of each profile point. 

A series of profile points should be placed along the centerline of the existing road
way surface with one located at each station and each 25-ft interval between stations. 
E::ich profile point shoulrl he m::irked with sn<'h pP.rmamrnc.P. that it may be readily located 
at the expected time of construction. A spike and washer has been effectively used for 
this purpose. Profile points located at stations should ,be distinguished from those at 
the 25-ft intervals so that chances for error in placing the thickness values are held to 
a minimum. 

A profile should be run and the data entered in a standard loose-leaf field book. The 
levels should be based on an assumed elevation and carried through the entire length of 
the project without making the usual corrections at turn points and bench marks. A 
correction in the levels at any point in the profile causes a vertical equation which 
imposes a wave in the adjusted grade line. The height of instrument may be checked at 
a bench mark for approximate elevation, but should not be corrected. The height oi 
instrument for an instrument setup can be checked by taking a check rod reading on the 
last profile point of the previous instrument setup. 

Existing crown cross-sections at various points along the centerline are needed for 
the computation of the adjusted grade line and the calculation of the estimate of quan
tities of material for the leveling course. The distance between locations of cross
sections should not exceed 500 ft. A cross-section should be taken immediately before 
the beginning of superelevation of each curve and immediately after the end of super
elevation. A minimum of three sections should be taken within the fully super elevated 
porliun uf each horizonlal curve. The 1,ecliuns should be so spaced and of sufficient 
number to give representative information on each curve. 

The cross-section should contain five points of rod readings: centerline, the quarter 
point ( 6 ft right and left), and the pavement edges. It is not intended that a lot of time 
be spent on the cross-section; however, it is important that extreme care be exercised 
when selecting the place to take the rod reading. 
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Figure l. Field notes. 

Rod readings for profiling and surface cross-sectioning should be read to the nearest 
one-hundredth of a foot. Careful reading of the rod should be exercised; however, it is 
not necessary to wave the rod and use the precautions necessary in making turning point 
and bench mark readings. 

The procedures described follow quite closely the specifications used by the Kansas 
Highway Commission. They are outlined in detail in the construction manual for over
lay operations. Other specifications and procedures may be developed which produce 
similar results. However, if electronic computation is to be utilized, a uniform sur
veying procedure is necessary to produce accurate and economical computations. Field 
notes should also follow a set pattern. Consistency of format in original data provides 
for easy review of such data, reduces the possibility of error when key punching the 
data and aids in the writing of, and in the compliance with, operating instructions. A 
typical set of field notes used by Kansas is shown in Figure 1. 

COMPUTATIONS FOR MODIFIED GRADE 

On completion of the survey, the field notes are generally transmitted to the design 
department, and a designing unit is assigned to the project. A preliminary check of 
the notes is made at this time. The field notes are then delivered to the computer sec
tion for processing. Various card formats can be developed for the field information. 
The Kansas program is designed around the card formats shown in Figure 2. After 
the data have been placed into proper format, they are ready for computer processing. 

The Kansas program was designed for an IBM 1620 60K computer. To allow maxi
mum flexibility, the processing is developed by three separate computer runs. The 
first pass performs an edit of the data. This pass checks for abrupt changes and ir
regularities in the centerline profile, for any major deviation in similarity of each 
cross-section from the previous cross-section processed, and the stationing for in
correct sequence. As these conditions are detected, they are recorded on a typewriter 
output. The results of this pass are manually checked to determine if noted irregulari
ties are actual errors or existing road surface conditions. Incorrect station sequence 
is also checked in this pass and noted by typewriter output. Errors of this nature are 
corrected and the average cross-section run is made. Average cross-sections may be 
computed over any specified segment of roadway. The averages are retained on output 
punched cards . 
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The use of an IBM 407 accounting machine provides a listing in the form of plotted 
cross-sections. The original data for cross-sections have been retained in a format of 
rod readings , distances from a centerline and controlling heights of instrument. The 
average cross-sections produced by the second pass are also in the input format. A 
listing of this output data is produced along with the plotted cross-section. The high 
point of the average cross-section replaces the height of instrument reading and carries 
a rod reading of Oft. Each average cross-section is computed from the original cross
sections within a segment of the project as controlled by the designer . The output data 
are returned to the designer for evaluation. Additional runs can be made to improve 
the project, or if errors persist. 

After satisfactory results have been obtained from the first two runs , the grade 
layer run is made . A fill ordinate is computed and punched out for each profile point 
and centerline cross-section point. Each fill ordinate is computed to the nearest one
hundredth of a foot and is accompanied by the elevation of the modified grade and the 
algebraic difference in grade at that point. If the designer specifies that the leveling 
course be con§tructed in two layers, the fill ordinates of the bottom layer and the 
overall fill ordinates are computed. All leveling is accomplished in the bottom layer 
while the top layer maintains a uniform thickness. At each change of minimum fill as 
specified by the designer, an average centerline fill ordinate is computed. The final 
output is listed on a 407 accounting machine and returned to the designer. 

The designer uses the average cross- sections in conjunction with the average fill 
ordinates to compute asphalt and aggregate quantities for the project. Incorporation of 
these quantities with the grade- layer listing completes the over lay portion of the design 
plans. 

THEORY OF COMPUTATION 

Computer programs can be developed using a number of concepts. The basic theory 
of computation used in the program discussed may be outlined as follows. 

The grade-layer program uses a five-point method to compute a modified grade . 
Five consecutive profile points of the existing grade are analyzed and used to compute 
a point on the modified grade line. After the computations are made for each point, the 
grade line is advanced one point within the computer and the process is repeated. Thus 
each point on the existing grade occupies five consecutive positions for analysis as it is 
advanced through the computer . The computer uses several different methods for the 
computation of each point on the modified grade. The configuration of the five points 
of the existing grade and the average departure of the modified grade from the existing 
grade up to the point being computed, determine the method to be used. For the pur
pose of explanation, the five points and all relating data are referred to the notations 
shown in Figure 3 . · 

s S I S2 S 3 S4 

Figure 3. 

DEFINITIONS 

El through E5: original elevations of 5 poinls being processed; 
EXl through EX2: modified ele vations of points 1 and 2; 

G 1 through G5: grades approaching original ele vations of points 1 through 5; 
GXl and GX2: grades approaching modified eleva tions of points 1 and 2· 

55 
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GX3: grade between modified elevation of point 2 and original 
elevation at point 3; 

DI through D4: algebraic grade differences between grades to original elevations 
at points I through 4; 

DXI through DX3: grade differences between grades to modified elevations at points 
I through 3; 

SI through S5: stations of 5 points being processed; and 
S: station of point just before SI. 

The following figures and the analysis of their configurations show the methods used 
for the computation of the modified grade line. 

CASE I 

If the analysis of the original elevations at stations S1 through S5 does not indicate a 
crest condition, a line is constructed from E 3 to E 5 and EY 4 is established on the line 
at station S4 (Fig. 4). If EY4 is not lower than E4, a line is then constructed from EXl 
to EY 4 and EX2 is established on that line at station S2. 

Sf S2 S3 54 55 

0 

-------E 5 
£7-1 E-t.Z. l:Y~ 

----E~'J.------ E~--- --- - 0----------------o 

E3 0 

FilJUle 4. 

If EY4 is lower than E4 (Fig. 5), a line is constructed from EXl to E4, and EX2 is 
established on that line :it station 82. 

SI S2 53 S4 S5 

E'tl EXl £4 
)( ')( 0 

0 0 

El E"l. 0 

E3 C 

EY4--;------a 
E5 

Figure .5 . 

After the foregoing computation of EY4 has been made, the grade G3 is computed 
between E2 and E3 (Fig. 6). The grade GY4 is then computed using E3 and the lower 
of EY4 and E4. The grade difference DY3 is computed at station S3 using G3 and GY4. 
If DY3 is negative, the previous EX2 is discarded. A line is then constructed from 
EXl to E3 and EX2 is established on this line at station S2. If DY3 is positive, EX2 is 
not recomputed. 



SI S2 S.3 54-

35 

S5 

r~f EXi _____ ~ £Y4-
------x------x~o D ------o 

?I E3--~...__ 
o 6 .;z: ..._ 

0 

E2. E4 

Figure 6. 

CASE II 

On the completion of case I, the original elevations at stations Sl through S4 are 
analyzed for a sag condition. If the grades connecting each of these points are in
creasing in a positive direction, the condition is interpreted as a sag. Therefore, to 
override the excessive fill that would result from the normal leveling computed in case 
I, the modified grade is lowered to follow closely the trend of the vertical curve of the 
existing points. Thus EX2 is modified by the following formula: 

EX2 = E2 + 0. 33333 (EX2-E2) 

If a sag condition exists only at stations S2, S3, and S4 but not at S1, the entrance of 
a sag condition is indicated and EX2 is modified by a lesser amount than previously 
shown for a full sag condition: 

EX2 = E2 + 0. 50000 (EX2 - E2) 

If a sag condition exists at stations Sl, S2, and S3 only, the exit of a sag condition 
is indicated. EX2 is modified by the following formula: 

EX2 = E2 + 0. 66667 (EX2 - E2) 

If the original grade does not meet any of the foregoing sag conditions, EX2 is 
altered at this juncture. 

CASE III 

If, on the analysis of the five original points, a crest condition exists, this case is 
used in place of case I and case II. To determine this condition, the original grade 
differences Dl through D4 are computed at stations S1 through S4. If all differences 
are negative, the grade condition is interpreted as a crest and the average grade dif
ference DX of these points is computed by the formula: 

DX _ D1 (S2 -S) + D2 (S3-S1) + D3 (S4-S2) + D4 (S5-S3) 
- 2(S5-S) 

After the foregoing computation has been made, EX2 is computed so that the modified 
grade difference DX2 at station S2 is equal to DX. 

MATERIAL SALVAGING PROCESS 

If processing has been executed according to cases I and II, the following analysis 
and computations should be made. The average vertical difference V between EX2 and 
E2 for all previous points is computed. EX2 is then modified by the following method: 

If V < 0. 020 ft: EX2 = EX2 - 0. 010 ft 
If 0. 020 ft < V < 0. 030 ft: EX2 = EX2 - 0. 014 ft 
If 0. 030 ft < V < 0. 040 ft: EX2 = EX2 - 0. 018 ft 

If V > 0. 040 ft: EX2 = EX2 - 0. 022 ft 
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The reason for this step is to eliminate an excessive difference between the original 
grade line and the modiiied grade line. In the case of a relatively uniform original 
grade where the majority of the grades are under 4 percent and the vertical curves over 
400 ft long, a minimum of correction has to be made on the modified grade to keep its 
grade trend near that of the original grade. If the original grade line follows closely to 
the ground line in rolling terrain, the modification tendency is toward a flatter grade 
that is impractical to construct using asphalt surfacing materials. If this condition 
exists, it is necessary to place further control on the modified grade so that it will 
closely follow the trend of the original grade. Regardless of the grade under consider
ation, it is not the intent of this program to produce a radically different grade . The 
purpose of this program is to correct minor irregularities so that the best riding sur
face possible may be constructed from the amount of surfacing material allowed. 

At the completion of the computation of EX2 in any of the processes executed by this 
program, EX2 is checked against E2 . If the elevation of EX2 becomes less than that 
of E2, EX2 is replaced by E2. The minimum fill ordinate specified by the designer is 
then added to EX2 and the fill ordinate to be used for construction is computed by the 
formula: 

Fill= EX2 - E2 

THEORY OF DESIGN 

On the assignment of a project , the design department checks the field notes for 
mathematical errors. Input comment and cross-section control forms are coded and 
along with the field notes are submitted to the computer section for key punching and 
the edit run on the computer. 

The edit run listing is checked and the errors are corrected on input profile point 
and/ or input cross-section forms . The project is then broken into non-superelevated 
segments which connect superelevat ed curves and the super elevated curve segments. 
Cross-section control forms are coded for each segment of roadway. The correction 
forms and the control forms are submitted to the computer section for key vum:: hi11g 
and the cross- section computer run. 

Average cross-sections produced by the cross-section computer run are analyzed 
for crown condition and the minimum centerline overlay thickness is determined. This 
is accomplished by applying a predetermined Lemµlale Lu Ll1e average sections so that 
no point on the sections is at an elevation any closer than 0. 08 ft to template elevation. 
The centerline ordinate ifJ them tJcalcd and 0. 02 ft is added for compaction. This value 
is coded on th e control forms and resubmitted to the computer section for key punching 
and the leveling course run on the computer. 

At this time , quantities are computed. The fill ordinates are incorporated into the 
plans , completing the design stage of the program. 

CONCLUSIONS 

The program mtroduced m this paper is oniy a part of i.i1e LUL al vruce::;::; i11vulveu i,:.. 
producing smoother riding surfaces. However , this program , which uses an electronic 
computer , has been a key element in smoother roads for Kansas. The desig"Il time has 
decreased measurably; a year's resurfacing plans, which in the past required one 
design unit six months to complete, is now completed in one or two months. The values 
computed for material quantities have also been improved mea,mrably. 

The final judge of the program is the road user. Roughometer tests have proven 
that resurfacing projects using the string-line method are smoother in most every case . 
The total roughometer distance measured in a resurfacing year has shown a m arked 
improvement in surface smoothness. There is no question that smoother roads are 
obtained and with the computer program to reduce design costs , "a program for smooth
er roads" is here to stay . 
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MODEL PROBLEM 

To aid the user of such a p:rocess a short sample run is included in the Appendix. 
The sample includes cross-section notes first input cards, corrections as indicated 
by the output of the computer typewriter corrected cards, second output, final cross
sections, and a sample of listed output. In addition to the sample problem, a listing 
of operator instructions a nd a program flow chart are also included. 

Appendix 

Example of Centerline Profile and Cross Section Notes : 

CENTERLINE PROFILE Date Instr. 
Weather Rod 

Sta 

BM 

200 

201 

202 

+Rod HI 

6.49 106.49 

-Rod Elev. 

100,00 

+50 X-Section 

Note: All rods in 
this area must 
go with the 
above HI. 

202 

203 

204 

TP 
TPck 

204 

206 

207 

207 

7.58 112.32 1.75# 104.74 
104.47 7.84 2.02* 

X-Section Note: 

All rods in thls 
area must go 
with the above 
HI. 

4. 34 
""ITL 

+00 +25 +50 +75 
Note: No rods in 

this area. 

6.30 6.33 6. 10 5.94 

5.68 5.43 5.16 4.96 

4.77 4.58 

4.35 4.33 4.31 4.28 4.32 4. 38 
-9- ---r- CL -z 10 lZR 

3.93 

3.50 3.08 2.72 2.35 

2. 02* 1.75# 

Note: No rods in 
this area. 

7.26 6.90 

6.49 6.09 5.72 5.44 

5.18 5.08 5.07 5.11 5. 18 
TIL --r ~ -3- Tilf' 

4.72 4.40 4. 18 

.AIJ. Example Sheet supplied field personnel for the taking of fi.eld notes. 
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45 

STA . C R . GR . ORD. GR.DIF . 

499+00 3368,46 0,14 00,00 
499+2 5 3368,46 o. 14 -00,04 
499+50 3368 , 45 J,15 -00,0l 
499 -•67 3368,44 0,14 -00,07 
499 + 75 3368 , 43 0,14 -00,08 
500+00 3368 , 38 o. 14 -oo, 10 
500+25 3368,31 0,16 00,01 
500+50 33,~8 , 23 0.14 00,04 
500+75 33b8 , 17 0,15 -00,07 
5 0 1+ 0 0 3368 , 09 o. 14 -00.00 
501 + 2 5 3368,01 o. 14 -00,26 
501+50 3367 , 87 0,15 -00.00 
501+7 5 3367 , 72 0,14 -00,08 
502+00 3367 , 55 o. 1·4 00,06 
502+25 3367,40 0,15 -00.00 

S a m p l e P roblem - Typical L isting 502+50 3367 , 25 0 ,14 -00.11 
502+ 7 5 3367 , 0 7 0 ,14 -00,04 
5 0 3+00 3366 , 88 0,14 -00,08 
503 + 2 5 3366 . 6 7 0,15 -00.00 
503+50 3366 , 46 o. 14 00,01 
503+75 3366 , 25 0,15 00,03 
504+00 3366 , 05 0,14 00,04 
504+25 3365,86 0,15 00,ll 
504+43 3365 , 74 0,15 - 00.01 
504+50 3365 , 69 o. 14 00,16 
50 4+75 3365 , 55 0,14 00,05 
504+82 3365,51 0,14 -00.01 
505+00 3365 , 42 0,14 -00,06 
505+2 5 3365 , 28 0,16 -00.00 
505+50 3365 , 13 0,14 -oo. 14 
505+68 3365 , 00 0,15 00,0l 
506+00 33&4 , 78 '.l,15 00,0l 

AVERAGE FILL , 145 

506 + 0 8 3364 , 74 0,17 00,06 
506+25 3364,60 0 ,18 00,11 
506+50 3364 . ~2 0 ,18 OQ,15 
506 • 75 3364,28 0,18 00, 0 4 
507+00 3364 , 15 0,18 -00 ,00 
5c7.;.z5 3364 , 02 0,17 - 00, 02 
507+50 3363 , 88 0,19 00,07 
507+ 75 3363 ,7 6 0,18 00,15 
508+ 00 3363 , 68 0,19 00,06 
508+25 )363 , 62 0,19 -00.00 
508+5·J 3363,55 0,17 -00.12 
508+60 3363 , 5 1 0,17 00, 13 
508+75 3363 , 47 0,18 -00.00 
509+00 3363 , 41 0,17 -00,02 
509+25 3363 , 34 0,17 -00 ,04 
509+50 3363 , 26 o. 11 -00,16 
509 +75 3363 , 14 0,19 00,04 
510+00 3363,03 0,18 00,04 
510+25 3362 , 93 0,16 -00,05 
510 + 50 3362 , 82 o. 11 -00.15 
510+ 75 3362 , 67 0,18 -oo ,08. 
511+00 3362 , 50 0,17 -00.00 
511+25 3362 , 33 0,17 -00,05 
511+50 3362 , 15 0,20 00,16 
511 + 7 5 3367. , 00 0,20 00,06 
5 12+ 00 3361,88 0,19 -00.00 
512 + 2 5 3361 , 75 J,17 -00,05 
5 12+50 3361,61 0,17 00,02 
5 12+75 3361,47 0,18 00,06 
513+00 3)61,35 0,19 -00.00 
513+25 3361 , 23 0,17 -00.01 
513+50 3361.11 0,20 00,03 
513+7 5 3360 , 99 0,18 00,02 
51 4+00 3360 , 8 8 0,18 00,00 

AVERAG E FI LL ,181 
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DAT A PROCESSlliG lliSTR UC TIONS 

I Key punch cross sections and original profile from the field notes. 

II Prepare control and comment cards. 

m Sort all cards together by equation and station. 

IV Make computer edit run. 
Normal : Sense Switch 2 and Sense Switch 4 on. 

If Sense Switch 2 is off, no X-sections will 
be punched. 
Start program 05CXXl. 

ERRORS AND MESSAGES : 
I. NO FILL ORDINATE CARD - Control card needed at the beginning of 
the data deck. Add this card to the front of the deck. Reload the read 
hopper and depress start. 

z. FIVE CONSECUTIVE DATA CARDS REQUIRED - Depress start. 

3. XXXX+XX SEQ ER - Depress start. 

4. NO CL ON X-SECTION CARD - Invert card and depress start. 

5. XXXX+XX FILL= X.XX - No halt involved. 

6. XXXX+XX ERRATIC SECTION - No halt involved. 

At the completion of the computer run, make a 407 listing using the 
"Plot X-Section" board. Return the listing and typed output to the programmer. 

V Make all card corrections and insert necessary comment cards. 

VI Make computer grade layer run. 
Sense Switch 2 on. 
Start program - a;ooo. 

ER...-q,ORS AND MESSAGES: 
I. NO FILL ORDINATE CARD - Control card needed at the beginning of 
the data deck. Add this card to the front of the deck. Reload read hopper 
and depress start. 

z. FIVE CONSECUTIVE DATA CARDS REQUIB.ED - Call programmer. 

3. XXXX+XX SEQ ER - Call programmer. 

4. NO CL ON X-SECTION CARD - Call programmer. 

5. XXXX+XX FILL= X.XX - Call programmer. 

6. XXXX+XX ERRATIC SECTION - No halt. 

Make four 80-80 407 listings and return them with the typed listings to 
the programmer. 

VII Make visual inspection of the 4 0 7 listings and the typed output. 

Send the field notes and the 40 7 listings to the Designer. 
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Asphalt Paving With Automatic Screed Control 
MATHIAS BLUMER, dipl. Ing. ETH/SIA, Frutiger Sohne AG, Thun/Switzerland 

In Switzerland, deviation from the correct gradient is deter
min~<i by a leveling instrument. Another device called a 
"Planum" records the profile of the road from one leveled 
point to another. Because a great deal of time is necessary 
to obtain an accurate surface profile by this means, movable 
testing instruments will be used and pavement quality will be 
classified by means of a smoothness index. 

From 1963 through 1965 the author's firm carried out an 
extensive program of testing bituminous pavers with a floating 
screed unit, equipped with automatic screed control. Some 
of these tests are described and illustrated. For instance, on 
highway N 1, "Grauholz, " an equalizing course and a wearing 
course were laid on a bituminous base course. Although the 
deviations from true profile in the base amounted to 2 in., no 
attempt was ma.de to palch up the hollows first manually. The 
average deviation from true grade was (a) base course, 0. 38 
in.; (b) binder course, 0. 13 in.; :ind (r.) wearing course, 0.10 
in. The tests prove that owing to the electronic screed con
trol it is possible to lay surfaces of outstanding smoothness, 
even when there are large depressions and elevations in the 
base. 

When a bituminous mat is laid with a finisher using an 
electronic controller special conditions must be fulfilled fur 
obtaining a surface free from waves. These conditions are 
specified 111 llie 11a11er. 

High primary compaction through the screed is of great 
importance in smoothing out an uneven base by machine with
out previous manual patching. As demonstrated by a test 
described in the paper, the degree of primary compaction by 
the screed unit determines the effectiveness of reuµeing tl1e 
depth of potholes. 

•SMOOTHNESS is one of the most important features of a pavement. A road with a 
smooth surface is safer and more comfortable for driving than a rough one. Research 
and experience have shown that the initial :smoothness of a pavement has a. direct in , 
fluence on its durability. 

Any unevenness in the strudure of a road causes vehicles to bump. Unevenness in 
longitudinal direction causes vertical acceleration 

a = s 2 
• dLS/ dl 

V 

Paper sponsored by Committee on Construction Practices-Flexible Pavement and presentetl ul I he 45th 
Annual Meeting. 
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where 

av = vertical acceleration, 
s = speed, 

dLS = change of longitudinal slope, and 
dt = distance traversed. 
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The forces of negative acceleration reduce the adhesive weight and therefore reduce 
driving safety. There is a high correlation between acceleration and driving comfort. 
As the formula shows, the rate of change of slope with distance is of great importance, 
and short waves seriously impair comfort of the users, especially at high speeds. 

Unevenness in the transverse direction causes additional horizontal acceleration 

where 

ah= horizontal acceleration, 
g = gravity, and 

dTS = change of transversal slope. 

a = g · dTS 
h 

On curves, additional centrifugal force causes side-slip of vehicles. Changes of slope 
cause wheels to shimmy. Therefore it is important to maintain the designed slope. 

RECORDING AND EVALUATING PAVEMENT ROUGHNESS 

Swiss specifications for highway pavement surfaces can be summarized as follows: 

1. The maximum variation from plan grade is ± 0. 4 in. 
2. When the pavement is tested with a 13-ft straightedge, the maximum permitted 

variance is 'le in. 

Deviation from the correct gradient is determined by the Planum which consists of 
a 13-ft long plank with a recording wheel that records the profile of the road from one 
leveled point to another. The distance traversed is recorded on a drum in the scale 
1: 20, the ordinates in the scale 1: 1. However, much time and care are required to 
obtain an accurate surface profile by this means. In addition, the correlation between 
road profile and actual driving comfort is lower than the correlation between accelera
tion profile and driving comfort. For these reasons, movable highway testing instru
ments will be used in Switzerland, and pavement quality will be classified by means of 
a roughness index. Tests have been made with the AASHO profilometer and with the 
BPR roughness indicator. 

BITUMINOUS PA VERS 

Fixed Screed Unit Paver 

In European highway construction the same machines are often used for asphalt 
paving and for portland cement concrete paving. The equipment consists of two dif
ferent units, the spreader and the finisher (Fig. la). The finisher consists mainly of 
a tractor, a small blade for striking off the material, and a screed for smoothing it. 
Blade and screed do not float on the mix; they are attached to the tractor. The finisher 
moves on rails or directly on a previously laid cement concrete curb (Fig. 2). The 
finisher is independent from the base, enablling it to lay a bituminous pavement which 
shows only slight deviations from true profile. However, every unevenness in the 
finisher's lane is directly transmitted to the surface in the scale 1: 2, producing short, 
shallow waves which have perceptible effects on driving comfort (Fig. 3). 

Paver With Floating Screed, Fitted With Electronic Screed Control 

The main parts of the paver are a tractor unit and a screed unit. The screed unit 
is attached by long leveling arms, extending from the screed unit to a pivot point near 
the front of the tractor unit. Thus the screed floats on the mix as it is being spread. 
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U = 6 · s 2 
• a • sin 2 ~ = W 

Figure 1. (a) Paver with fixed screed; (b) paver with floating screed. 

Figure 2. Paver with fixed screed, moving on rails. 

Figure 3. (a) Pavement laid with fixed screed paver; (b) pavement laid with floating screed paver. 
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Figure lb shows the forces acting on the screed unil during the paving operations . As 
long as the paver i.s moving , pull P, at the pivot point always exceeds horizontal re
sistance, R in the screed plate. The screed constantly brings into balance or keeps 
in balance the vertical forces, vertical uplift, U, and weight, W according to 

where 

U = vertical uplift, 
o = density of mix, 
s = paving speed, 
a= angle of approach, 

W = weight of screed unit, 
a = area of screed, and 
t = thickness. 

U = s 2 
• o · a· sin2 a= W 

sin2 a=W/a-1/s 2 ·f(t) 

At a given paving speed the paver has a tendency to lay a mat with a thickness that 
remains constant. A given tilt of the screed corresponds to each thickness. When the 
paver's track rollers pass over an elevation in the base, the screed plate is tilted up
wards , and as a result the vertical uplift exceeds the weight and causes the screed 
plate to rise. While it rises n diminishes until equality with W is restored and the 
vertical motion stops. Then the screed plate again moves in the 110rizontal direction 
only, in a path parallel to the direction of the pull. However , balance is not affected 
by the change of the angle of approach alone, but also by a change in the density of the 
mixture which occurs when Lhe screed is pulled over an elevation or a depression in the 
base. When there is a hollow, the density diminishes and the screed lowers itself, but 
when there is an elevation the heightened density causes the screed to rise. 

Irregularities in the base influence the smoothness of the surface by disturbing the 
balance of the forces acting on the screed. However, deviations are strongly reduced 
and do not appear immediately. A pavement which has been laid using a paver with a 
.floating screed shows only a few slight waves, which have little influence on driving 

omfort (Fig. 2). 
If the base on which the paver is moving does not correspond to the true profile, it 

is very difficult to lay a pavement conforming to standards. The operator has to change 
the tilt of the screed constantly in accordance with the thickness of the carpet. To do 
this at the right time and in the right proportion requires considerable skill. 

Figure 4. Floating screed paver unit with electronic screed control. 
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The latest achievement in bituminous asphalt paving is a paver with floating screed, 
equipped with an electromatic screed controller system (Fig. 4) which makes it possible 
to lay pavements with exceptional smoothness and practically no deviation from true 
grade. In this system the necessary corrections of the screed approach angle are made 
with servomotors which react instantly to e lectric impulses from the control box (faster 
than is possible with manual screed control) . Various tests made with the paver fitted 
with electronic grade and slope control are described in the following section. 

EXPERIMENTS WITH ELECTRONIC SCREED CONTROL SYSTEM 

Smoothing Out Irregularities in Subgrade 

Heterogeneity of the soil is an important problem in Swiss highway construction. 
Often the subsoil has not quite consolidated at the time the pavement is laid, and set
tlement must be expected after traffic has begun. In such cases a 4-in. asphalt-con
crete (AC) base is laid and exposed to traffic for two or t bree years and then the fi na l 
pavement (11/2-in. binder course and 11/t-in. sw·face course) i s la.id. 

In 1961-1962 highway N 1 "Grauholz" was laid with a bituminous base course by means 
of a conventional paver. Under traffic several hollows appeared which were to be 
corrected when the final pavement was laid during 1964-1965. Although the deviations 
from true profile in the base amounted to + 0. 8 and - 2. 7 in., no attempt was made to 
patch the hollows manually with a smoothing course mixture. 

The following process was chosen: 

1. A wire was stretched parallel to the determined grade on the left side for a 
reference line (Fig. 5) . 

2 . The sensor glides along this reference line; any deviation from the correct 
height releases electronic impulses controlling the left side servomotor, which corrects 
the tilt of the screed. 

3. The position for the correct slope can be set on the control panel (Fig. 6). A 
pendulum device senses every deviation and reports it to the control box . From there 
the right side servomotor , which raises or lowers the outer screed, is actuated. 

Figure 5. Grade sensor followi ng stretched wire reference line . 



Figure 6. Automatic screed control paver, showing 
contra I pane I. 

Inner aide 

Outer side 

a • I 12 I& 20 2C 211 ~ • «J 44 a ~ l!6 60 .. 6' 7Z 11, m 

Wearing Course 

Binder Course 

Base Course 

Wearing Course 

Binder Course 

Base Course 

Figure 7. Deviation from true profile. 
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20 Number 

- 20 - 18 -16 -14 -12 -10 - 8 - 6 - • - i O • 2 • 4 ~ 6 +8 +10 +12 +14 +10 +18 J 20 

Deviation in mm 

Figure 8. Frequency of deviations from true profile (168 leveled points) . 

Figure 9. Frequency of slope deviations . 

In two test sections of 330 ft each, the heights of the base, the binder and the wearing 
course were leveled and compared with heights on the plan. The results attained on 
section Nordrumpc arc shown in Fi~re 7. 

For comparison purposes, we have calculated the profile variance, PV, which is 
defined as the average 84.uared deviation from true grade. 

Section Base Course, Binder Course, Wea~ Course, 
-..jPV (in.) ✓Pv (in.) PV (in.) 

Nordrampe 
Inner side 0. 34 0.14 0 . 09 
Outer side 0.38 0.13 0. 10 

Eyfeld 
Inner side 0.25 0.15 0.11 
Outer side 0.41 0.14 0.10 
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The base course was laid with a conventional paver; for the binder and wearing courses 
a paver with electronic screed control was used. 

Figure 8 shows the deviations of binder and surface from true profile at 168 leveled 
points; 166 points are within the allowed tolerance of ± 0. 40 in., and only 2 exceeded 
this tolerance. Figure 9 shows the frequency of deviation from correct slope in 84 
controlled cross-sections. Figure 1 0a shows the evenness diagram for a 330-ft section 
made with the Planum instrument. 

These tests demonstrate that with electronic screed control it is possible to lay 
surfaces of exceptional evenness despite large depressions and elevations in the base. 
The deviations from true profile are well within the tolerances allowed both along the 
reference line and on the opposite side which is corrected with the pendulum. 

The electronic screed control system permits establishment of a reference line on 
both sides of a lane, and makes it possible to transmit the heights by using two sensors . 
llowever, experience has shown that only one reference line on one side is necessary, 
because the pendulum does the transmitting to the other side. 

When there is a change of slope in a transition to a curve, the slope must be indicated 
at the edge , and the operator has to make constant adjustments through the control 
panel. With this method exact results can be obtained even when the transitions are 
very short and extreme (Fig. 11). 

Paving With the Traveling String -Line Procedure 

The work is not always done with a stretched wire as reference line. Sometimes the 
height c:u,. be transmitted from the base or from the asphalt or concrete curbs (Fig. 12) . 
To straighten out irregularities in the reference line, a 20-ft long ski is towed along. 
The electronic grade- control sensor receives the height value::; frorn lhe ski. 

In one operation, a bordering strip of prefabricated concrete elements was at our 
disposal. On the evenness diagram the joints and every other unevenness were clearly 
visible. By means of the 20-ft ski , these irregularities could be completely wiped out. 
The smoothness of the pavement, after it had been laid, was even better than that of 
the reference line. All further layers were then built on this base. 

In another operation (Fig. 1 Ob), a bituminous resurfacing approximately l 3/4 in. thick 
was laid on the very uneven cement concrete of a bridgeway. According to conventional 
methods the deep hollows in the cement concrete should first have been manually filled 
with bituminous mixture. But in this case the patching was omitted and the paving was 
done with the paver having a 20-ft long ski towed over the concrete. The evenness 
diagram shows that all the hollows under 20 ft long have vanished (Fig. 10b). The sur
face conforms to the specifications. 

Smoothness of Wearing Course 

It has been suggested that the adjustments in height achieved by use of the electronic 
controller might impair the smoothness of the mat. Some authorities think that only 
the lower courses, i.e., the bituminous base course and the equalizing course should 
he l:Jicl with eledronic control. and the natural leveling Quality of the finisher should be 
used for laying the wearing course. This procedure may be correct for roads on which 
several courses are laid cons ecutively . But in cases where mats must be laid in two 
separate phases, or for single- layer corrections of the profile, it is important to be 
able lo make height corrections. In such cases the controller is necessary, even in 
laying the wearing course. 

When a b1tumi11uu::; mal i::; la id with a finisher whose electronic cunlrollc1· ia •witched 
on , certain conditions must be fulfilled to obtain a surface that is absolutely free of 
waves. These conditions are partly related to the construction of the paver itself and 
partly related to the method of its operation. 

1. The balance of forces in the paver unit is such that changes in the angle of 
approach or in the density of the mix can disturb the balance when the laying is per
formed at constant speed. Accordingly, one unevenness in the base can cause two in 
the covering mat: (a) when the tractor unit passes across the unevenness and (b) when 
the paver unit is directly over the unevenness (Fig. 13). 
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. Figure l I. Deviation trom true profile in a curve (change of slope - 2 % to +3%). 

Figure 12. Fol lower shoe, concrete curb as reference line . 
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Figure 13. Evenness diagram of wearing course laid over pothole. 

These deviations are corrected by the operation of the controller; they are regis
tered by a sensor and transmitted to servomolun; lhrough electronic impulses. The 
motors change the angle of approach accordingly. In this operation the point at which 
the sensor is fastened to the leveling arm is crucial. When fastened to the forward 
pivot point, the sensor can transmit only the deviations of the tractor unit, and it is 
not influenced by a subsequent sinking of the paver unit caused by decreased density of 
the mix. However, if the sensor is fastened to the screed, it cannot register a move
ment of the forward pivot point. In this case the angle of approach is only altered when 
the screed moves upwards or downwards, which is comparatively late. 

Our experience with different types of finishers has shown that some do not 
achieve as good results as others, and that machines with a sensor fastened to the paver 
unit react very quickly to the slightest vertical movement of the screed and therefore 
have a tendency to over steer. Although this oscillation in the range of the zero position 
produces good conformity to the reterence line, it is undesirable 111:!1:<lusi:: il also pro
duces shallow but short and regular waves which seriously impair the driving comfort. 
A sensor positioned near the pivot point is more advantageous, because its detection of 
the vertical movements of the screed is considerably diminished, and it only reacts to 
more important deviations. The mat is admittedly less true to the reference line, but 
at worst it will only have a long wave type of unevenness, over which it is possible to 
drive smoothly. 

Obviously whai: i~ true lur Litt: pc,sitiuii of tht o~ttSG~ applic::; ta the pcsitia!! of th~ 
pendulum as well, because it controls the heights on the opposite side of the sensor. 
The pendulum should also be as far removed from the finisher screed as possible and 
be able to detect deviations as early a::; possible, so that corrections can be carried out 
gradually. 

2. The finisher with a floating screed reacts sharply to differences in the mix laid 
before it. Therefore, the mix should be homogenous and of uniform temperature. 
Under no circumstances should it be unloaded directly from the truck to the base. It 
must be brought to the screed in such a way as to keep the height of the roll in front of 
the screed as constant as possible. The best results are achieved when the mistakes 
of the operator can be eliminated by a material depth control which automatically 
switches feed conveyors and spreading screws on and off. 

3. The acting forces in the paver unit are dependent on the working speed, which 
should be as nearly constant as possible and adjusted to the amounl oI mix delivered 
per hour. Even when feeding, the finisher should not stop . 
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Surf'ace 3mm 

Binder 

Surface 

WYmm .• a11,1 iuma-• 
TEST B 

Binder ,,mm 

liUl11WHtlirmc I -~ I I.Iii J Milt:I 
Figure 16. Evenness diagram af binder and surface course over pothole: test A, high vibrating intensity 

of paver screed; test B, low vibrating intensity of paver screed. 

Figure 17. Two pavers equipped with electronic screed control, working in echelon, on Swiss highway 
N l Berne-Zurich . 
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Figure 18. De nsity of mix, behind paver and after rolling. 

4. Even high quality electronic controllers can suffer from disturbances , for in
stance, through changes of temperature. It is therefore essential that the height and 
transverse slope of the mat which has been laid be continuously checked behind the 
machine. The controller should be operated by the most reliable man of the crew. 
When a deviation is detected , work must be stopped and readjustments made. 

5. Every paving operation must be prepared with great care. The leveling appara
tus is useless , when the reference line is not true to profile. 

CORRELATION OF SMOOTHNESS AND COMPACTING 

The compacting process of bituminous mixtures goes through three stages: the 
paver's screed, the rollers , and traffic. Only a very slight degree of further consoli
dation by traffic is permissible , because otherwise settlement and rutting will be 
caused by wheel pressures . The finisher should achieve the highest possible compaction 
for the following reasons: 

1. The precompacted mixture is more resistant to the horizontal forces when it is 
rolled. No rolling waves can form. 

2. Breakdown rolling can take place directly behind the finisher, at a time when the 
mixture is still hot and can be well compacted (Fig. 14). 

3 . The scr eed perm its absolutely hom ogenous compaction on the entire widt h of the 
spread. But with rolling it cannot be dete r mined whether all the areas on the surface 
have received the same amount of compaction by the roller. 

Swiss specifications demand 6 rollers for compacting 1, 000 tons of base mix per day . 
Res ults (Fig . 15) show that with high primary compaction by the screed compaction can 
be obtained using only thr ee rollers. 

High primar y compacting through th e s cr eed i s of even gr eater importance when 
s moothing oul the uneven base by machine without pr ior manual patching. Eacl) hollow 
in t he subgr ade causes a smaller hollow in the compacted mat . The highe r the degree 
of primary compaction by the s creed unit, the better is the r eduction of t he depth of 
hollows . This is conclusively proved by the following tests (Fig. 16): 

Test A 

Two layer s of bituminous mat cover a pothole in a base of 2. 4 in. Compacting was 
done with a vibrating paver screed (high- vibrating intens ity), followed by ten passes 
with a steel -wheel r oller. 
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Hollow in first (equalizing) course: 0. 36 in. = 15 percent of original hollow. 
Hollow in second (wearing) course: 0.12 in. = 5 percent. 

Test B 

Spreading and compacting are performed as previously described, but with low 
vibrating intensity of screed. 

Hollow in first course: 0. 52 in. = 22 percent of original hollow. 
Hollow in second course: 0. 20 in. = 9 percent of original hollow. 

There are two different ways of obtaining a high compaction by screed. Some pavers 
use a tamper bar at a rate of 1, 200 to 1, 500 impacts a minute; others use a vibrating 
screed unit with a frequency of 3,600 vibrations per minute. For comparison purposes, 
two pavers were operated in echelon to lay a bituminous base course of 2% in. (Fig. 17). 
One was fitted with a tamper bar, the other with a vibrating screed. To compare the 
effectiveness of each compaction, the density of the mat was first measured immedi
ately behind the paver and then after the 21-ton pneumatic tire roller had passed a few 
times (Fig. 18). 

The results prove that compaction with a vibrating screed produces higher densities. 
The density is higher before rolling, i . e ., immediately behind the finisher, and re
mains higher until after the last rolling. Results of a second test with a binder course 
were similar. Both tests demonstrate that high primary compaction is equivalent to 
high final compaction. 



New Mexico's Semiannual Condition Surveys 

Effect Changes in Geometric and 
Structural Designs 
CHARLES W. JOHNSON, Engineering Director, New Mexico State Highway Commission 

•POST-CONDITION inspection trips are made in New Mexico semiannually to gather 
data on changes occurring with usage, and to determine results of design variations on 
recently constructed projects. Conditions are evaluated at identical locations from 
year to year. 

The idea of making continuing surveys on new construction work developed from 
routine inspections of experimental projects F-051-1(8)and I-010-1(8)6, on which com
parative studies of various combinations of treated and untreated bases and subbases 
were being conducted. rt was believed that information gathered from completed projects 
would be equally as valuable as the experimental projects for future design determina
tions. The post-condition surveys started in 1960, and generally have continued with 
the same key personnel from the New Mexico State Highway Department and the U. S. 
Bureau of Public Roads. 

Comparisons are made yearly at identical locations of rutting, U. S. Bureau of 
Public Roads roughometer readings, and cracking patterns. At selected locations 
Benkelman beam deflections are measured and test samples lifted to supplement routine 
information. W. L. Eager, regional materials engineer for the U. S. Bureau of Public 
Roads, documented all inspections with written reports and photographs pertinent to 
developing conditions. He used measurements made to calculate the PSI value by the 
Illinois formula (1 ).. Comparison of readings on the same project from year to year 
gives a more sigmficant measure of deterioration than the condilion of the project at 
any one time. It may indicate the need for corrective measures such as overlays, 
plant mix, seals, or slope flattening before there is pronounced distress. Also, these 
measurements are used as the basis for special recognition to contractors and engi
neers doing especially good work. 

A problem has evolved concerning the number of new construction projects added to 
the list each year. Inspection trips are made semiannually and cover approximately 
one-half of the state each trip. We do not feel justified in allotting more than a week 
for each trip. The number of projects under surveillance has already passed the two 
hundred mark. About one hundred projects a week are all that can be adequately 
covered. It will be necessary in the future to be more selective and to drop some 
projects that past surveys indicate are duplications or informationally nonproductive. 

PAVEMENT CRACKING 

Because cracking is so prevalent in flexible pavements, highway engineers are prone 
to accept it as a normal developmPnt. Transverse, shrinkage, or aging cracks usually 
appear from 2 to 4 yr after construction in New Mexico. Transverse cracking has 
occasionally occurred during the first winter, for instance on the following two projects: 
FI-143(5), located in the southwestern part of the state, and F-053-1(6), located in the 
northern part of the state. On both projects a basalt gravel was used in the hot mix. 
Laboratory tests indicated an almost unbelievably high volumetric change in the mix due 
to temperature changes. It was calculated by the laboratory that within the normal ex
pected temperature ranges, lineal volumetric change for 1 mi would vary up to 7 ft. 

Paper sponsored by Committee on Construction Practices-Flexible Pavement and presented at the 45th 
Annual Meeting 
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Figure l. Pavement constructed with crushed limestone, showing little cracki11y 3 y1 urler placement. 

In contrast, a 12-mi project constructed in 1958 was found on a post-condition survey 
to be in excellent condition, without any era king, 7 yr after construction. The coarse 
aggregate used in the hot mix was crushed limestone; it indicated a very low volumetric 
change due to temperature. Although cracldng is widespread in New Mexico, this 
project indicates that through careful control of material and placement, cracking can 
be greatly alleviated. IJomparison of ptclures lak~11 al. Ll1e sai.,ie lo ation {Aln.1uog01·do 
Orogrande) 4 yr apart shows little change (Figs. 1 and 2). 

Joint cracking at a _point adjacent to a preceding hot-mix lay is probably due to in
ternal stresses, and develops frequently in the Southwest. Past practice in New Mexico 
was to lay the shoulder more or less vertical. Present practice is to lay the longi
tudinal joints on a slope and leave the slope uncompacted until the adjacent lane is 
placed. With this procedure a more homogeneous mass is produced, instead of a 

. • • .. " ~ /T",• n \ potenu.u c1cavai:;e _lHaue \l'ig . .,,, 

It appears that so- called shrinkage cracks are caused by aggregate volumetric 
changes due to temperature rather than by aging of the asphalt. Whatever the cause, 
cracking has developed Lhrough internal sti·esses within the asphaltic pavem 1.t for 
this type of cracking. 

R fP.rence has been made to racks caused by internal stresses within th asphaltic 
pavement. There are other types of cracking; one is cracking occurring from repeated 
wheel loads. Traffic is generally channelized, and rutting is the first indication oI 
disti·ess. It may be slighl during the first year, but if it continues to pi·ogress, crack
ing will eventually appear. During our post-condition surveys, hundreds of rutting 
measurements were taken. '!'he critical point appear:; Lu lie from % to ½ in. in depth. 

Once rupture of the surface has developed due to rutting, the condition becomes 
very serious as channelizing of surface water feeds moisture into supporting foundation 
materials which, under traffic, become oversaturated. Complete failure is imminent. 
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Figure 2. Pa vement constructed with crushed limestone, showing little cracking 7 yr after placement. 

Figure 3. Longitudinal shoulder joints being laid on slope which is compacted after adjacent lane has 
been placed. 
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Excessive rutting indicates instability either from an underdesign of the total pave
ment or from construction deficiencies. Common contributing factors may be insuf
ficient compaction in the pavement, base, subbase or subgrade; materials used in the 
pavement structure may not have the inherent stability needed for durability or to sup
port the applied loadi:;. Some rulli11g is to be expected, and most pavements stabilize 
before they become critical. 

Safety experts contend that one eye is dominant in driving patterns. If the left eye 
prevails, the driver tends to hold close to the center stripe. If the right eye dominates, 
the driver tends to hold close to the shoulder stripe. My personal observations lead 
me to believe that this is true. 

Rutting on New Mexico highways develops in the travel lane, and seldom in the pass
ing lane, when the shoulders are striped. We believe that a wider traffic lane would 
disperse wheel loading over a greater area and reduce the tendency toward critical 
rutting. Certainly, wider traffic lanes would enhance safety and driving comfort. It 
is also logical to believe that the pavement's life would be prolonged. 

We striped several projects in New Mexico, using 12-ft passing lanes, and 14-ft 
driving lanes where the pavement extends shoulder-to-shoulder. The cost is no greater, 
as the stripe uses a part of the shoulder. These projects will be observed closely, and 
measurements taken during post- condition surveys. 

The post-condition surveys indicate that most of the cracks, and the most damaging, 
occur through external forces to the mat. Often overlooked by highway engineers as 
inconsequential is early shoulder cracking outside the traffic lanes. The condition is 
general in embankment areas with relatively steep slopes. A good example of progres
sive deterioration occurred on I-010-1(8)6, Road Forks East, a project built with ex
perimental features and closely watched. In Report No. 1 (state) dated November 5, 
1956, station 400+00 reads: "A few longitudinal cracks were also found about one foot 
from the left edge of the driving surfa<.:e." 

Report No. 3 (Eager) dated August 16, 1960, B-condition of project, reads: "The 
project is in excellent condition. Transverse cracks are less in evidence than at 
previous inspection, February 25, 1960. Rutting (in outer wheelpath of traffic lane) is 
more pronounced. Longitudinal cracks, particularly in paved shoulders and in passing 
lanes, are pronounced in fill sections across light fill sections across flats (station 
326+15. 4 to 800+00)." 

The first cracks to appear in the paved shoulders are probably the result of soils 
movement in the subgrade. In the Southwest there are alternating cycles of moisture 
and extreme drought which in turn cause a swelling and shrinkage of the soils beneath 
the pavement. The :;u:;eepl.il_1ilil.y ur !.111--! Huils to moisture varies over a wide range; 
consequently, cracking patterns vary accordingly. '\Vhen cracks begin to open up they 
permit entry of surface water and the condition becomes progressively worse (Fig. 4). 

It is quite noticeable that the worst conditions are more pronounced in fills with 
relatively steeper side slopes. The westbound lane adjacent to the project under dis
cussion was constructed in 1943 with much flatter slopes. There is no imlic.:aliuu uI 
similar distress, although the embankment was constructed of the same type of borrow 

GEOMETRICS 

Early in 1965 the New Mexico State Highway -nepartmP.nt r.ha.nged the standard design 
of slopes from amininum of 4-to-1 to a minimum of 6-to-1 for a distance of 9 ft beyond 
the paved shoulder (Figs. 5 and 6). 

Although our new geometric standards were originally discussed on the basis of 
additional support for the shoulders, there are a number of other advantages that may 
be even more valid. 

From my viewpoint, the new geometrics are only the first step in constructing safer 
highways. They provide for an additional 9 ft on each side of the shoulder as a possible 
recovery area. This is not enough. The recovery area needs to be from right-of-way 
f P.nr.P. to right-of-way fence_ General Motors has proven that anything less than a 6-to- l 
slope is unsafe when a car is out of control. It is time highway engineers faced the 
facts. 
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Figure 4. Typical progressive deterioration from shoulder cracking: (a) early shoulder cracking; (b) 
progressive cracking into driving lane; and (c) ultimate failure. 
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Figure 5. (a) OIJ and (b) new typical scctiom. 

Not much can be done to prevent head-on collisions except to provide greater maneu
verabiUty. In rural areas, by far the greater portion of vehicles in accidents terminate 
off the pavement structure. In the p.1•ocess Lhey :,ll'.ike some obstacle such U3 a. curb, 
post, guardrail, or sign. These safely devices cause the accidents. It does not make 
sense. 

When New Mexico obtained approval of the new geometric design, we planned to 
move tbe obstacles out to the 9-ft hinge point , but were unabl e to do so except on an 
experimental basis because the AASHO sign manual requires that these obsta les be 
placed w1tlun 2 it of the slloulden, (2). Tltt:l WASHO Construction Committee, during our 
recent meeting at Salt Lake City, voted unanimously to request the WASHO Executive 
Committee to take the necessary action to permit movine; thP ohRtac:les out. 

We have read ,1_11d heard much recently about safety, beautification, billboards, and 
junkyards. The most esthetic highway possible is one that gives the motorist a feeling 

f comfort and safety, with flal slopes and a minimum number of obstru tions wilhin 
the recovery area. Why are signs erected by highway departmenls within the rights
of-way more ei:;thelic tlia11 billboards off the rightG-of way? 

The flatter slopes are more conducive to better ground cover of natural vegetation 
~!!d fao::i!itc>.t" rn_,:,wine ::incl snnw removal. 

In the process of extending the 6-to-1 slope out to the 9-ft hinge point, normally 
crushed rock or gravel is used. The value of this material in con rolling rosion be
came known to me as! was inspectingp:wPd shoulders showing some distress, on New 
Mexico Project I-040-2(24), West of Gallup. Erosion stopped on the slope at the edge 
of the gravel placement (Fig. 7 ). The section greatly reduces the need for shoulder 
curbs and rundowns, which are potential accident obslades. Ali,v, I believe that gravel 
in side ditches would control erosion more effectively than check dams on grades up to 
3 percent. 

STRUCTURAL DESIGN 

The conditions on some projects emphasized the need for, and brought about, some 
revisions in our structural design practices. 

Although some cracking o urred on projects where untr eated base course was 
placed directly under the aspbaltic surface course, cracking patterns devel p d earlier 
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Figure 6. New design shoulder slope, June 21, 1965. 

Figure 7. Four-to-one slope; slope erosion stops at edge of gravel placement. 
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and reached more serious proportions on those projects where the asphaltic concrete 
was placed directly over a cement-treated base course. To alleviate the problem 
caused by the transmittal of reflective patterns from the cement-treated base course 
through the bituminous pavement, the practice of placing cement-treated base course 
directly under the mat has been discontinued almost entirely and two alternate de1::,igm; 
have been used. The first alternate design, which has been referred to as the upside
down design, consists of placing a cushioning layer of high-quality base course between 
the cement-treated base material and the asphalt concrete mat. Structurally, the up
side-down design appears to be equal to and perhaps superior to the normal practice. 
As indicated by recent semiannual conditions surveys, the reflective cracking problem 
has been greatly reduced on those projects where the intermediate layer of cushion 
material has been used. The other alternate design consists of placing asphalt-stabi
lized base course material directly under the mat in lieu of the cement-treated ma
terial. Our limited experience has shown that the asphalt-stabilized base performs 
equally well; consequently, cracking problems of any appreciable degree have not been 
encountered on recent projects constructed using either design. 

The aggregates available for highway construction in certain areas are instrumental 
in the design determination inasmuch as not all aggregates are equally suitable for 
stabilizing with cement or with asphalt. The choice of the stabilizing material, and 
consequently the design to be used is, therefore, influenced by the nature of the aggre
gate to be stabilized. Also, any type of design which results in shrinkage cracks over 
a plastic subgrade soil is highly undesirable, since the cracking patterns allow surface 
moisture to leak into the subgrade, resulting in reduced support, pumping, and swell. 

Another problem noted during the course of the semiannual inspections was the de
velopment of alligator cracking patterns and deformation of the roadway structure in 
certain areas due to the inadequate stabilization and structural failure of the under
lying courses. Benkelman beam tests performed in conjunction with post-condition 
inspections showed high readings in extensively cracked areas. As a result, the pre
vious practice of using untreated base materials on high-volume roads has been dis
continued, and it is the present policy to use stabilized bases on these types of high
ways. Benkelman beam tests taken on projects which were constructed with stabilized 
bases have shown readings well within the acceptable tolerances. Travis Cole, ma
terials engineer for the New Mexico State Highway Department, recently made a com
prehensive revision of our structural design criteria and procedures for flexible pave
ments. The new structural design criteria and procedures are based on the AASHO 
Road Test findings, and are given in the New Mexico Highway Department Bulletin 
No. 101, Structural Design Guide for Flexible JJavements. 

Adoption of the new design criteria has pe rmitted more versatility in structural 
design selection because more realistic structural strength coefficients are assigned 
the materials used in the construction of the flexible pavement structure . The inclu
sion of a regional factor, which permits an adjustment in thickness determination based 
on climatic and environmental conditions, is a realistic approach. 

Rutting was generally attributed to the instability of the asphalt concrete mat. To 
provide 1nore iniernal .slaiJilil.y in llle a::;vi1dH. L:U11Ci t tt:: su.1·faci11g, the requ.i~c~c u.t f8!' 

the percent of fractured faces in the asphalt concrete aggregate was increased to a 
minimum of 60 pe rcent of two mechanically fractured faces, and plasticity index re
quirements which presently call for sandy, nonpla1::,tic material have resulted in a 
cleaner aggregate with a corresponding increase in the stability of the bituminous 
surfacing. 

Comparison of pavement condition on identical projects on a yearly basis also re
vealed aging of the asphalt concrete surface course in certain areas. The aging process 
was retarded on projects which had r eceived an early chip-seal treatment. Chip seal
ing did not prove satisfactory due to bleeding; it also chipped windshields and caused 
a general inconvenience to the traveling public, especially on roads carrying a high 
volume of traffic. Because of this, New Mexico eliminated sealing on most of the 
asphalt surface courses. 

Recently a ½-in. plant mix seal coat was used on numerous projects with sali1::,fadury 
results. The specifications r equire a minimum of 75 percent of the material retained 
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on the No. 4 screen to have at least two fractured faces. The gradation requirements 
are as follows: 

Sieve 

% in. 
No. 4 
No. 10 
No. 40 
No. 200 

Percent Passing 

100 
30-50 

5-25 
0-12 
0- 6 

The key to a successful seal with this mix is the asphaltic content. New Mexico 
uses 6 ½. to 7 percent of 60 to 70 or 85 to 100 asphalt cement by weight of the total mix. 
It is necessary to lay the mix at lower temperatures than the usual asphaltic concrete 
mixes to retain a thick film over the aggregate particle. The asphalt flows gradually 
down to the surface of the mat and completes the seal. Warm weather and traffic are 
necessary to accomplish the best results. 

For some unknown reason, surfaces constructed with this design and tested with the 
U. S. Bureau of Public Roads roughometer show a lower reading (by about 20 in. per 
mile of deviation) than the normal hot-mix surface. The mix when properly laid has 
a dense terra cotta effect and provides an exc llent nonskid surJace. Allowance is 
made for the ½-in. layer in the final thickness determinations (Fig. 8). 

The post-condition surveys constitute a continuing research project, and permit 
adoption of improved practices. A vast pool of factual dala has been ac •umulated. The 
questions are multiple and the answers are elusive, but through the process of analyzing 
the changes which are occurring we believe that better serviceability can be attained. 

Figure 8. Pl mix seal; Arizona state line-rood forks. 



76 

ACKNOWLEDGMENTS 

In addition to the author, the following individuals participated in the post- condition 
surveys: W. L. Eager, Regional Materials Engineer. U. S. Bureau of Public Roads; 
L. H. Miller, District Engineer, U. S. Bureau of Public Roads; and Travis Cole, M::i
terials Engineer, New Mexico State Highway Department. 

REFERENCES 

1. Chastain, W. E., Sr., and Burke . .John E. Experience with a BPR-Type Roadometer 
in Illinois. Highway Research Board Bull. 328. pp. 52-58, 1962. 

2. AASHO. Uniform Traffic Control Devices for Streets and Highways. p. 22, 1961. 

• 




