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Theoretical Development of Compaction Density

AEE U -G I
Huh, Jung-Do - Kim, Han-Yong - Nam, Young-Kug

ABSTRACT

Compaction is known to critically affect pavement performance. Due to its importance, a
theoretical modelling of compacted density in the term of number of roller coverages is
attempted by assuming compaction process essentially identical to pavement rutting.
Excellent data fittings by the developed equation may prove the validation of assumptions
made as well as justification of its use. According to the derived equation, a plot of
density difference with respect to number of roller coverages in the logarithmic scale
produces a linear relationship. However, this linearity is turned out to be deviated by
cooling effect, change of amplitude and frequency. Investigation of these three factors
proposes a new generalized compaction density equation, which shows a promising future.
By applying this general formula, the equations for the number of roller coverages required
and the final compaction density obtained for a particular compaction project is derived
first time in compaction research.

Key Words : Compaction Density, Mix Viscosity, Mix Temperature, Roller Coverage,
Amplitude and Frequency of a Vibratory Roller, etc.
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1. INTRODUCTION

A proper design of mix materials,
homogeneity in asphalt mix, and an effective
compaction may be the three most important
factors governing quality of asphalt pavement
surface layer. Among them, compaction is the
most critical construction step on which
pavement performance (ie. rutting, fatigue
cracking, various other cracks, etc.) heavily
depends. In other words, compaction process
builds the pavement internal structure to resist
any external stress or loading applied.

As means of compaction. rolling equipments
are used and commonly classified as two
categories. One is static rollers (a 3-axle steel
roller. a rubber tire roller, a pneumatic roller,
and a tandem roller) and the other is
vibratory rollers ( a single or a double drum
roller, and tandem rollers). Drum diameter,
width and weight are characteristics of static
rollers with operation variables such as number
of roller coverages. roller speed, and compaction
temperature, while vibratory rollers possess two
additional variables, frequency and amplitude,
in addition to those of static ones. Much
effort was devoted in the past to find the
effective compaction roller (a certain roller or a
train of rollers) to achieve a high degree of
compaction without any damage like pushing,
shoving, checking, bleeding, hair-line cracks. etc.
(Cechetini (1974) and Linden and Heide
(1987)).

The best pavement performance is initially
set by the hot mix design, but the design goal
may fail or enhance according to compaction
process. This is why compaction is the key
step, and requires a careful control. In spite of
importance, the qualitative experiments in the
past restricted further improvement due to lack
of scientific theories.  For this reason, new
compaction equations are proposed in this

study. They could be useful tools in analysing
compaction data, finding an effective roller (or
a train of rollers), and modifying hot mix
design to improve compaction performance, etc.

2. THEORY FOR A COMPACTION
DENSITY EQUATION

Compaction density is the most popular
description of compaction process. It is viewed
as one-dimensional vertical compression starting
from the top surface of lay-down mixes after
completion of paver operation. By considering
a control volume (V) having a mass (m) with
a fixed cross-section (A) and a lift height
(hd). a compaction density (p ) can be defined
as

n (1)

In compression, the compaction depth (h)

~from the initial top surface increases with

density (p ) growth, while the lift height (hd)
counting from the bottom base decreases. In
other words, the compaction depth (h) has an
inverse relationship to the lift height: that is,

1 1
hd hdo

c(h — h,)= (2)
where ¢, ho and hdo are a constant, an
initial compaction depth (which is equal to
zero) and an initial lift height.
Consideration of Egs. 1 and 2 yields the
following equation for compaction density
change:
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Assume that the deformation mechanism of
compaction process 1s essentially identical to
rutting in permanent deformation, because both




are caused by the cyclic loading on pavement.
For example. the initial rapid rut depth shown
in the most of wheel tracking experiments
usually signifies the post compaction, where the
gradual disappearance of air void is usually
shown. The only difference between the two is
that a relatively small vertical loading width
and radius (a tire width and its radius) are
applied to rutting while a large width and
radius (a roller width and its radius) are
involved in compaction. That is, the loading
mechanism is identical. but the geometry of
loading device is different.  Hence, the well
known empirical rutting equation can be used
to describe the deformation of compaction
process as well, where rut depth (or
compaction depth, h) is usually expressed in
the term of wheel pass (or roller coverage, N)
with two parameters (¢ and £ ) as

h=a N* (4)

Insertion of Eqs. 4 into 3 gives the
expression of compaction density in the term of
number of roller coverages:

00— P,= c_;ln a N? or

Ln(p— pU)ZLn{ C:/Za}-l—BLn(N) (%)

Equation 5 indicates that compaction
density is related to number of roller
coverages in the power form, and depends on
the two parameters, ¢ and B, just like rut
depth in Eq. 4.

Geller (1977) compared density data of a
vibratory roller to those of static ones. His
data are plotted in Fig. 1 together with
regression results by Eq. . The figure
demonstrates well the linear relationship of the
logarithmic plot, except the minor deviation of
the two data points at the highest coverage.
This may indicate appearance of the cooling
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effect, which will be coVered later.
manifests the better compaction performance of
the vibratory roller over the static ones in the
term of roller coverage.

As another example, Dellert (1977) studied
the effect of roller speed on compaction density.
His data are used to check Eq. 5 again. The

Figure 1

validity is well displayed in Fig. 2. The low
speed of a roller turns out to be better than
the high one, as expected. However, cooling
effect is absent in the speed analysis. If one
accounts for the effect, one may choose the
optimum speed instead of the slow one due to
solidification.

CC-40 Vibratory Roller at 1500 vpm
Ln(p-p,)= - 0.9868+0.2125 Ln{N)

§ e
&
o CC-40 Static Roller
z , Ln(p-p,)= -1.194+0.2288 Ln(N)
#=0.9978
3-Wheel10-ton Static Roller
Ln(p-p,)= -1.877+0.4858 Ln(N)
¥ = 0.9983
3 T T
-1 0 1 2

Ln(Number of Roller Coverage)}

Fig. 1. Different roller effect on density for 8.255 cm paving lift.
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High Speed: 76 m/min
Ln{p-p,)=2.194+0.1024 Ln(N)
= 0.9939
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Fig. 2. Roller speed effect on density in the vibratory compaction.



Figures 1 and 2 clearly confirm the validity
of Eq. 5 in describing temperature-independent
compaction density in the term of roller
coverage. The similar logarithmic linear
relationship were extensively found in the work
of Machet and Morel (1977).  But they used
density instead of the logarithmic density
difference with respect to logarithmic number of
coverages, and no theoretical justification were
provided for their plots.

3. DEVELOPMENT OF THE DENSITY
EQUATION

3.1 Total Applied Force

Dellert (1977) provided data for amplitude
effect on density in the vibratory rolling.
Figure 3 illustrates these data and curve-fitting
resuits by Eq. 5. The excellent fittings are
demonstrated again.  The higher amplitude
produces the larger density in- the figure.
Parameters, cme /A and B . estimated from
the regression in Fig. 3 are plotted in Fig. 4 in
the term of the total applied force, representing
amplitude.  Here, the total applied force is
defined as the sum of the static working weight
of drum and the dynamic force per cycle
developed by the vibrating mechanism. The
parameter (cmea /A) in Fig. 4(a) increases the
total applied force (Ft) in the order of power,
while the parameter # in Fig. 4(b) is linearly
raised.

I =k F,* 6)

B: m Ft+ mo (7)

where k1, k2. ml and mZ are constant
parameters.

These two relationships are combined with
Eq. 5 to express compaction density as a

function of the total applied force (Ft):

(m F; +my)

o= p,+ ki F," N @®)

High Amplitude:7.05 kg/mm
2459 Ln(p-p,)=2.229+0.1522 Ln(N)

2.40 7 = 0.9993

3 Medium Amplitude: 6.17 kg/mm
2351 Ln(p-p,)=2.187+0.1336 Ln(N)

= 0.9990

Roller Speed
=76 m/min

Ln(p - pys %)

Low Amplitude: 5.01 kg/mm
Ln{p-py)=2.080+0.1177 Ln(N)

7 = 0.9995

-5 0.0 5 1.0 5
Ln(Number of Roller Coverage)

Fig. 3. Amplitude effect on density in vibratory rolling.
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Ln(cmo/A) = 1.370 + 0.4430 Ln(F))

15 16 17 18 1.9 20
Ln(Total Applied Force(F,), kg/mm)

16 (b)

B =0.03274 + 0.01675 (F)

4 5 6 7 8
Total Applied Force (F,), kg/mm

Fig. 4. Total applied force effect on density in vibratory rolling
for (a) a parameter (cmo/A) and (b) a parameter (B).

3.2 Cooling Temperature Effect

Equation 5 starts to deviate from the
logarithmic linear relationship when cooling
effect comes into the compaction process. The
low temperature increases mix zero shear
viscosity (%,), and thus compaction becomes
difficult. Change of mix zero shear rate
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viscosity (%,) often affects the parameter a in
Eq. 5. The viscosity expression of the a is
given by Huh and Nam (1999) with constant
parameters, d and k, as:

d

a= ”ok/g 9

Insertion of Eq. 9 into 5 yields
- d
o— 0,= W N*® (10)

Now, the relationship between mix viscosity
and temperature is required to express the
density difference of Eq. 10 as a function of
temperature. This concept is  successfully
applied to the case of temperature change in
rutting (Huh and Nam (1999)). According to
them, Arrhenius temperature rule works well
for the purpose: that is,

E,
o=17 4 exp{ B (—IT— %‘0)} an

Combination of Egs. 10 and 11 produces

o— p,=K exp[_—YM}Nﬂ (12)

or

Ln(o— pg)=Ln(K)——AT/‘I+B Ln(N) (13)

where
K= I:”;'aciﬂ exp{ AY{ } and
M= FBE, (14)

R

In the above equations, 7, T, Ts. Ea. and
R represent the reference mix zero shear rate
viscosity, the absolute Kelvin temperature, the
reference absolute temperature, the activation
energy for flow, and the universal gas constant,

TR (2000, 3) wovevrerrerresresresressesresessessesessssssesesssssesssssssessessessesesseesesresoee

ooooooooooooooooooooooooooooo

respectively.

Equation 12 (or 13) represents density
difference as a function of mix viscosity. cooling
temperature, and number of roller passes. Note
that the temperature-dependent equation 13 is
approximated to the temperature-independent
Ea. 5, if the term, -M/T, is almost constant.
This demonstrates that deviation from the
linearity in logarithmic density difference versus
logarithmic roller coverage is due to presence of
the cooling term, -M/T in Eq. 13.

One additional equation, which specifies the
cooling history as a function of roller pass. is
needed in Eq. 12 (or 13). That is,

T=F(N) (15)

By inserting Eq. 15 into 12 (or 13), the
compaction density in the term of number of
roller coverage is completed. Functional forms
in Eq. 15 is turned out to be mostly linear,

T=A—-BN (16)

or sometimes quadratic.

T=A+BN-C N* a7

where A" is the initial compaction
temperature, and B’ and C are constants
relating to the cooling rate.

Cechetini (1974) reported compaction density
data in the term of roller coverage together
with a  history of temperature change.
Equation 13 is used to fit the temperature-
dependent density data and the result is
displayed in Fig. 5(a). The temperature change
in the term of roller coverage required in Eq.
13 is provided by Eq. 16 and is shown in Fig.
5(b). The linear region in Fig. 5(a) indicates
negligible effect of temperature change in Eg.
13.  Appearance of deviation from the linearity
evidently starts from emergence of cooling term,
~-M/T. When number of coverages extends, the
gradual increase of cooling effect permits the



density curve to reach the maximum, and then
decrease further.
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However, decrease of density after the

maximum point is not physically realistic.
Beyond this point, no increase or decrease in
compaction density should exist because the
mix material is assumed to be solidified at the
point.

Figure 6 clearly exhibits cooling effect on
consolidation during compaction process. The
dotted line indicates the linearity region, where
cooling effect can be ignored. Deviation from
the dotted line signifies appearance of the
cooling effect, and it becomes more significant
with increase of coverage.

60 1
_ 501
3 F,=4.64 + 04172 Ln{N)
® 40 7
< 1o P
5 —
5

Ln(p-py) =F, - F, = 4.64 - 2632/T + 0.4172 Ln(N)
T=419.7-2917N (F*=0.9908)
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Ln(Number of Roller Coverages (N})}

Fig. 6. Effect of cooling history on the logarithmic density.
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Fig. 7. Pavement temperature effect on density of asphalt mixes for
(a) a regression result by Eq. 13 and (b} a quadratic cooling history.

Regression of density data using a quadratic
coverage function (Eq. 17 and Fig. 7(b)) by
Eq. 13 is illustrated in Fig. 7(a). The
successful prediction is also observed. At a
relatively higher coverage, the earlier onset of
the maximum point is observed (due to the
rapid cooling) compared to the linear coverage.

The maximum density (solidification density)
is important in practice because all compaction
activity should be completed before reaching
the point. It 1is analytically obtained by
differentiating Eq. 12 (or 13) with respect to
number of coverages. For instance, by assuming
a linear cooling history (Eq. 16), differentiation
of Eq. 12 yields

do— p,) =_d[K exp{_—M}Nﬁ]zo

aN dN A— BN
(18)
which produces
NUATTOW
N,= QA+ W—V (4A+ W)W (19)
2B
where W = kE./R = M/B.
Equation 19 states that the initial

compaction temperature (A), the cooling rate

........................................................................... SRCEENEE|
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(B), and the thermal parameter (W) determine
the maximum coverage. In the cooling history,
the B is the cooling rate defined as a function
of roller speed, distance and width of roadways
to be covered, thickness of a lift layer, and air
temperature. The k and Ea./R, which determine
W, are binder properties relating to temperature
change.

Behaviour of three parameters (W, A, and
B) is demonstrated in Fig. 8(a), (b), and (c)
for reference. The low value of parameter W
yields the high maximum coverage in Fig. 8(a),
but its magnitude depends on the thermal
property of the asphalt mixture. The maximum
coverage increases almost linearly with the
initial compaction temperature A in Fig. 8(b).
The higher value of A brings the lengthened
maximum coverage, and leads to the better
compaction. The smaller cooling rate B in Fig.
8(c) affects tremendously to raise the

BN, @

N,, = [2A+W) - [W(4A+W)}*) / (2B)
A=4197, B=2.917

Maximum Coverage (N )
=

T T T T T T T
2500 3000 3500 4000 4500 5000 5500 6000 6500

Parameter W

< 10

0.5:
z ) Ny, = [(2A+W) - (W(4A+W)}>*]/ (2B)
& ol W=6309, B=2.917
o
@
3
[&]
E 81
=
E

390 400 410 420 430 440

Parameter A

(©

N,, = [(2A+W) - {(W(4A+W)}°*]/ (2B)
20 W=6309, A=419.7

]

10

0

Maximum Coverage (N )
(4]
(=]

— T T T T T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Parameter B

Fig. 8. Maximum coverage with respect to (a) W, (b) A, and (c) B in Figure 5.
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maximum coverage. Hence, among the three
parameters, keeping the cooling rate to be
small is most desirable in compaction.
Especially, for the mix which is too hard to be
compacted, choosing a high initial temperature
and a low cooling rate is highly recommended.

The maximum coverage defined by Eq. 19
tends to be estimated a little higher than the
experimentally observed one. Equation 19
evaluates Nm to be 85 instead of 6 observed
in Fig. 5(a), while Nm is 54 instead of 4
observed in Fig. 7(a). Thus, the 97 percent of
the maximum is recommended to be the right
levelling-off value.

Once the maximum coverage (Nn) is known
as shown by Eq. 19, the density at the
maximum (@) is determined by inserting it
into Eq. 12:

Oom= Pt K exp{A———l%\/,,,}'Nmﬂ (20)

Now, the total compaction achievable is
obtained by the value of (pn - £,) in Eq. 20,
and depends on K, M, A, B, #. and Nm.

Equations 12 and 20 are combined to give
another expression of a compaction density
function: that is,

o= 0,t(on— 0, €xp
—BM(N,,—N N V4
{ (A—BN)(A—-BN,,,}{ N,,,}

(21)

Equation 21 provides information about
percent of the maximum density achievable
with a given number of roller coverages. For
instance, the roller coverage which requires 97
percent of the maximum density can be
obtained as

_PT Po _ exp

Om™ Po

—BM(N,—N) N ¥
[ (A—BW(A—BN,) ]{ N}z 09 @)
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The number of roller coverages corresponding
to 97 percent of the maximum density is
evaluated from Eq. 22. At this ninety-seven
percent, the levelling-off coverage (N) becomes
6 for Fig. 5, while Fig. 7 produces a little over
4, which agree with observation.

3.3 Frequency Effect

When evaluating vibratory compactors, the
three most important factors, which are
frequency, amplitude, and weight of the
compactor must be considered. Among them,
the amplitude effect has been studied
previously, and now the subject of the
frequency is investigated. The required data
are found from the work of Cechetini (1974).
However, the data lacks the temperature
history of compaction. For the analysis purpose,
two arbitrary temperature variations are
assigned.

Figure 9 shows the regression results of
frequency data by Eq. 13 under the
temperature change with a quadratic coverage.
In a quadratic case, temperature cools slowly
at low coverages, and then the rapid cooling
takes place at the high end, as shown in Fig.
7(b). This trend is reflected well in Fig. 9.
which displays a lengthy linear relationship at

24
@
£
L
[ ~
5> 317 -
a |I: 1500 vpm e
a i
‘5’ i: 1200 vpn}/ Ln(p-p,) = Ln{K) - M/T + B Ln(N)
- T=408.9 +0.0873 N - 1.786 N
-4 _ ~
e I: Ln(K)=0.5533, M=1061, 3=0.7283 (r2=0.9990)
iIl: Ln{K)=0.6751, M=1165, 3=0.8032 (|2=0.9986)
I} LNn(K)=0.9640, M=1722, =1.203 (1*=0.9761)
5 T T . . :
-1.0 -5 0.0 5 1.0 1.5 20

Ln(Number of Roller Coverages)

Fig. 9. Frequency effect on compaction density in vibratory rolling.
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low coverages and then drastic decrease of
density i3 shown after the maximum.
Meanwhile, for the case of linear cooling
history as shown in Fig. 10, the linearity region
is shortened, and decrease of density after the
maximum is not sharp compared to Fig. 9.
This may suggest that degree of compaction
can be controlled by choosing the right cooling
history.

REX 848-A

1: 1800 vpm__~7"-

11 1500 vpm 5

Ln(p - p,, g/cm3)

il: 1200 vpm -~ Lnlp-pg) = Ln(K) - MIT + B Ln(N)
g T=419.7-2917N
] s
Ve 2
- I: Ln(K)=21.84, M=9962, p=0.9585 (1°=0.9978)
s Il: Ln(K)=24.05, M=10940, B=1.056 (r*=0.9975)

I11: Ln(K)=33.26, M=15230, $=1.533 (*=0.9673)

-1.0 -5 0.0 5 1.0 1.5 2.0
Ln(Number of Roller Coverages)

Fig. 10. Frequency effect on compaction density in vibratory rolling,

The estimated parameters of Eq. 13 (Ln(K),
M, and B ) shown in Figs. 9 and 10 are
plotted with respect to frequency in Figs. 11
and 12. Those figures assert that the
compaction frequency of vibratory rollers
invokes a relaxation response on the density
with a single relaxation time. That is.

(23)

R= R, exp{—j—}z R, exp{ 1 1}

A S

where R, Ro. t. 4, and f are a parameter in
Eq. 13, an initial parameter at t=0, a clock
time, a relaxation time for compaction density,
and a frequency, respectively. Note that a clock
time corresponds to a reciprocal of a frequency,
and the positive sign in the exponential term
implies that the frequency response on
magnitude of parameters is positive. Figs. 11

............................................................................. HETCE IR 5



and 12 indicate that each cooling history owns
its unique relaxation time.

—

Ln(M) = 1855/t + 5.889, *=0.9521
or M =361.0exp(1855/)

)

Ln(p) = 1855/ - 1.388, r*=0.9508
or [ =0.2496 exp(1855/)

Number in Natural Logarithmic Value

Ln(Ln(K)) = 1856/ - 1.611, r*=0.9907
or Ln(K) = 0.1997 exp(1855/f)

-2 T T T T T
1100 1200 1300 1400 1500 1600 1700 1800 1900

Frequency (f), Vibration per Minutes (vpm)

Fig. 11. Frequency effect on density parameters shown in Fig, 9.

-m
a4 Ln(M) = 1734/ + 8.191, °=0.9597
" or M=3608 exp(1734/)

Ln(B) = 1734/ + 2.068, °=0.9612

4] or B=7.909 exp(1734/) .
e e ]
21 Ln(Ln(K)) = 1734/ - 1.042, r’=0.9557

or Ln(K) = 0.3527 exp(1734/f)

Number in Natural Logarithmic Value

04
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1100 1200 1300 1400 1500 1600 1700 1800 1900

Frequency (f), Vibration per Minutes (vpm)
Fig. 12. Frequency effect on density parameters shown in Fig. 10.

3.4 A Full Compaction Density Equation

If the frequency effect, Eaq. 23, is
incorporated into Eq. 13, then the expression
becomes

Ln(o— p,,)={Ln(K)——A74‘+/3 Ln(N)} exp

{—}1 —},} (24)

b T RR=a .01 (1) RO

Also, if the total applied force of Eaq. 8§,
representing amplitude of vibratory rolling, is
added into Eq. 24, it is written as

ks
Ln(o— po)=[Ln[—/ﬂ”F7ktﬂ]

[

~M o (m, F ot m)La(M] exp{—}l—}(} (25)

Equation 25 explains compaction density as
a function of mix zero shear rate viscosity,
total applied force, cooling temperature, number
of roller coverages, and frequency. Further
verification of the equation may be needed
with additional data in the future. Equation 25
can be for a quantitative analysis of the
vibratory roller data. For the static rolling
case, the static linear load and the infinite
frequency must be used in the place of the
total applied force (Fy) and the frequency (f)
in Eq. 25.

4. DISCUSSIONS AND RESULTS

A main purpose of compaction study is to
estimate the two important parameters: one is
the number of roller coverages required to
reach the levelling-off density and the other is
the final density achieved by the particular
compaction process. The former information is
needed to finish a particular compaction job.
Equation 22 demonstrates it as a function of
mix viscosity, cooling temperature and roller
coverage. Likewise, the latter informs a
compaction degree achieved by a particular
compaction job. Equation 20 exhibits one
example.

If amplitude and frequency effects of
vibratory rollers are included in Eq. 22, the
number of roller coverages for the levelling-off
density (NL) can be described as:
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— BM exp(1/AA(N,,— N;)
(A—B N A—BN,) ]

(m, F+ my) exp(1/2)

= (.97 (26)

where

_ QA+W)—V 4A+ W)W
N 2B

m

(27)

Equation 26 tells that increase or decrease of
a roller coverage require control of several
variables like M (=kB E./R). 4 . f. A, B. and
W (=kE./R). Adjusting these variables, one
can choose the desired roller coverage.

Likewise, the expression of the final density
achieved (p1) is obtained by referencing Eq.
20:

exp(1/AN

ki Ftkz] exp

L= Po+[ L

o

— Mexp(1/AN \ . (my F ot omy)exp(t/A)
(=225 v (28)

Equation 28 suggests how each variable
affects to increase or decrease the final density
to be obtained. Control of these variables
allows one to obtain the wanted final density.
Thus, Egs. 26 and 28 will serve to_design the
quality of a constructed asphalt pavement.

5. CONCLUSIONS

Density data with respect to number of
roller coverages is a popular way of describing
compaction process in pavement construction.
The new theoretical equation to quantify the
compaction density has been developed on the
basis of the empirical rutting equation. The
equation suggests the logarithmic linear
relationship between density difference and
roller coverage. and turns out to work well

under a constant temperature. In addition, the
effects of cooling temperature, amplitude, and
frequency are also investigated. The results are
incorporated into a general density equation
suggested. Further validation may be demanded
in the future.

In conclusion, a new tool for a systematic
study of compaction is supplied in this study.
The tool may help to predict and control
compaction process more accurately such that
pavement performance improve significantly.
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