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ABST~CT

The paper presents a relation. developed to predict
maximum dry density (MDD) in terms of the solid
density and the gradation coefficients that
characterize the grain size distribution of locally
employed granular fill materials. For this purpose,
two geologically different soils commonly used as
selected fill materials are blended. A large number
of compaction tests as required by statistical
principles are conducted using the modified
Proctor compaction procedure. The gradation
envelopes, within which the ((ontrolparameterS are
varied, are selected on the basis of local
specifications for sub-base materials. A strong
correlation is found between the MDD and the
specific gravity of the solid grains. In contrast, the
correlation between the MDD and the gradation
coefficients including the coefficient of gradation,
Cg •• and the uniformity coefficient, Cu, is weak.
The developed predicting formula is compared with
existing methods. It is observed that the developed
relations predict well the MDD of soils of the
nature studied in this work than do the existing
methods. A test on a soil of relatively high solid
density revealed that the developed relation looses
its power of prediction when applied on soils of
solid density beyond the range studied.

Keywerds: Compaction, gradation coefficients,
granular soil, maximum dry density, mooified
Proctor test, solid unit weight, optimum moisture
content

INTRODUCTION

Particle sizes provide quantitative data on the range
of sizes of particles and the relative proportions, by
weight, of each size r{ll1ge.From this, it is possible
to tell whether the soil consists of predominantly
.gravel, sand, silt or clay sizes and to a limited
extent which of these size ranges is likely to control
the engineering properties. A subject of active
research interest today is the prediction of soil
properties based largely on grain size distributions,
void ratios, and soil particle characteristics [8].
Studies have been made in the past te establish
relationships between the MDD and simple

properties like the grain-size distribution o( soils.
Such undertakings have the objective of enabling
the user to predict the MDD for quick applications

, ,without the need to perform the compaction test.

The sizes of the soil particles, especially in granular
soils, have some effect on the engineering.
behaviour of a given soil [7]. An indication of the
wain. sizt; distribution ma)'....benumerically obtained
from the grain size curve using, parameters like the
coefficient of uniformity C u = D 60 / D 10 and the

coefficient of gradation C g = D 30 2 I(D 10 D 60 ),

where DJO• D30• and D60• are the grain sizes
corresponding to 10%, 30%, and 60% passing .
respectively. These two coefficients are used by
different authors to qualitatively describe soil
gradations in.different ways.

The density of a soil depends mainly on the weight
of the individual soil grains, the total number of
particles present, and the amount of water present
in the voids [2]. Particularly, ..' the maximum dry
den~ity of a granular soil can be expressed as:

where, Pd max is the laboratory maximum dry

density and P saild is the densitY of the sblid

grains.

The shape and tex~ure of individual particles are
also important in influencing the density of
granular soils. However, there is no refmed
geotechnical procedure to quantify the same. Thus,
they are not included in Eq: (l),

The primary, objective of this research work centers '
on developing an empirical relation to predict the
MDD for a quick application of selected local soils
employed in road construction in the'vicinity of
Addis Ababa. In addition, this work compares the
predicting power of. existing prediction formuias

with the one developed here...
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II} oider to meet these objectives, the basic
concepts of compaction of soils are briefly
presented. Then .previously developed prediction
relations are reviewed. Statistical approaches have
been followed to detennine the nwnber of sampling
mid to establish the, range of the grain size
distributions.

Following the common practice of PIending soils to
get improved.products, two soil samples have been
taken from the outskirts of Add1s.·Ababa and
Addis-Jinima Road Rehabilitation. Project site,
which were then blended to get a desired mix. The
modified Proctor test has',been selected for the
compaction tests as this has a relatively wider
application' as !lompared to the standard Proctor
test. Other relevant tests were also conducted,
including . specific gravity, dry and wet sieve
analyses.

The dftta.were analyzed using a commercial
statistics software callt;d S-Plus 2000. TIus analysis
essentially focused on finding an appropriate model
that best fits the observed data. After testing quite a
nwnber. of trial polynomial functions, a linear
equation has been found to be best fitting. The
statistical adequacy of this new relation' has also
been verified. With a view to assess the influence
of the regressor parameter, pine additional
compaction tests have been made on a different soil
type and the results were analyzed. The prediction
capacities of the existing relations have also been
coIJ1pared against the newly establish,:d relation.
The results show that the developed re ation has a
good prediction capacity for the range of
parameters considered in the study. Other

· important inferences have also been made based on
the results obtained ..

BACKGROUND

The Mechanism of Compaction

·At low water' content, a ,soil mass resists the
compaction effort imparted to it. As its moisture
content is gradually increased, the soil particles are

· lubricate4 and they slide one over the other thereby
.becomiI)g closely packed. lbis results in reduction
of ~ voids. As the free water content increases, the
compaction facilitating effect is offset by the
increased energy required to move the air out 'of the
soil beyond a certain stage. At this stage the total
void volume increases, but' not the volume of the
air void, which leads to subsequent reduction of the
drYdensity. The limit beyond which the soil shows
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decrease in dry density is the optimwn moisture
content, which correspondingly yields the
maximwn dry density.

Factors Influencing Compaction

Many variables influence the densification of soils..
The major ones include the type of soil, moisture
content, compaction effort and admixture.

In general, Coarse-grained soils can be compacted
to higher density than fme-grained soils. With the
addition of even a small quantity of fines to a
coarse-grained soil, the soil attains a much higher
density for a given compaction effort. However, if
ill1excess quantity of a fine fraction is added, the
rriaximwn dry density decreases.

Soils are stiff. and offer more resistance to
compaction at low water content. The increase in
water content lubricates the soil particles and the
compaction process increases the density the soil.
When the optimwn water content is achieved, the
air. voids become approximately constant and
further compaction effort cannot· force out air from
the soil voids..

The compaction effort essentially consists' of the
mass, size and operating frequency of the
compaction equipment. The compactor
chara.cteristics influence the stress level and depth
of influence of the dynamic force. The frequency ~f
compaction' is a function of the compactor- soil
system and it changes as the density increases
during the process .of compaction [4]. In general,
an increase in the effort, expressed normally in
terms of t}:1eenergy imparted, tends to decrease the
optimwn moisture content and increase in· the dry
density.

Appropriate addition of adnlixtures gives a better
dry density. Blending with soils of wide rlll1geof
grain size can bring about an increase in dry
density.

Laboratory Compaction T.ests

Laboratory compaction tests provide the basis for
determining the degree of' compaction and water
contep.t needed to a'thieve the required engineering

- properties.. They are also important in controlling
field compaction to assure that the required density
at the specified water content is achieved.
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The commonly' used laboratory compaction tests·
are the standard and the modified proctor
compaction test's. The basic difference between the
two test procedures lies in the compaction effort
and the size of compaction mould. In both tests, the
compaction energy is expressed as:

where XI and X2 are abscissas of the end poi.nts of
the straight line segment.

By defining q as the packing density of fines alone,
and t as the fraction of fine content (soil grains
passing the No 200 sieve), Primax is obtained as

StatistiCf~l Approach

in which a, b, c, and d are parameters determined
by fitting to experimental data.

According to the researchers [6], the result showed
that' the average value of deviation between the
computed and the measured values of maximum
dry density was 3.5%.

For practical interest, P solid was fixed to 2650

kg/m3. By conducting experiments on several soil
samples for s > 0.2 and applying a computer-fitting
program, the parameters were determined as a =
0.6682 ± 0.0101, b = 0, c = 0.8565 ± 0.0238, d =
0.3282 ± 0.0267 and q = 0.7035 ± 0.0477.

(3b)

(3a)

Pso/id

((l-t )/(c-d*s)+t/q)'
for 0.2 < s < 0.5738

Pso/id .

- ((l-t )/(a-b*s)+t/q),
for 0.5738 < s < 1.1346

Pdmax

N x W x H (2)
E = ~-.-V_u-

where N is number of blows per layer, W is
hammer weight (Newton), H is the hammer fall
height (m), and Vis the mould volume (m\

Typical values of maximum dry density are arouild
1600 to 2000 kg/m3.' the maximum range being
about 1300 to 2400 kg/m] Typical optimum water
contents are 10% to 20%, with an outside
maximum range of about 5% to 40% [4].

The modified Proctor test represents a high~
compaction effort than that in the standard Proctor
test. The test is used to simul/lte the field condition
where heavy compaction equipment is employed as
in airport and road constructions. The compaction
effort in the modified Proctor test is 4.56 times that
of the standard Proctor test. The corresponding
increase in maximum "dry density is, however, not
commensurate with the much larger proportion of
expended energy. In actual cases, the improvement
in density generally varies depending on the nature
of the soil and its gradation, but it seldom exceeds
10 % of the standard Proctor tests [4].

Existillg Predictjon Methods

Different authdrs have presented prediction
formulas for maximum dry density of compij,cted
granular fills.' Two of the main approaches are the
theoretical and statistical'methods.

Theoretical Approach

Korfiatis and Manikopoulos [6] approached the
problem through theoretical formulations. The
approach is based on the observation that any
particle-size distribution curve 'tends to be
lognormal in functional form. A straight-line
approximation is used to represel!t the expected
lognormal gradation of non-cohesive soils. The
straight-line distribution can· tJe completely
specified by two parameters: the center point with
the coordinates, (Xo, Dso), and the slope, s, at Xo,

where Xo is the particle size corresponding to 50%
passing (Dso). The value of the slope is computed
from the experimental data as s = 1/(lnX2-lnX)),

Masih [7] used a statistical approach to predict the
maximum dry demity of granular soils. The work
was based on an assumption of normal distributions

of grain sizes with th,e mean, Il, and standard
deviation, 0, ranging between 0.063 mm and 4.75
mm, and 1.0 and 5.0,' respectively. The soil
mixtures for the tests were prepared using the
normal distribution and its probability function
[11 ].

The compaction was done using the standard mold.
The results were plotted as MDD vti'rsus Il for the
normal grain sizes. They consistently showed a
curve formed of two segments: one segment was
similar to the probability curve and the other
s~gmeht'"»,aslinear.'

The expression for MDD or Pdmax was then derived
as [7]:
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LADORA TORY TEST RESULTS

where l.IQ and ~ are the means of grain sizes before
and after addition of fine materials, respectively.

The MDD after the addition of fines is determined

by adding Eq. (6) to Eq. (4) or (5) depending on the
given condition.

quarry site in Bole Bulbula area in the south-east
comer of the city and is mai~y a product of
we!lthered tra,s::hiticrock. The second one is of
tuffitic origin and taken from a quarry used by the
Addis-Jima road rehabilitation project that is
currently underw.,ay.. About 1000 kg of sample was
employed from each soil for the intended purpose.
The blended soil has a Los Angeles Abrasion value
of 46 %.' Modified proctor compaction tests were
conducted on 43 specimens of different grain size
distribution obtained by blending different fractions
fmer than the 19 mm-sieve size so that they all lie
within the envelope selected. The specific gravity
of the solid grains in these samples ranges between
2.647 and 2.734, the average. being 2.683. For
detailed data on the samples including gradation
coefficients and. specific gravities, the reader is
referred to the work in [11].

Gradation envelope is usually provided as a
yardstick to control the quality of the material
when the same is used in pavement work. For
granular soils that are used as sub-base materials,
the locally established gradation requirements are
given in Table 1 according to the ERA
specifications. These requirements are applied to
meet different road quality standards.

Selection of Gradation Envelope

To study the effects of gradation coefficients on the
maximum dry density, it was found necessary to
select a gradation envelope. 'Grading A' is
commonly used in gravel roads and it has beep
selected for this purpose with SOmemodifications.
The gradation limits on sieve size 4.75 mm are

. replaced by the corresponding limits of 'Gradiri.g
B' in order to widen the gradation envelope. The
deficiency of fine materials in th~ test samples has '
also urged the authors to modify the gradation
limits on 0.075 mm openimg sieve. In order to
represent' the grain size variation at uniform
intervals; additional intermediate sieve sites have
been included. The modified gradation envelope is
given in Table 2.

(5)

(7)

(8)

for cr> f..l

f3 = p W • /(W • + W 0 )

P. = PoW 0 /(w;. + w 0 )

The biasness factor is calculated as

Jwo types of soils of different geological origin
and commonly employed as sub-base materials in·
road construction in the vicinity of Addis Ababa
were blended for the purpose of this study. The
first one was sampled from a widely exploited

for cr:S f..l (4)

P d"max = P solid (0.61 + d-:-. ~ + 0.0004 • pG",211: G

where Wo is the weight of the added fine material
and Wo is the weight of the original sample.
The Il to be used in Eq. (6) is calculated as

where It = O.070+0.45,u°93 and

a = 0.35+0.09.u.

A term called biaSJ1essfactor, ~, waS introduced to
predict the new density of the soil after mixing it
with fine particles (10%-30% by weight to the soil
sample). The effect of the biasness factor ~ in
increasing the MDD is ~iven by the following Eq.
(7):

O.2/J-[J
!:!..P= 0.128Pso!id((.u[J+0.l )/4a+fJe )

for ~ :S 0.8 and 1:Sa:S 1.21l (6) .
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Table I: Local gradation requirements for sub base material [14]

OPENING SIZE 75·37.5254.751.180.075

(MM)
Q)0;?

Grading A10075-85-45-6515-400-10

~e..,
Grading B

10030-700-15
~ gf

---.
,'(.) "c;;' '" .. Grading C 10040-80 5-20

~cf
-- -

:fable 2: Modified gradation envelope

OPENING SIZE (MM) 38.1199.54.752.361.180.60.30.150.075
<

~~

Lower
75

635330261610630
.5 '-" .

Bound
d tlI)

Upper8 .S 85797370564437 .25173
•••• ell

BoundQ) ell

o'

~cf

63.

The required sample set size, n, is then determined
from [8.]:

Finally, for a COY of 10%, an e of3% anda Mof
1.96 (normal di.stribution), Eq. (9) yields the
required sample size, n, of 43 for this study.

Test Frequency

To establish the reqUired sample size, there are
three parameters to be determined. The allowable
sampling error, e, is one of the parameters and is
defined as the ratio of the maximum allowable
difference between the estimate made from the
sample and the result of testing all the individual
specimens. The error, e, is taken- as 3 % for this
research work.

(20), * COV )'n = -------- e'
(9)

The second parameter to be evaluated is the
coefficient of variation, COY. It is a parameter
useful in comparing the variability of two or more
data sets that differ considerably in the magnitude
of observation'. It is generally available frQm past
records or experience. Since such data are not
available for the purpose of this work, COY=l{) %
is adopted for this work as it is a standard value
establishedJor unit weight of soils [3].

Finally,. a statistical parameter called variate of the
standard normal distribution, Zo, has to be
determined. The variable Zo represents the number
of standard deviations from the mean. If Q is a
dimensionless parameter such that 0 < a < I, then Z
aIJ.' is the upper al2 percentage point of the standard
normal ° distribution curve ° and a (1- a) is the
confidence level of the sample. Confidence level is
the probability that a specified interval around the'
value of a parameter estimated from a sample
actually inclUdes the value that would be calculated
from the whole population .

Application of Sampling Theories

A simple random sampling-is a statistical method
° that -allows every possible combination of sample
Units to be selected. The possible combinations are
limited only by the sample size. Random sampling
is accomplished by ensuring that at any stage of,·
sampling the selection of a particular unit is not
influenced by other units that have already been
selected..

RANDBETWEEN(RB) is an in-built statistical
function in the common application software. of
Microsoft Excel. It is used for selecting a random
number between the numbers specified. The,
underlying principle of this" function is that every
number·has an equal chance to be selected. A new
random number is returned every time the Excel
W9rksheet, on which one is working,' is
man,ipulated. The syntax of this function is

. RANDBJ.!:TWEEN (A, B), where A and B are the

Journal of EEA, VoL 21, 2004
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smallest and largest integer numbers, respectively,
which the function will return. The random

sampling is appl!ed as shown lifTable 3.

By running each function indicated in Table 3,
forty three times' and dividing the generated
numbers by 1000, it was possible to find 43
gradation data. Generally, percentage of a soil
passing a certain' sieve size must decrease as its
particle size increases. However, a close
observation the generated numbers reveals that this
condition has not been met. A column wise or row

wise rearrangement adjustment had to be made to
get possible grad~tion distributions. With the
adjustment made, the gradation coefficients were
calculated.

The first granular soil was sampled from Southern
Addis Abab\l, at a place locally called "Bole
Bulbula". Its :parerit material is weatherl:d trachytic
rock. The second sample is a volcanic ash brought
from Addis-Jimma site. The blended soil has a Los
Angeles Abrasion value of 46 %. Modified proctor
compaction tests were conducted on the 19 mm
passing fraction. In order to maintain the same
percentage of coarser material as in the original
grain size distribution, the material retained on the
19 mm sieve is removed and replaced by an equal
mass of material passing the 19 mm sieve and
retained on the 4.75 mm sieve [1]. This procedure
gave rise' to new gradation curves. The result is
summarized in Table 4.

Table 3: Application of ,Randbetween' function
,

SIEVE SIZE (MM)

PERCENTAGE PASSING (%)
FUNCTIONLower Bound

Upper Bound
38.1

7585RANDBETWEEN (75000,85000)
19

6379RANDBETWEEN (63000,79000)
9.5

5373RANDBETWEEN (53000,73000)
4.75

3070RANDBETWEEN (30000,70000)
2.36

2656RANDBETWEEN (26000,56000)
1.18

1644' RANDBETWEEN (16000,44000)
0.6

1037RANDBETWEEN (10000,37000)
0.3

625RANDBETWEEN (6000,25000)
0.15

I
3 17RANDBETWEEN (3000,17000)

0.075
03RANDBETWEEN(0,3000)

There is another type of sampling method in wh,ich
the total population is broken into a number of
strata or subpopulation and a random sample is
taken from each ,stratum. This sampling meth9d is
called stratified, sampling, and allows for a
statistical analysis of variability within .and
between strata.

The gradation of any granular soils can be
classified under one of the three stratified groups
that are estaJ)lished using the ranges of values of
gradation coefficients Cu and Cg. These three
groups are shown in Table 4 as Case A, B, and C.
Thus, the required number of test, gradations for
each stratified sample case is determined by,
applying the random number function
'RANDBETWEEN (14,15)', as draws of 14 twice
and 15 once yielding tota\ly: 43 .different
gradations. '
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Table 4:~ary after the application of
replacement method [11]

Case C.CuNumberof Samples
A

-I ~C.~3Cu>413
B'

C.> 3Cu>4 16
C

C. < ICu>4 14

Test Results

The laboratory work started by sieving separately
the two soil samples. About I ton of soil was used

from each type. The fractions reta~ned on each
sieve size were placed separately anq blending was
made. from each equivalent size of the two granular
soils in accordance with the desired gradation to
prepare the 43 samples as establisheQ by Eq. (9).
TIlt;, Moditied compaction test was then conducted.
As the test material is expecteGto undergo a certain
degree of disintegration due to the compaction
effort, the' compaction test was again made at
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exactly the optimum moisture content for each of
the forty-tlrree. soil' mixes. This discrepancy was
accounted for by conducting dry and .wetsieve
analyses on specimens compacted at the OMC.
Specific gravity tests were also made for all
specimens. All the tests were carried out based on
the AASHTO standard testing procedures. The
aetails of the laboratory test results are available in
[11 ].

REGRESSION ANALYSIS

gets llirger, it can be expected that the nonnal
distribution of;MIJD becomes clearer.

In carrying out the whole statistical analysis, a
commercial statistics software-named S-Plus 2000
was employt:d.

The scatter plot of'the dependent variable with each
of the independent variables helps' to see the.
existence of any correlation and identify the.
regressors, which. influence MDD significantly.

Scatter Plot

Before embarking on any regression analysis, the
normality of the dependent variable has to be
assessed. As shown in Fig. 2, tlle MoD is.
practically normally distributed. As the sample size

Such plots are presented in Figs. 3 to 5 forMDD:
against the uniformity coefficient, cu, the

~oefficient of gradation, cg, and the solid density,
respectively.

10

Std. Oev = 23.82
Mean = 1683.7

N = 43.00
1640.0 \660.0 1680.0 1700.0 1720.0 1740.0

1650.0 1670.0 1690.0 1710.0 1730.0

MOD

Figure 2 Hist~gram of the MOO
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Figure 4 .Scatter plot ofC, versus MDD
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Figure 5 Scatter plot of Solid Density Versus MDD

Even though' a trend of banded distrIbution caD be .
observed from visual inspection, one has to re&Qrt
to formal regression analysis in order' to stUdy the
existence of any possible correlation betWeen the
dependent and the independent variables. This

. ,involves the testing of different models, which is '
treated in the following sect~on.

"

Relationship Between the Regres,or Variables
and the ~esponse

'Fitting a regression model requires several
assUmptions. Estimation' of the mOdel parameters
requires the assumption that the residuals (actual
values less estimated values) are· uncorrelated
raI1dom Variables with mean zer!) and constant'
variance.

Journal ofEEA, Voi. 21, 2004

Anumber of techniques can be used to indicate the
adequacy of a 'multiple regression model, some of
which are the standard error, the adjusted
coefficient of determination, and the t-test. The
standard error of a statistic gives some idea about
the precision of an estimate. Estimated standard
errors are computed based on sample estimates.
During modeling, a variable that shows the least
standard error of estimates is chosen.

The adjusted coefficient. of determination, Ef,

shows the percentage of variation of the dependent
variable. During r~ession analysis, a regression
model with higher value of the adjusted R2 is
usually accepted.
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The (-test is one of the methods used to accept or
reject a given hypothesis. The (-:value is simply
calculated as:

were fitted to the data with the results obtained as
shown in Table 5,

Table 5 shows that the most significant variable
that describes well the variation Qf the data is Psolid

as depicted by the corresponding least value of the
standard error and the P-value. The corresponding
predicting eq).Ultionis given as:

I .fTable 5: R --M£- -- -- -,; -

Term
Coefficient~tandard

(-value
P- value

error
C.'

-2.6353.99-0.660.5132

C.4
25.804940.43650.63820.5274

C/

-84.7582147.8499-0.57330.5700

C/

106.8761237.14240.45070.6549

C.

-47.3460162.2631-0.29180.7721

Cu
0.16420.09491.73030.0921

Psolid

0.62300.013944.70960.0000
( -value =

Coefficien t of a variable in the regression equation

Standard error of the estimated coefficien t

(10)

The P-value is a parameter that is used together
with the (-value. It is simply the smallest level of
significance, a, at which a variable is significant. If
the P-val~eis smaller than a, the particular
regression is important in explaining the variation
of the response variation in the model. If 20 is the
computed value of the test statistic, then the P­

value is 2(1-<1>(20)) for a two-tailed test. Here,
<1>(20) is the standard normal cumulative
distribution at 20'

Polynomial regression models are widely used
when the plotted response has a curvilinear trend
[10]. They are generalized as:

where a 0, a I, a 2, a 3,., a n are coefficients of the

independent variables, x1r X2, X3,"" Xn are the
independent variables (repressors) and Y is the
response. Polynomial functions of various degrees

2 2 2
Y =ao +q.x; +ClzX2 +£X03 +a;; +asxi +~

n n n
"t •• +an-2-Xi +an-1X2 +anX3

(11 )

MOO = 0.623 Pro'" - 1

The value of the l;ldjusted coefficient of
determination, R2, is calculated using standard
procedures as 0.9998. This indicates that 99.98 %
of the variation in MDD is explained by the
equation. Furthermore, the variable Cg has been
found to be insignificant In explaining the
variability of the dependent variable. The plot of
Eq. (12) is shown together with the scatter plot in
Fig. 6.
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18501800
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M 1750..§
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•
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• -~• 14 .~
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Figure 6: Plot of fitted datafor first trial
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It is obvious from Table 5 and Eq. (12) that then~
exists a lack of correlation between MDD and the .

coefficient of gradation parameters. In 'order to
make sure if this trend holds for other definitions of

gradation parameters, a different gradation
coefficient has been selected introduced, which is
given by [13]:

Table 6: ~egression analysis results based on V

Term Coefficitnt.StandardI-valuePvalue
errorVII'

0.29300.22971.27540.2095

Cu

0.17840.08632.06720.0452

AaNd'

0.61560.0044140.3228.0.0000

(13)

where D 75 and D 25 are' the grain sizes in

millimeters corresponding to the 75% and 25%
passing, respectively.

The corresponding formulation then becomes:

Table 6 indicates the significance of Cu in
explaining the variability of the observation data
with the introduction of V. in place of C•. The
adjusted cOefficient has become 0.9996. Thus, Eq,
(15) is taken as the appropriate model for the
problem at hand in lieu of Eq. (1~). The relation
found is presented in Fig. 7, where. MDD is plotted
against Cu for the common' ranges of specific
gravity of granular soils.

(14) Comparison of Results

For the regression analysis, various exponential
values for V were considered. The best fit that was

obtained was for an exponential value of 1/5 as
indicated in Table 6. The introduction of this new
gradation parameter, V, did not significantly
improve the correlation. Nevertheless, the final
equation becomes

MDD=06156' Pso/id+0.1784'Cu -:-1.0 (15)

A comparison has been made between the actual
MDD results against those predicted by existing
prediction methods as well as by the presented
method as shown in Table 7. As Masih's equation
is developed for standard Proctor tests, an average
theor~ical conversion factor of t07 has been
applied to convert it to modified Proctor' test
resul~. It is evident from Table 7 that the formula
presented in this work has a much stronger
prediction capacity than the existing formulas for
the material considered.
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Figure 7: Relationship between MDD and Cu for seleCted values ofGI
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Table 7: Comparison of~rediction methods

MDD Prediction methods
Difference between

Test Code

Theoretical method
StatisticalActualprediction by the new.

. (Korfiatis and MethodNew methodMDDmethod and the actual

.'_: Manikopoulos)

(Masi~) MDD(%)

A-I.

20821795 .1662 -16660.24

A-12

2049.1791165116430.49

B-5

178116141724 6.4

,".B.9. -.

179016381695 3.36

C~2 •

1954'",, 179315911654 3.81

C-3

19351815 ,16041690 5.09
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In order to test the sensitivity of the developed
fonnula for solid densities outside the range of
values considered in this study (2.647 to 2.734),
nine additional compaction tests were conducted on
.Samples Ulken from the base-course material used
in segments of the Bahir Dar-Merawi asphalt road
construction projt:ct· that is currently underway.
This material is of diffetent geological. qrigin
derived from crushing of sound basaltic rock that
exhibits a Los Angeles (LA) Abrasion value of 16 .
% and a range of specific gravity of solids between
2.93 and 2.98. The results of the comparison show
as expected that the developed formula fails to
sufficiently _predi!;t the MDD. This indicates that
the developed formula may be used only for cases
with .gradations and specific gravities of solid
grains fallmg Within the ranges studied.

CONCLUSIONS AND RECOMMENDATIONS

The prediction formula is basically develo~ for
materials similar to those used for th~ study and..
with gradation falling within the specified range~
From the statistical analyses made in. the previous
sect~ons,the following conclusions can be drawn.

1. The commonly employed coefficient of
gradation Cg is not a significant variable to
explain the MDD of the type of soil studied.
Instead, introduction of the definition given in
Eq. (13) resulted in a better correlation of the
MDD with the gradation. However, it can
generally be concluded that gradation

.parameters are much less significant than solid
density to characterize MDD.

~. 'The solid density, P,olid' and Cu of the given.

soil are significant in explaining the variability

of the observation. Particularly, Psolid IS

found to be the most significant parameter.

3. The direct relationship observed between the
specific gravity and MDD of the soil agrees
with results of previous works. In fact, the
develo¢d relation exhibited the best
predicting power for the types of soil studied.

4. From ·the comparison made with the two
existing prediction approaches using the test
results, Masih's statistical methOd better
predicted the MDD of the sample.

5. -Further studies are needed to establil;h
correlations for values of the important
parameters outside the ranges considered in
this paper.

6. It is recommendable to extend the study on the
basis of gradation coefficients that could better
describe the gram size distribution of granular
soils. Such coefficients Could possibly be
defined by the researcher himself.
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