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Abstract: Analysis of compaction parameters of
the exemplary non-cohesive soil determined by
Proctor methods and vibrating table tests. The
purpose of the work is to analyze compaction pa-
rameters of non-cohesive uniformly graded soil
— optimum moisture content (w,,) and maximum
dry density (puma), obtained from Proctor tests
and using vibrating table. The research was con-
ducted on even-graded medium sand (Safgr), of
uniformity coefficient Cy=3.10 and coefficient of
curvature Cc = 0.99. Compaction parameters were
examined by using Proctor tests — standard Proctor
tests (I and IT) and modified Proctor tests (III and
IV) in compliance with PN-B-04481:1988, and
also standard (A+A and A+B) and modified (B+A
and B+B) according to PN-EN 13286-2:2010,
and by using a vibrating table in compliance with
PN-EN 13286-5:2006 at four sample loading
attempts. The moisture content of the samples
increased by 1-2% in the range of about 0% to
about 10%. On the basis of the analysis of data
from soil studies with uniform grain size (poor-
ly compactable soil), it can be concluded that the
values of test results pm., of medium sand with
standard (or modified) Proctor tests according to
PN-B-04481:1988 and PN-EN 13286-2:2010 are
close to each other. It can be concluded that in the
case of pumay, the vibrating table method (with the
assumed test conditions) allows to achieve results
comparable to those of Proctor (mean relative dif-
ference 1.88%). Using the vibrating table the w,,
values were lower than those obtained by Proctor
tests (mean relative difference of 18.84%).

Keywords: study of non-cohesive soil, compaction
parameters, optimum moisture content, maximum
dry density, Proctor tests, vibrating table

INTRODUCTION

As a result of the improvement of soil by
artificial compaction, the soil particles
are the most tightly laid, as possible in
the given soil and under given compac-
tion conditions. The factors that have a
major impact on the values of compac-
tion parameters include: soil moisture
content (Proctor 1933a, 1933b), grain
size and soil type (Pisarczyk 2004, Majer
2009, Sulewska 2009), energy expendi-
ture and the method of its transmission
(Proctor 1933a, b, Gurtug and Sridharan
2004, Sivrikaya et al. 2008, Dabska and
Pisarczyk 2011, Szajna and Lechocka
2016), the power of the impulse (Witun
2005), characteristics of the shape and
surface of grains (Kolbuszewski 1967).
The parameters of soil compaction
are the maximum dry density — pm.x (in
Poland the p, symbol is used) and the
optimum water content — w,,. Among
the methods of testing the parameters of
compaction of non-cohesive and cohesive
soils, compaction by using Proctor test,
in compliance with PN-B-04481:1988, is
most commonly applied in Poland. In the
year 2005 in road construction, the Euro-
pean standard PN-EN 13286-2:2005 was
introduced; at present the English ver-
sion of the standard is in force PN-EN
13286-2:2010 with the change of PN-EN



100 M.J. Sulewska, D. Tymosiak

13286-2:2010/AC:2014. This standard
applies to tests of unbound or hydrauli-
cally bound mixtures used in road con-
struction or civil engineering. It does not
refer to soils used in earthworks. A com-
parison of the results of the examination
of compaction parameters according to
the above standards is provided in the
work by Tymosiak and Sulewska (2016).
In road engineering, the method of com-
paction using a vibrating table according
to PN-EN 13286-5:2006 is also used to
test mixtures of aggregates used in the
construction of road pavements.
Maximum dry density values are
determined in order to control the com-
paction of cohesive and non-cohesive
made soils artificially compacted, based
on the calculated degree of compaction
(Ls), e.g. according to PN-S-02205:1998.
Only the density of non-cohesive soils
embedded in embankments of water-
drainage devices, e.g. in dams and
embankments, should be controlled on

the basis of density index (/p) according
to PN-B-12095:1997. The I, can also be
used to determine the states of naturally
compacted non-cohesive soils.

MATERIAL AND METHODS

The research was carried out on Pleis-
tocene fluvioglacial quartz sand from
around Biatystok, which according to
PN-B-02480:1986 was classified as
medium sand Ps. According to PN-EN
ISO 14688-2:2006 + PN-EN ISO 14688-
-2:2006/Ap2:2012, it was sand interbed-
ded with fine gravel (Safgr). The results
of the soil particle size distribution study
were made using the sieve method ac-
cording to PN-B-04481:1988 and are
presented in the form of particle size
distribution curve in Figure 1. According
to the grain size distribution indexes:
Cy=3.10; C-=0.99, it was a uniformly
grained soil (even-graded according to
PN-EN ISO 14688-2:2006/Ap2:2012).
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FIGURE 1. Particle size distribution curve of studied soil
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Kolbuszewski’s research (1967) on
sands compaction using vibrations sug-
gests that with the increase in the grain
size uniformity coefficient (Cy) of sands
(the study was carried out on two groups
of sands in the Cy range: from 1.7 to 3.3
for first group and from 1.6 to 2.95 for
second group), the minimum porosity is
reduced 7y, (from 0.38 to 0.31 for first
group and from 0.44 to 0.35 for second
group), i.e. the higher the Cy value, the
better the compaction of a soil. It is
assumed that the non-cohesive soil is
well grained (easily compactable and thus
useful for the construction of embank-
ments), if Cp, > 4 for gravels and C,> 6
for sands, with Cc = 1-3 (Czyzewski et
al. 1973, Arquié 1980). According to this
criterion, the examined sand was one of
the poorly compactable soils.

The compaction parameters were in-
vestigated using the following methods:

+ according to PN-B-04481:1988 tests:
standard (I and II) and modified
(IIl and 1V), with the use of Proctor
mechanical compactor — Figure 2
(Tymosiak and Sulewska 2016),

101

e according to PN-EN 13286-2:2010
tests: standard (rammer +mould: A+A
and A+B) and modified (B+A and
B+B), with the use of Proctor manual
compactors — Figure 3 (Tymosiak and
Sulewska 2016);

» according to PN-EN 13286-5:2006
using vibrating table (Fig. 4) with four
loadings of the sample with the total
weights m—m,.

The choice of the test method for
compaction parameters (Proctor stand-
ard or modified test) depends on the
grain size of the soil and the use of the
material in the embankment and the
expected embankment load (e.g. on
the road traffic category according to
PN-S-02205:1998). It can be assumed
that the energy of compaction in Proc-
tor standard method corresponds to the
compaction of the soil in the embank-
ment with light compacting equipment
(light road rollers, pneumatic rollers
weighing up to 10 t, and light compac-
tors). Compaction energy in modified
Proctor method corresponds to the work
of heavy compacting equipment: road

TABLE 1. Characteristics and terms of use of compaction by Proctor methods

Mass of | Volume | Compaction Terms of use: sieve (D) size
Method | rammer | of mould energy (n.lm)
(kg) (dm®) | (kN'm'-dm™)
I 2.5 1.00 0.59 D<6.0
I 2.5 2.20 0.59 D <10.0
I 4.5 1.00 2.65 D<6.0
v 4.5 2.20 2.65 D <10.0
Mould A: when 100% of grains’ diameter is D < 16.0
B B Mould B:
iig j ; 52 g ; g?g 8gg — when 100% or 75-100% of grains’ diameter is
’ ’ ’ D<16.0
B+A B=45 | 4=09% 2.68 . . .
_ _ — when 100% or 75-100% of grains’ diameter is
B+B B=45 | B=2.12 2.67 D<315
— when 100% of grains’ diameter is D < 63.0
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FIGURE 2. Proctor mechanical FIGURE 3. Proctor manual com-

compactor

rollers weighing 20-30 t, heavy vibra-
tory rollers weighing more than 4 t,
heavy compactors weighing more than
2 t (Majer 2013).

For vibrating tests of the soil, the
researchersused acylinder withadiameter
d.=16.20 cm and a height 4. = 19.08 cm
and a volume V. = 3.93 dm’, attached to
a vibrating table, which was a slightly
modified Vebe table according to PN-EN
12350-3:2011. The vibration parameters
of'the vibrating table (with empty cylinder
and without weights) approximately cor-
responded to the method of testing w,,,and
Pamax Of TOad aggregates using a vibrating
table according to PN-EN 13286-5:2006
and amounted to: vibration frequency
f=49.75Hz, vertical displacement ampli-
tude d = 0.25 mm, vibration acceleration
a=27.11 m's?(2.76 g). For the tests on
the vibrating table, six separate ground
samples of 6.00 kg were prepared each
time. Five samples were flooded with
a suitable amount of water to obtain
a moisture contents of approximately 2,
4, 6, 8, 10%. One sample was left in the
air-dry state. Each of the five samples

pactors and cylinders (on the
left: A+A, on the right: B+B)

FIGURE 4. Vibrating table with
weights: guide with lid 2.906,
5.017,7.085, 10.092 kg

was soaked for 48 h in sealed contain-
ers. After the wetting period, the test
soil sample was mixed in a container for
several minutes. Next, the cylinder was
filled with soil with the assumed mois-
ture content to almost the entire height,
the surface of the sample was leveled,
the cylinder was weighed with soil, the
cover was placed and the initial height of
the sample in the cylinder was measured.
Soil moisture content was determined by
drying according to PN-B-04481:1988.

One sample of a given moisture con-
tent was loaded with a mass of m, and
compacted by # = 20 min, measuring
every minute the height of the sample
in the cylinder at four places around the
circumpherence. After 20 min of sample
compaction, a load of m, was applied
and compacted for a further £, = 20 min,
measuring every minute the height of
the sample in the cylinder, after which
a load of m;was applied, followed by my,
proceeding similarly. In total, the time of
compaction of one sample was 80 min.
The unit loads of the sample surface
were: 1.35, 3.70, 7.01, 9.38 kPa.
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SOIL TESTING

Proctor testing

Dependency graphs p, = fiw) from Proc-
tor testing have been shown in Figure 5
(Tymosiak and Sulewska 2016). Two
groups of curves were obtained: the
upper group of diagrams marked with
dashed lines, with clearly higher pmax
values corresponds to the results of tests
with modified methods (except for B+B
method), the lower group of diagrams
marked with continuous lines with lower
Pamax values represents the results of
tests with standard methods. Values of
parameters w,,, and pum. have been sum-
marised in Table 2.
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According to Witun (2005) for gravels
and sands, the approximate ranges of w,,,
and pums values from tests according to
PN-B-04481:1988 are: for methods I and
I w,, = 8-12% and pumsx = 2.00-1.80
g-cm and for methods III and IV Wope =
= 6-8% and pumx = 2.10-1.90 g-em™.
According to Pisarczyk’s research
(2004), for sands: W,y = 8—13.5%, Pumax =
= 1.65-2.10 grem™, and pumax at Woy
essentially corresponds to the saturation
degree S,=0.4-0.7.

On the basis of the authors’ medium
sand tests, it can be concluded that the
majority of received values pim. are in
therange S, =0.6-0.7 (Fig. 5). Exception-
ally, the greatest value of p m.x from the
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FIGURE 5. Curvatures of medium sand compaction obtained by Proctor tests
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TABLE 2. Values of medium sand compaction parameters depending on a method of study (Tymosiak

and Sulewska 2016)

Proctor Average Average | Proctor Average Average
standard (vz/"”)’ Wopr ( p ZI"I‘?}) Pamax | modified Eﬁ/"")’ Wor | ’D Z'I':'l’i3) Pma
test ’ (%) & (grem™) test ? (%) £ (grem™)
I 10.03 1.863 I 9.64 1.913
10.25 1.859 10.01 1.939
I 10.47 1.855 v 10.37 1.965
A+A 11.08 1.843 B+A 8.46 1.935
10.98 1.832 8.57 1.895
A+B 10.87 1. 821 B+B 8.68 1.855

IV method is in the range of S, = 0.7-0.8,
and from the B+B method S, < 0.6. As
presented in Table 2, the average values
of pumax Of the investigated medium sand
determined by standard methods and
modified methods according to PN-B-
-04481:1988 are slightly higher than p .
according to PN-EN 13286-2:2010+ PN-
-EN 13286-2:2010/AC:2014: their dif-
ferences are respectively: Apmx = 0.027
and 0.044 g:cm and the relative differ-
ences are 1.45 and 2.27%. It follows that
the pum.x values examined with the Proc-
tor tests according to PN-B-04481:1988
and PN-EN 13286-2:2010 + PN-EN
13286-2: 2010/AC:2014 are similar. In
the case of the optimal moisture content
of the w,,, no clear regularities were
found: Aw,,, = |-0.73| and 1.44%, relative
differences are as follows: |-7.12| and
14.39%. It should be noted that the pro-
cedures according to the “old” standard
are simpler and require field sampling
of five times smaller sample for test-
ing. According to the “new” standard,
one sample can be compacted once, and
according to the “old” one, sample can
be compacted five times, which in the
case of quartz sands has no significant
impact on grain crumbling (Patakiewicz
and Zabielska-Adamska 2017).

Studies with vibrating table

Dependency graphs p, = f(w) from test-
ing on vibrating table have been shown
in Figure 6. The obtained compactabil-
ity curves are similar to the compaction
curvatures typical of sands obtained
from Proctor test, where, often at low
moisture content close to 0% higher
values of volumetric densities than at
optimal moisture are obtained (Pisar-
czyk 2004). This phenomenon is of no
practical significance in our climate,
because in Poland, sands usually have
natural moisture content w, = 3-5%.
Moreover, with such a low humidity,
the sands have a low bearing capacity
(Majer 2013).

Table 3 presents the values of mois-
ture content and the dry density. In the
majority of tests, the highest dry density
values were obtained after vibrations time
10 min. Vibratory compaction exceed-
ing 10 min did not cause a significant
increase of volumetric density.

Studied soil on the vibrating table
is best compacted in the air-dry state
(w=0.45%) or at the moisture content
w = 8.00%. Optimal moisture content of
8.00% was found to be optimal. At com-
paction of the sample at moisture content
greater than 8.00%, it was observed that
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FIGURE 6. Curvatures of medium sand compaction obtained from tests on vibrating table

TABLE 3. Values of compaction parameters of medium sand on the vibrating table depending on the

load
. ight nit loadin, opt max
Loading ko i o0 (som’)
m, 2.906 1.35 8.00 1.808
m, 7.923 3.70 8.00 1.828
s 15.008 7.01 8.00 1.834
. 20.083 9.38 8.00 1.860

water flows to the surface of the sample
and spills out of the cylinder (sprays up
and out) during vibration.

Essentially, in the moisture content
range 0.45% < w < 8.00%, lower values
of the soil dry density were observed
than at moisture content w = 8.00%, and
at 8.00% < w < 10.50%.

A slight decrease of p, value was
observed in relation to p, with w =
= 8.00%. The higher the surface loads
of a sample being compacted, the higher
the p, values are obtained. The values
Of Pumax increase from 1.808 g-cm™ with
the increase of sample surface load from
m; to my, successively: 0.020, 0.006,

0.026 g-cm, and the relative differences
are respectively: 1.11, 0.33, 1.42%.
Eventually, the compaction param-
eters of medium sand compacted on the
vibrating table were adopted for 10 min:
Wop = 8.00% and pums, = 1.860 grem™.
Comparing the value of pyn., obtained
from the tests on the vibrating table with
the mean values obtained by Proctor
tests, according to the “old” and “new”
standards (Table 2), we obtain differ-
ences from standard and modified tests:
respectively: [-0.001| and 0.079 g-cm™ or
|-0.028| and 0.035 grem™, which gives
relative differences of |-0.05| and 4.07%
and |-1.53| and 1.85%, respectively; an
average of 1.88%. The optimum moisture
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content determined by the vibrating table
method is lower than the moisture con-
tents obtained by Proctor tests, accord-
ing to the “old” and “new” standards by
2.25,2.01, 2.98, 0.57%, which gives rel-
ative differences of 21.95, 19.61, 27.14,
6.65%; average 18.84%.

Finally, it can be concluded that in the
case of pym.. the vibrating table method
(with the accepted test conditions)
allows to achieve results comparable
with Proctor tests (mean relative differ-
ence of 1.88%). Using the vibrating table
resulted in values w,,, lower than those
obtained by Proctor test (mean relative
difference of 18.84%).

CONCLUSIONS

On the basis of the analysis of data
from the studies on medium sand with
uniform grain size, it can be concluded
that:

1. Results of studies of the values of
compaction parameters (w,, and
Pamax) 1nVestigated using the Proctor
tests according to PN-B-04481:1988
and PN-EN 13286-2:2010 + PN-EN
13286-2:2010/AC:2014 are compa-
rable.

2. Results of tests of pum.x values deter-
mined with the use of a vibrating table
(with a unit sample surface load of
9.38 kPa and a compaction time of
10 min) are comparable to the Proc-
tor test results, and w,,, is much lower
— an average of about 19%.

3. Applied method of testing the compac-
tion parameters using a vibrating table
is useful for testing the compaction
parameters (W, and pum.x) of medium
sand with uniform grain size distribu-
tion.

4. Research will be continued on other
types of non-cohesive soils, in partic-
ular on uniform-grained soils (poorly
compactable).
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uzyskanych z badan metodami Proctora oraz
na stole wibracyjnym. Badania zostaly wyko-
nane na piasku $rednim Ps (Safgr), rownoziar-
nistym o wskazniku jednorodno$ci uziarnienia
Cy = 3,10 i wskazniku krzywizny Cc = 0,99. Pa-
rametry zageszczenia zostaty zbadane metodami
Proctora — standardowymi (I i II) i zmodyfiko-
wanymi (III i IV) wedlug PN-B-04481:1988,
a takze standardowymi (A+A i A+B) i zmodyfi-
kowanymi (B+A i B+B) wedlug PN-EN 13286-
-2:2010, jak rowniez za pomocg stolu wibracyj-
nego wedhug PN-EN 13286-5:2006 przy czterech
obciazeniach powierzchni probki. Wilgotnosé
probek wzrastata co 1-2% w zakresie 0-10%.
Na podstawie analizy danych z badan gruntu
o rownomiernym uziarnieniu (stabo zageszczal-
nego) wnioskuje si¢, ze wartosci wynikow ba-
dan pun. piasku sredniego standardowymi (lub
zmodyfikowanymi) metodami Proctora wediug
norm PN-B-04481:1988 i PN-EN 13286-2:2010
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sg zblizone do siebie. W przypadku p m. meto-
da stotu wibracyjnego (przy przyjetych warun-
kach badania) pozwala na osiagnigcie wynikow
porownywalnych z metodami Proctora ($rednia
réznica wzgledna wynosi 1,88%). Z uzyciem
stotu wibracyjnego uzyskuje si¢ mniejsze warto-
$ci w,,, niz za pomoca metod Proctora ($rednia
roznica wzgledna wynosi 18,84%).

Stowa kluczowe: badania gruntéw niespoistych,
parametry zageszczalno$ci, wilgotnos¢ optymal-
na, maksymalna gesto$¢ objetosciowa szkieletu
gruntowego, metody Proctora, stot wibracyjny
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