
Influence of Laboratory Compaction Method on
Compaction and Strength Characteristics of Unbound
and Cement-Bound Mixtures

Zvonarić, Matija; Barišić, Ivana; Galić, Mario; Minažek, Krunoslav

Source / Izvornik: Applied sciences (Basel), 2021, 11

Journal article, Published version
Rad u časopisu, Objavljena verzija rada (izdavačev PDF)

https://doi.org/10.3390/app11114750

Permanent link / Trajna poveznica: https://urn.nsk.hr/urn:nbn:hr:133:208077

Rights / Prava: Attribution 4.0 International / Imenovanje 4.0 međunarodna

Download date / Datum preuzimanja: 2025-01-15

Repository / Repozitorij:

Repository GrAFOS - Repository of Faculty of Civil 
Engineering and Architecture Osijek

https://doi.org/10.3390/app11114750
https://urn.nsk.hr/urn:nbn:hr:133:208077
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://repozitorij.gfos.hr
https://repozitorij.gfos.hr
https://repozitorij.unios.hr/islandora/object/gfos:2697
https://dabar.srce.hr/islandora/object/gfos:2697


applied  
sciences

Article

Influence of Laboratory Compaction Method on Compaction
and Strength Characteristics of Unbound and
Cement-Bound Mixtures
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Abstract: During road construction, granular materials for the unbound base course (UBC) and
cement-bound base course (CBC) are mostly compacted by vibratory rollers. A widespread laboratory
test for determining the optimal moisture content (OMC) and maximum dry density (MDD) of
the mixture for installation in UBC and CBC is the Proctor test. Considering that the Proctor
test does not produce any vibrations during compaction, this paper compares the Proctor test
and the vibrating hammer test. The examination was conducted on UBC and CBC with varying
cement content and aggregate types. All mixtures were compacted by both methods with the
aim of determining the compaction and strength characteristics. The results indicated the high
comparability of the two test methods for mixtures with natural aggregate in terms of MDD, OMC,
density and strength characteristics (California bearing ratio (CBR) for UBC and 28-day compressive
strength for CBC). For mixtures with higher cement content, the OMC difference depending on the
laboratory compaction method used can be significant, so the laboratory compaction method should
be chosen carefully, particularly for moisture-susceptible materials. This paper also reveals that by
increasing the proportion of rubber in the mixture, the compaction and strength characteristics differ
significantly due to the compaction method. Therefore, when using alternative and insufficiently
researched materials, the compaction method should also be chosen carefully.

Keywords: cement bound base course; unbound base course; compaction technology; Proctor test;
vibrating hammer test; recycled rubber

1. Introduction

Compaction is a significant process in pavement construction. For pavement instal-
lation, all the installed layers must be compacted to the target degree of compaction and
density. As a result of the application of the required compaction effort, a certain targeted
porosity and shear strength of the compacted material is achieved. Also, compaction has a
great impact on the pavement load-bearing capacity. Good compaction is a guarantee of
the road service level [1]. The compaction of pavement courses is performed by various
types of roller or plate compactors [2] and the selection of the type of compaction machine
has a significant impact on the compaction characteristics achieved. An overview of the
importance and historical development of road compaction technology is presented in [3].
Commonly for road construction, several different types of roller are used, i.e., smooth-
wheel rollers, pneumatic rollers, and sheepsfoot rollers. Their dead weight, drum width,
and diameter are common characteristics for all rollers, but all rollers differ in certain prop-
erties. Smooth-wheel rollers appear as static, vibratory, and oscillating. Static rollers can
consist of one, two, or three drums and they rely on dead weight, speed and the number of
passes. On the other hand, the vibratory rollers’ efficiency greatly depends on their weight,
speed, amplitude, and the frequency of the drum. Namely, a drum consists of one or two
eccentric and rotating masses that produce vibrations. By compacting with vibratory rollers,
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the friction of the material during compaction reduces, and aggregate grains nest more eas-
ily into the cavities in the mixture. Dynamic compaction gives the best effect in compacting
cohesionless materials [4–7]. Fathi et al. [8] tried to examine the depth of influence of intelli-
gent compaction rollers using simulated and field data. Research has shown an increasing
depth of influence for granular materials, while the influence decreases with increase in the
cohesion of the compacted material. In road construction, large areas have to be uniformly
compacted to the targeted degree of compaction and density. Taking into account the
aforementioned, the simultaneous control of all the parameters for effective compaction
tends to be a challenging task. Nowadays the continuous compaction control method
(CCC), presented in more detail in [9], is widespread. CCC allows control of the compaction
effect achieved in real time, based on the dynamic response of the interaction between the
drum and the layer being installed [10,11]. Most recently, published studies are presenting
the developing approach of quality control and acceptance (QC/QA) based on intelligent
compaction (IC) technology in road construction, which is arguably dependent on and
determined by the development of sensor technology and robotic operations [3,12–14].
In [1], the main drawbacks of existing compaction assessment methods are underlined,
based on discrete manual measurements, such as the inability to provide results on the
quality of the compaction of the entire road, as well as being potentially destructive of
the layers and time-consuming. The authors presented a QC/QA-based IC technology
with an alternative measurement based on a changing pattern of compaction meter values
(CMV) in regard to the number of compaction roller passes. They reported that this is
more likely to achieve the desired compaction quality under the optimal moisture content
(OMC) situation. A similar approach is presented in [15], comprising the implementation
of roller-integrated CCC technology on granite residual subgrades. The authors underlined
in their conclusions that the roller operation parameters and lift thickness should be kept
constant during further quality assurance using the roller-integrated CCC technology, since
the roller measurement values rely strongly on the roller operation parameters and lift
thickness, especially for cement-treated layers. As for further research, the authors suggest
investigating the effect of the moisture content on the roller measurement values, as well
as the correlations between the roller measurement values and further location-specific in
situ point measurements. The results of a geostatistical analysis of IC technology showed
that this technology can provide detailed information about the uniformity of the spatial
compaction and that it could be adopted to monitor the changes in spatial uniformity
during the compaction [16].

Finally, for effective compaction, appropriate material needs to be used, with proper
aggregate gradation and binder content depending on the constructed bearing layer. The
recipe for the reference mixture is obtained by laboratory testing. For a proper reference
mixture definition in laboratory conditions, realistic on-site conditions need to be simulated
through proper simulation of the in-situ compaction energy and other conditions. The
standard laboratory tests for determining the maximum dry density (MDD) and OMC are
the Proctor test, vibrating hammer, and vibrating table [17,18].

The unbound base layer is an indispensable part of every pavement, made of a mixture
of unbound granular stone materials. The main characteristics of this layer are the degree
of compaction and the modulus of compressibility. In pavements with a heavy traffic load,
a hydraulically bound base layer is installed on the unbound base layer, which is a mixture
of well-graded aggregate, hydraulic binder and an appropriate amount of water. The main
feature of this layer is the degree of compaction and compressive strength. To determine the
compaction parameters in laboratory conditions, the most widespread test is the Proctor
test, while other test methods can also be applied. Since granular soils are mostly com-
pacted by vibrating rollers, with vibration compaction, it can be inferred that the Proctor
test does not give sufficiently realistic results, because it does not use any vibrations during
specimen compaction. As an alternative to sample preparation by the Proctor compaction
method, vibratory hammer compaction can be used. Izaquiredo et al. [19] concluded that
when using the Proctor compaction method, grains tend to pre-shred and be unevenly



Appl. Sci. 2021, 11, 4750 3 of 12

distributed, which leads to unrealistically high optimal moisture content and maximum
dry density values which are hard to achieve in real compaction. Sengün et al. [18] com-
pared four compaction methods on roller-compacted concrete mixtures to determine the
compressive strength. The results proved the better efficiency of the vibrating hammer test
than the modified Proctor test for mixtures that contain lower amounts of cement, while for
mixtures with higher cement content, smaller differences between the test methods are ob-
served. Also, Drnevich and Evans [20] claim that the vibrating hammer represents the field
compaction conditions of granular soils better than the vibrating table test. Hoff et al. [21]
studied the influence of different laboratory compaction methods on the resistance to per-
manent deformation of unbound granular materials. Comparisons were made for samples
compacted with four different methods: gyratory compactor, modified Proctor, vibratory
table and vibratory hammer, and showed that the modified Proctor method shows less
resistance to permanent deformation than methods based on vibration. McLachlan and
Bagshaw [22] addressed the standardization of laboratory compaction energies for different
compaction methods, giving the description and comparison of three compaction methods;
vibratory hammer, vibrating table and gyratory compactor, considering, among other
parameters, costs, ease of use, consistent energy input as well as correlation with field
compaction. As the alternative methods were weighted on the vibrating hammer test till
such a decision is made, the recommendation on the vibrating hammer standard should be
revised and made more precise, e.g., requiring calibration. Investigations of the effects of
different laboratory compaction methods on the properties of cement-stabilized materials
were done by Wu and Houben [23]. The mechanical performance of cement-stabilized
samples of three types of soil—sand, sandy clay and clay—were compared, defining the
appropriate technique for compaction of each of the soil types used. It was observed that
for sand materials vibratory compaction gives substantially higher densities compared to
the Proctor test (resulting in two times higher compressive and indirect tensile strength),
and also that there is an increase in densities for stabilized sandy clay, as opposed to clay
and stabilized clay, where no obvious improvement is noticed. A new soil compaction
vibratory machine which can produce densities and optimal moisture contents that would
mimic the Proctor test is described in [17], with the conclusion that soil densities increased
with the increasing amplitude, time, and frequency of the machine, and that the vibratory
soil compactor would work best at a frequency of 17 Hz and amplitude of 1.17 mm for
5 min. Field test results presented in [24] on the energy transferred to the ground com-
pacted by a 4-sided impact roller confirmed that the towing speed influences the pressure
imparted to the ground and hence the compaction effort, and that the current practice of
using either kinetic energy or gravitational potential energy should be avoided, as neither
can accurately quantify the rolling dynamic compaction when the towing speed is varied.

This research aimed to determine the applicability of the vibrating hammer method
compared to the modified Proctor test in the testing of unbound and hydraulically bound
mixtures for pavement purposes using standard and some non-standard materials (waste
rubber). The main purpose of the research conducted was to compare the compaction test
conditions and their influence on the material behaviour through compaction and strength
characterization. Also, the appropriateness of the two compaction methods on an alterna-
tive, waste material—waste rubber—was investigated. Namely, the use of waste rubber
in the cement-bound base course (CBC) can reduce the occurrence of reflective cracks
in the asphalt wearing course, resulting in natural resource preservation and extended
service life of a pavement structure [25,26]. Little research has been done on effect of crumb
rubber on cement bound mixtures, while extensive research has been conducted on rub-
berized concrete. Natural aggregate replacement by crumb rubber inevitably contributes
to the reduction of compressive strength, for which some researches have established a
prediction model [27]. Crumb rubber addition to concrete changes failure pattern from
brittle to ductile at the microscale observation and shows better performance under severe
dynamic loads at the macroscale observation [28]. According to [29] rubber addition in
concrete improves its resistance to frost which, besides brittleness, is a major problem in
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CBC mixtures. Encouraged by positive impact of rubber on concrete, authors decide to
examine the influence of crumb rubber on CBC. Due to their long decomposition time,
waste tyres cause severe environmental issue. This problem is growing every day, as the
number of vehicles on roads increase all over the world. Therefore, application of waste
tyres in engineering structures, especially the big one as road infrastructure may have a
great impact on environment.

2. Materials and Methods

Within this research, for the unbound bearing course and cement-bound course,
natural aggregates (sand and gravel) with different gradations (i.e., 0–2 mm, 0–4 mm,
4–8 mm, and 8–16 mm) were used (Figure 1). Due to its similar grain size distribution, as
an alternative to the 0–2 mm fraction, a fine fraction of recycled rubber was used (Figure 2).
The chosen material was prepared according to EN 933-1 [30] with a grain size distribution
curve to fit between the upper and lower limits according to EN 13285 [31] for the unbound
base course (UBC) material (mixture named 0%C), and EN 14227-1 [32] for the cement-
bound material (CBC). For CBC, Portland cement of grade 32.5 (CEM II B/M (P-S) 32.5R)
was used as a binder, comprising 3%, 5%, and 7% of the total aggregate mass. Solid
particle densities were determined in a pycnometer according to standard EN 1097-6 [33].
The density of the 0–2, 0–4, 4–8, and 8–16 mm natural aggregate fractions used was 2.86,
2.96, 2.63 and 2.70 g/cm3 respectively, while the waste rubber density of 1.12 g/cm3 was
determined using ethanol instead of water due to its low density (similar to water). The
density of the cement used was 2.92 g/cm3, determined by standard EN 196-6 [34]. Three
additional mixtures for the CBC were designed, within which the binder content of 5%
was selected as an optimal share according to previous research using the same aggregate
type [35] in order to preliminarily determine the influence of the waste rubber on the CBC
mixture characteristics. In those mixtures, the 0–2 mm fraction was replaced with granular
rubber (due to a similar grain size distribution) by volumetric percent (due to high-density
differences between these two materials). The replacement was in amounts of 20% (mixture
5%C + 20%R), 30% (mixture 5%C + 30%R) and 60% (mixture 5%C + 60%R) of the 0–2 mm
fraction volume in the mix. When recalculated, the 0–2 mm fraction replacement by rubber
in amounts of 20%, 30% and 60% represents 4.64%, 6.95% and 13.91% of the total aggregate
volume of the mixture respectively, and 1.92%, 2.93% and 6.13% of the total aggregate mass
of the mixture. Table 1 presents the proportions of all the constituents in the mixtures.
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Table 1. Unbound base course (UBC) and cement-bound base course (CBC) mixture compositions.

Mix 0%C 3%C 5%C 7%C 5%C + 20%R 5%C + 30%R 5%C + 60%R

Cement [vol.%] 0 2.78 4.56 6.26 4.56 4.56 4.56

0–2 mm [vol.%] 19.60 23.61 23.18 22.77 18.54 16.23 9.27

0–4 mm [vol.%] 38.00 22.87 22.46 22.06 22.46 22.46 22.46

4–8 mm [vol.%] 32.00 25.69 25.21 24.76 25.21 25.21 25.21

8–16 mm [vol.%] 10.40 25.05 24.59 24.15 24.59 24.59 24.59

Rubber [vol.%] 0 0 0 0 4.64 6.95 13.91

Mix volume [%] 100 100 100 100 100 100 100

In order to compare the results from the Proctor and vibrating hammer tests, the tests
were conducted on both the unbound base course mixture and cement-bound base course
mixture. The modified Proctor test was done using an automatic Proctor compaction
machine and the operator (human) factor on compaction is minimized. On the other hand,
as described in standard EN 13286-51 [36], the vibrating hammer is greatly affected by
human influence.

To find the OMC and MDD, five test specimens with five different amounts of water
were prepared for each test method and each tested mixture, following the recommenda-
tions of EN 13286-2 and 13286-4 [37,38]. Both test methods require the use of the Proctor
mould B (150 mm diameter and 120 mm height) for the chosen aggregate mixture, which
makes the test results comparable (Figure 3). Specimen preparation using the Proctor
hammer consisted of specimen compaction in 5 layers, with 56 blows per layer with a
4.5 kg rammer falling from 457 mm height, which is equal to a modified Proctor energy of
2.66 MJ/m3. The amount of material, placed in each of 5 layers, must occupy one fifth (1/5)
of the mould after layer compaction. For specimen preparation using the vibrating hammer,
standard [38] prescribes the compaction of a specimen in 3 layers with 60 s of vibration per
layer. Analogous to the previously explained method, the amount of the material, placed in
each of 3 layers, must occupy one third (1/3) of the mould after compaction of the layer. A
vibrating hammer with a weight of 6.4 kg and power of 1100 W is placed on a supporting
frame and has a 146 mm diameter tamping foot as an extension. To prevent the hammer
bouncing, a surcharge load during compaction was entered by an operator, whereby the
total weight of the hammer with the additional load was between 300 and 400 N. Prior
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to the start of the test, the operator used a balance to determine how much pressure on
the hammer corresponds to a force input of approximately 300 N so that the applied force
with the hammer weight seemed a force between 300 N and 400 N. Operator experience is
required to estimate the appropriate amount of material for each layer. Considering that
the duration of specimen compaction by the Proctor hammer was longer than the cement’s
initial setting time, the mixtures prepared for compaction by the vibrating hammer were
left to cure for 10-15 min in order to enable cement hydration. Calculation of the OMC
and MDD for both methods used was undertaken following the specifications given in
standards EN 13286-2 [37] and 13286-4 [38].
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For mechanical characterization, the California bearing ratio (CBR) test and compres-
sive strength test were conducted according to the standards EN 13286-47 [39] and EN
13286-41 [40] respectively. CBR is used to characterize the bearing capacity of UBC after
4 days under a full soaking curing regime and with 2 kg surcharge discs. The compressive
strength determined as a stress at failure of a specimen under uniaxial unconfined com-
pression is used to characterize the bearing capacity of CBC. Both tests were conducted on
samples made at their OMC according to both methods, the Proctor compaction [41] and
vibrating hammer [36]. For compressive strength and CBR determination, three test speci-
mens for each mixture by both methods were prepared in order to establish the validity of
the research. Average values of the obtained results are presented as the relevant value for
each mechanical characteristic. The presented average value is calculated between results
which vary less than 20% according to the propositions of EN 14227-1 [32].

For CBC mixtures, density ρ as a ratio of the mass to the volume of the sample
after a 28-day curing period is calculated in order to analyse the effectiveness of the
compaction methods.

3. Results and Discussion

On samples prepared using both (Proctor compaction and vibrating hammer) methods,
mechanical characteristics were determined and Table 2 presents the average results for
three samples.
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Table 2. Results obtained by two test methods, vibrating hammer (marked green) method and Proctor (marked red), respectively.

0%C 3%C 5%C 7%C 5%C + 20%R 5%C + 30%R 5%C + 60%R

OMC [%] 4.79/4.72 4.91/5.15 5.35/5.87 5.53/6.10 5.32/5.53 5.21/5.13 4.94/4.94

MDD [g/cm3] 2.01/1.97 2.08/2.09 2.12/2.12 2.15/2.15 2.10/2.06 2.03/2.03 1.87/1.89

ρ [g/cm3]
not

applicable 2.17/2.28 2.21/2.29 1.96/2.37 2.18/2.23 2.07/2.18 1.96/2.05

CBR [%] 101/98 not
applicable

not
applicable

not
applicable

not
applicable

not
applicable

not
applicable

fc [MPa] not
applicable 4.11/4.06 7.59/7.60 12.99/12.92 1.89/3.13 1.33/2.48 0.49/0.94

3.1. Compaction Characteristics

The results of the tests conducted are presented in Table 2 and Figure 4. For mixtures
with natural aggregate (0%C, 3%C, 5%C, 7%C), similar results are obtained with both
compaction methods. The difference between the MDD values obtained is less than those
of OMC. For cement-bound mixtures, similar MDD values (third decimal difference)
are obtained, but Proctor compaction required a higher water content. Generally, the
vibrating hammer compaction method provides a lower OMC for the same MDD values.
The similarity of the results obtained leads to the conclusion of the high comparability
of the two test methods for mixtures with natural aggregate. It can be concluded that
the vibrating hammer compaction method can be used as an alternative to the modified
Proctor compaction method since it is more practical and less time-consuming. A similar
observation is presented in [20], where the authors also state that, compared with the
standard Proctor method, higher OMC and MDD values should be expected when using
the vibrating hammer compaction method.
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Figure 4. (a) Optimal moisture content (OMC) and (b) maximum dry density (MDD) for UBC and CBC mixtures.

Also, an expected increase in OMC and MDD is observed with the increase in cement
content for both the compaction methods used. The cement hydration reaction and cement
paste creation require more water for a higher cement content within the mixture [42]. The
vibrating hammer is a less time-consuming method, considering compaction in 3 layers
for 60 s per layer and time taken for filling the mould with material, gives about 5 min
per specimen. So the lower OMC could be the result of less time being available for the
cement’s initial setting time and less water being used for initial hydration. To be more
precise, cement has more time available for hydration in the Proctor compaction method.
Unlike the 60 s for the vibrating hammer method, 56 blows per layer take longer. With
a longer compaction of the one layer, the Proctor method still requires a larger number
of layers (5), which makes this process longer still and takes approximately 15 min per
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sample. From this discussion, it can be concluded that the specimen compacted by the
Proctor method has about 3 times more time for cement hydration which requires more
water, compared to vibrating hammer specimens. However, similar strength characteristics
are obtained and high comparability is observed. For higher cement content mixtures,
the OMC difference depending on the laboratory compaction method used can reach
0.6%, so the laboratory compaction method should be chosen carefully, particularly if
moisture-susceptible materials are used.

As expected, the addition of waste rubber results in a decrease in both the OMC and
MDD values compared to the natural aggregate mixture with the same binder content.
This is a result of rubber’s hydrophobic nature, rough surface (Figure 5), and low density,
but also its high elasticity that absorbs some of the compaction energy. As can be seen
from Figure 5, rubber particles have more irregular and indented surface which captures
air molecules thus taking up more space in the structure of the mixture which reduce the
volume of the mixture that hydrates with cement. Furthermore, for irregularly shaped
particles it is more difficult to adhere to the particles with flat surfaces, such as sand particles,
and thus create larger gaps in the mixture. The results are in accordance with some previous
research dealing with waste rubber applications in the pavement system [26,43,44]. From
Table 2, it can be noted that there is a larger difference in OMC than MDD between waste
rubber and non-waste rubber mixtures for the Proctor compaction method. This greater
drop in the compaction characteristics for the Proctor compaction method means that the
choice of laboratory compaction method should be made carefully if alternative materials
are used.

Appl. Sci. 2021, 11, 4750 8 of 12 
 

rubber particles have more irregular and indented surface which captures air molecules thus 
taking up more space in the structure of the mixture which reduce the volume of the mixture 
that hydrates with cement. Furthermore, for irregularly shaped particles it is more difficult to 
adhere to the particles with flat surfaces, such as sand particles, and thus create larger gaps in 
the mixture. The results are in accordance with some previous research dealing with waste 
rubber applications in the pavement system [26,43,44]. From Table 2, it can be noted that there 
is a larger difference in OMC than MDD between waste rubber and non-waste rubber mix-
tures for the Proctor compaction method. This greater drop in the compaction characteristics 
for the Proctor compaction method means that the choice of laboratory compaction method 
should be made carefully if alternative materials are used. 

(a) (b) 

Figure 5. Optical microscopy image of sand grain (a) and waste rubber grain (b). 

As presented in Table 2, a lower density (ρ) is observed for the vibrating hammer method 
compared to the modified Proctor compaction method, for which an increasing trend is ob-
served with an increase of the cement content. However, for the vibrating hammer method, 
with a high cement content a decrease in density occurred. During compaction, a cement paste 
layer formed on the sample surface at the end of each compaction layer (Figure 6), resulting 
in a decrease of the apparent density. Under high vibrations and a high cement paste content 
within the mixture, segregation occurred, influencing the apparent density decrease. The 
same phenomenon can explain the high compressive strength difference for higher values of 
fc,28. Namely, cement paste segregation on the sample surface caused uneven density of the 
sample and a higher fc,28 difference when comparing the two compaction methods, as pre-
sented in Figure 7b. 

 
Figure 6. Vibrating hammer compaction of mixture with high cement content. 

The addition of waste rubber also resulted in a density decrease due to the lower rubber 
density compared to the replaced sand. The rubber’s high elasticity and compaction energy 
absorption resulted in a greater difference in the measured density. For the vibrating hammer 

Figure 5. Optical microscopy image of sand grain (a) and waste rubber grain (b).

As presented in Table 2, a lower density (ρ) is observed for the vibrating hammer
method compared to the modified Proctor compaction method, for which an increasing
trend is observed with an increase of the cement content. However, for the vibrating
hammer method, with a high cement content a decrease in density occurred. During com-
paction, a cement paste layer formed on the sample surface at the end of each compaction
layer (Figure 6), resulting in a decrease of the apparent density. Under high vibrations
and a high cement paste content within the mixture, segregation occurred, influencing
the apparent density decrease. The same phenomenon can explain the high compressive
strength difference for higher values of fc,28. Namely, cement paste segregation on the
sample surface caused uneven density of the sample and a higher fc,28 difference when
comparing the two compaction methods, as presented in Figure 7b.
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The addition of waste rubber also resulted in a density decrease due to the lower
rubber density compared to the replaced sand. The rubber’s high elasticity and compaction
energy absorption resulted in a greater difference in the measured density. For the vibrating
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hammer method a 1.63%, 6.3% and 11.31% decrease in density occurred for 20%, 30% and
60% sand replacement by rubber respectively, while for the Proctor compaction method the
density reduction was 2.62%, 4.8% and 10.53% compared to the reference mixture (5%C).

3.2. Strength Characteristics

Strength characterization of the UBC was undertaken by measuring the CBR. As
presented in Table 2, similar results were obtained for both the compaction methods used.
Therefore, again the high comparability of the test results can be observed, but, as indicated
earlier, due to variation in the OMC, the compaction method for moisture-susceptible
materials should be chosen carefully.

Strength characterization of CBC was undertaken by measuring the 28-day compres-
sive strength and the results are presented in Table 2 and Figure 7. Small differences can
be observed between the two compaction methods for natural aggregate mixtures. As
expected, an increase in fc,28 is observed for the cement content due to the formation of
calcium silicate hydrates (C-S-H gel), which is mostly responsible for the development of
compressive strength. A decrease in compressive strength is observed with the addition
of waste rubber, which is in accordance with some previous research [44]. For mixtures
with waste rubber, a higher compressive strength is recorded for the Proctor compaction
method. The differences between the two compaction methods used are 39.62%, 46.4% and
47.9% for 20%, 30% and 60% sand replacement by rubber respectively. To analyse this high
compressive strength difference between the two compaction methods used, the correlation
of fc,28 and compaction characteristics (MDD and density) is presented in Figure 7.

There is a high correlation between the compressive strength and MDD regardless
of the compaction method. Also, the same conclusion can be drawn for the correlation
between fc,28 and ρ. Since the MDD and ρ are influenced by the lower density of rubber,
that is one reason for the lower fc,28 of rubber mixtures and the high difference between the
compaction methods. However, for mixtures with waste rubber, the difference between
MDD and ρ is much smaller compared to the fc,28 difference obtained by the two com-
paction methods. The reason could be the great difference in the behaviour of the rubber
mixtures when different compaction methods are used but also when the compression test
is conducted. This finding presents a good basis for further research. Finally, the optimal
waste rubber content is expected to be up to 30% sand replacement, since a higher rubber
content could lead to a drop in the 28-day compressive strength under 2 MPa, as is usually
required for most pavement purposes.

4. Conclusions

Within this paper, the compaction characteristics of unbound and cement-bound
mixtures for application as a pavement base course are investigated on two aggregate types
using two laboratory compaction methods. The purpose of these tests was to compare the
efficiency and difference in the compaction and strength characteristics achieved in the
well-known Proctor test and, less commonly used in practice, the vibrating hammer test.
The conclusions presented are drawn from the research conducted on a limited number of
samples and, to reach general conclusions, more tests are to be conducted. Based on the
laboratory research results, several conclusions can be drawn:

• There is strong correlation between the compaction and strength characteristics ob-
tained in laboratory conditions using the modified Proctor and vibrating hammer
compaction methods for natural aggregate mixtures.

• A greater drop in the compaction characteristics for rubber mixtures and the use of
the Proctor compaction method lead to the conclusion that the laboratory compaction
method should be chosen carefully if alternative materials such as waste rubber
are used.

• For higher cement content mixtures, a higher OMC difference depending on the labo-
ratory compaction method used is observed and the laboratory compaction method
should be chosen carefully, particularly if moisture-susceptible materials are used.
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• Comparing the compaction effects (MDD, OMC and density), it can be observed
that approximately the same compaction energy was applied using both compaction
methods. However, calculation of the compaction energy using a vibrating hammer is
more difficult than for the Proctor test, and it should be investigated in more detail.
Further research should provide an additional insight into the comparability of the
vibrating hammer and standard Proctor tests, applying less compaction energy than
the modified Proctor test used in this research.

• The choice of laboratory compaction method should be made carefully depending on
the specific behaviour of materials used and the expected field conditions.
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