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Abstract: This study investigated the effects of mixture proportions and vibration levels on the
physical properties, durability and performance of concrete used in Korean pavements. The strength
and durability characteristics varied depending on the mixture proportions and level of vibration, and
samples with fly ash (i.e., F-CON) did not meet the strength and durability criteria when low levels
of vibration were applied. Therefore, intermediate or higher levels of vibration should be applied
to satisfy strength and durability criteria. Meanwhile, there was little difference in the performance
tests (i.e., skid resistance, surface abrasion, and IRI) of concrete pavements depending on the mixture
proportions and vibration levels. However, the sample with an intermediate level of vibration had a
relatively higher performance than the other samples.
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1. Introduction

Expressways in Korea are a key infrastructure for transportation, of which about 70%
consist of concrete pavement [1]. Even though technologies such as concrete pavement
design, concrete mix design, and construction performance have been gradually improving,
compared to the past, the rate of early failure, such as cracks, settlement, and shrinkage in
concrete pavement is increasing and has become a social problem [2–4]. In addition, the
early failure of concrete pavement affects the durability, service life and performance of the
pavement, so it is important to prevent early failure.

Meanwhile, vibration is an important factor when determining the construction quality
of concrete pavement because it affects not only the durability of the concrete but also
the performance of the pavement, as measured by international roughness index (IRI),
British Pendulum Number (BPN), and surface abrasion depth [5,6]. Excessive vibration
applied to concrete pavement can cause problems such as segregation and bleeding, and
insufficient vibration produces a large amount of empty space in the concrete, causing
poor strength and durability problems [6,7]. Thus, ACI regulates the range of vibration of
concrete pavement as 6000~12,000 vpm (vibrations per minute) varying with the mixture
proportions of concrete to secure the quality of concrete pavements and to prevent early
failures [5,8].

On the other hand, in Korea, concrete pavement mixture proportions considering
traffic volume, local climate, service life, etc., were suggested, but an appropriate vibration
range varying with the mixture proportions was not proposed [9]. Thus, levels of vibration
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of about 7000~9000 vpm are applied arbitrarily without considering the mixture proportions
of concrete. Therefore, in order to prevent early damage to concrete pavement and to secure
the service life and performance, an appropriate level of vibration range should be proposed
which varies with the concrete pavement mixture proportions.

In this study, the effects of mixture proportions and levels of vibration on the phys-
ical properties, durability, and performance of concrete used in Korean pavements were
identified. To verify the effect of different levels of vibration on the concrete pavement, two
different concrete mixture proportions, which were suggested by the Korea Expressway
Corporation, and three different levels of vibration (high, intermediate, and low) were
applied to the concrete.

The effect of vibration levels on the physical characteristics and durability of concrete
pavement was verified through bleeding tests, float and modified-float tests, mechanical
strength tests, density and water absorption tests, and freezing and thawing tests. Further-
more, the performance change in the concrete pavement according to the level of vibration
was verified through skid resistance (BPN), surface abrasion resistance tests, and surface
displacement variation (IRI) tests.

2. Materials and Experiments

Commercial Portland cement (PC) (i.e., Type I) and fly ash (FA) were used in this study.
Particle size distribution (HELOS (HI 199) and RODOS, Sympatec, Clausthal-Zellerfeld,
Germany), X-ray fluorescence (XRF, S8 Tiger wavelength-dispersive XRF (WDXRF) spec-
trometer, Bruker, San Jose, CA, USA), and X-ray diffraction (XRD, Cu-Kα, λ = 1.5418 Å,
D/Max2500V/PC, Rigaku, Tokyo, Japan) measurements were conducted to examine the
characteristics of raw materials. Figure 1 shows the results of the particle size distribution
analysis of PC and FA; they had almost similar particle size and their median size was
about 20 µm.
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Figure 1. Particle size distributions of PC and fly ash.

XRD results are shown in Figure 2; the XRD patterns were analyzed using X’pert
HighScore Plus software v3.0. with the International Center for Diffraction Data (ICDD)
PDF-2 database [10,11]. PC was composed of C3S, C2S, C3A, C4AF, and gypsum was also
found. On the other hand, amorphous phase mullite, magnetite, and quartz were identified
in FA. The XRF results (see Table 1) showed that PC mostly consisted of CaO and SiO2. The
main components of FA were SiO2 and Al2O3, and since the sum of SiO2, Al2O3, and Fe2O3
of FA exceeded 70%, the FA used in this study was classified as Class F fly ash, according
to American Society for Testing and Materials (ASTM) C 618 [12].
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Figure 2. Powder XRD patterns of PC and FA.

Table 1. Chemical oxide of PC and FA.

Oxide PC (wt%) FA (wt%)

CaO 64.05 3.19

SiO2 18.59 63.65

Al2O3 4.45 22.38

MgO 3.14 0.68

SO3 3.55 0.61

TiO2 0.29 1.16

MnO 0.19 0.68

Fe2O3 3.61 5.66

K2O 1.23 0.81

Na2O 0.29 0.52

Others 0.61 0.66

Sum 100 100

The concrete mixture proportions used in this study are shown in Table 2 and they
were designed according to the concrete pavement specification of the Korea Expressway
Corporation (Gimcheon-si, Republic of Korea) [13]. The mixture proportions mainly
consisted of two groups and each group had three mixture proportions. The group label
was named after the binder used, and concrete group (i.e., CON-group) used 100% PC as
the binder, and concrete with fly ash group (i.e., F-CON-group) used 75% PC and 25% FA
as the binder. The sample label of each mixture was named after three different levels of
vibration such as high (H), intermediate (I), and low (L). For instance, F-CON-H indicated
that PC and FA were used as a binder, and high level of vibration was applied. Note that
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there are three mixture proportions in each group, but their ratio of the components is the
same, only the levels of vibration is different. Granite aggregate and river sand were used
as coarse aggregate and fine aggregate, respectively, and the maximum coarse aggregate
size was 25 mm. In addition, all aggregate was used in surface saturated density (SSD)
condition to prevent additional water absorption during mixing and a naphthalene-based
commercial superplasticizer was used.

Table 2. Concrete mixture proportions used in this study.

Sample Group Sample Gmax W/B S/a
Unit Weight (kg/m3)

W PC FA C F AE S

CON
group

CON-H

25

40 40 155 388 - 1052 679 0.14 2.71CON-I

CON-L

F-CON
group

F-CON-H

38 37.5 157 331 83 1061 625 0.58 2.89F-CON-I

F-CON-L

Note: Gmax = maximum coarse aggregate size, W/B = water to binder ratio, S/a = sand/aggregate ratio,
W = water, PC = Portland cement, FA = Fly ash, C = coarse aggregate, F = fine aggregate, AE = air-entraining
agent, S = superplasticizer.

The raw materials were dry mixed for 3 min and then tap water was added for further
mixing. All mixing procedures followed ASTM C 192 [14]. The fresh concrete was filled
into cylindrical molds (ϕ 10 cm × 20 cm) for compressive strength tests, density and water
absorption tests, and freezing and thawing tests, prism molds (10 cm × 10 cm × 40 cm) for
flexural strength tests, rectangular molds (30 cm × 30 cm × 10 cm) for surface abrasion
resistance test, and in rectangular molds (40 cm × 60 cm × 9 cm) for float tests, modified-
float tests, skid resistance tests, and surface-displacement variation tests. All samples were
demolded after 24 h, and then cured at a constant temperature 23 ◦C and 99% relative
humidity until testing.

Three different levels of vibration were applied to the samples to verify the changes
in the physical properties of concrete varying with the level of vibration. Vibration was
applied to the upper direction of sample using a vibration table, and the levels of vibration
of high, intermediate, and low were 7000, 8000, and 9000 vpm, respectively.

Bleeding experiments were carried out according to KS F 2414 [15] to check the amount
of variation in bleeding with the mixture proportions and levels of vibration. Fresh concrete
was filled into the bleeding measurement device (ϕ 250 mm × 280 mm) in three layers and
each layer was tapped 25 times with a steel rod. Bleeding for each sample was measured at
10 min intervals for 1 h, and then measured at 30 min intervals until no bleeding occurred.
To prevent evaporation of moisture to the outside, the lid of the bleeding device was
covered except for when measuring. Bleeding tests were performed three times for each
mixture proportion, and their average value was used.

Float tests were conducted to verify the finishability of concrete mixture propor-
tions [16]. As shown in Figure 3, fresh concrete was put into a rectangular mold
(40 cm × 60 cm × 9 cm) and then the surface of the fresh concrete was smoothly leveled
using a board. After placing and leveling the fresh concrete, a total of 15 holes were made
in the sample using a steel rod; each hole had a diameter and height of 2.54 cm (i.e., 1 inch).
Then, the number of passes with a bull float was recorded until the holes that had been
made disappeared.
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Figure 3. Schematic of float and modified-float test: (a) prismatic mold and (b) plan view of pris-
matic mold.

Through modified-float test, the finishability was validated of each mixture proportion
with varying levels of vibration. The procedure of making a hole in the fresh concrete
sample was the same as the float test. After making the hole, the mold was subjected to
three different levels of vibration using a vibration table. After applying vibration, the
surface was finished using the bull float. By measuring the number of times, the surface of
the fresh concrete was finished, and the effect of vibration on the concrete was verified.

A mechanical (compressive and flexural) strength test was conducted to verify the
change in strength of concrete according to the mixture proportions and vibration levels.
Compressive strength and flexural tests were carried out at 3, 7, and 28 days of sample
curing and the average value for the triplicate samples was used for each mixture. All
experimental procedures were conducted according to ASTM C 109 and ASTM C 78 [17,18].

The density and water absorption experiments were performed to determine the effect
of the levels of vibration on the physical properties of the concrete. To measure the density
and water absorption, three different 28-day samples were used and their average values
were used as results. Samples of the SSD condition and oven-dried (OD) condition were
used to measure the water absorption of the sample. To meet the SSD condition, samples
were immersed in water for 24 h, and the surfaces of the samples were wiped with a
towel. SSD-condition samples were kept in a drying oven at 100 ◦C for 24 h to achieve OD
condition [19,20].

Freezing and thawing resistance experiments were conducted to verify the effect of the
mixture proportions and vibration levels on the durability of concrete, and all experiments
procedures followed the KS F 2456 [21]. KS F 2456 specifies that at least three different sam-
ples should be used for each mixture proportion, and samples should be cured for 14 days.
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Before starting tests, the initial weight and dynamic elastic modulus were measured using
14-day samples, and then they were exposed to freezing and thawing cycles.

Skid resistance, surface abrasion resistance, and IRI tests were performed to identify
the performance of the concrete pavement according to the mixture proportions and
vibration levels. Skid resistance tests [22,23] were conducted using 28-day-cured samples
and all experimental procedures followed KS F 2375 [23]. Five repeated experiments
were carried out for each sample, and their average values were used as a result. Before
measuring skid resistance of a sample, tap water was sprayed on the surface of the sample
and British Pendulum Number (BPN) was measured using a British Pendulum Tester (BPT).

The surface abrasion resistance test was conducted according to ASTM C 779 B [22],
and three samples at 28 days were prepared for each set of mixture proportions. As shown
in Figure 4, three wear wheels with a weight 7.5 kg were placed on the surface of the sample
and rotated at a speed 56 rpm for 30 min. After abrasion, the wear depth was measured
using a Vernier caliper (Mitutoyo, Tokyo, Japan).
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abrasion test.

In order to indirectly evaluate the IRI of the concrete samples, the surface displacement
variation test was performed, varying the levels of vibration and mixture proportions. For
the test, fresh concrete was cast in a plate-shaped mold (40 cm × 60 cm × 9 cm), and the
surface displacement variation was measured using a laser sensor (Vchon H-60-S) (See
Figure 5). The accuracy of the laser sensor was within 0.01 mm and the surface displacement
variation was measured 24 h after pouring fresh concrete.
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3. Results
3.1. Physical Properties
3.1.1. Bleeding Test

The results of bleeding test for each set of mixture proportions are shown in Figure 6.
Overall, a greater amount of bleeding was measured in the F-CON group than the CON
group under the same vibration level conditions. From this observation, it seemed that
the F-CON group was more susceptible to vibration than the CON group. The reason for
this tendency was that fly ash, which is lighter than PC, moved upward with the mixing
water, causing excessive bleeding [24,25]. In addition, regardless of mixture proportions,
the stronger the level of vibration applied to the sample, the greater the amount of bleeding
occurred. This was likely due to stronger levels of vibration causing material segregation
to some extent, and water, which is lighter than the other components, moving to the top
of the sample [7].
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Figure 6. Results of bleeding test: (a) CON group and (b) F-CON group.

On the other hand, the time at which the bleeding test finished varied by group. The
CON group bleeding test ended at 300 min, but that of the F-CON group lasted up to
420 min, which seemed to be related to the setting time of the binder. It is well known that
the application of fly ash to PC induces slow setting, and for this reason [7,26], the F-CON
group likely had a longer bleeding time than the CON group.
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3.1.2. Float and Modified-Float Test

The float test results of the CON group and the F-CON group were six and five times,
respectively, and it should be noted that the float test was carried out without vibration.
There are two possible suggestions for the F-CON group producing an easier surface
finish than CON group: (1) fly ash with spherical particles contributed to the easy surface
finish [7]; (2) similar to the bleeding test results, fly ash moved to the surface of the sample
with the mixing water, making the surface finish easy. Both suggestions are possible, but the
former suggestion seemed to be more reliable because the float test did not apply vibration
to the sample.

On the other hand, the results of the modified-float test are shown in Figure 7, and the
surface finish was completed fewer times in the F-CON group than the CON group. This
tendency was consistent with the float test, and the reason for the easy surface finish with
the F-CON samples was the same as mentioned above. In addition, the stronger the vibra-
tion applied to the sample, the easier the surface finish was achieved, regardless of mixture
proportions. It seemed that, to some extent, strong vibrations naturally induced compaction
and an easy surface finish to fresh concrete. Furthermore, the water moved upward due to
strong vibrations, ensuring an easy surface finish to the samples. These results showed that
different levels of vibration could affect the surface finish of concrete pavement.
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3.1.3. Mechanical Strengths

Figure 8 shows the compressive strength and flexural strength test results of hardened
concrete; the strength of the samples increased with the number of curing days, regardless
of mixture proportions and levels of vibration. The CON group exhibited relatively higher
compressive strength than the F-CON group, and in particular, a greater difference in
strength was observed at the early stage of curing, which seemed that the added fly
ash delayed the hydration of the cement [27–29]. Many previous studies [7,27–30] have
reported that the replacement of fly ash in cement decreases the early strength of concrete,
and a similar trend was observed in this study.
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Figure 8. Mechanical strength development of the concrete: (a) compressive strength of CON group,
(b) compressive strength of F-CON group, (c) flexural strength of CON group, and (d) flexural
strength of F-Con group.

Meanwhile, there were strength differences varying with the levels of vibration, re-
gardless of mixture proportions, and high strength was measured in the order of interme-
diate, high, and low levels of vibration. The samples receiving a high level of vibration
(i.e., CON-H and F-CON-H) showed slightly lower compressive strength than the samples
receiving an intermediate level of vibration (i.e., CON-I and F-CON-I), which suggested
that materials segregation, to some extent, could be occurring due to the excessive vibration,
resulting in lower strength. In addition, the samples receiving a low level of vibration ex-
hibited significantly lower compressive strength than the other samples, due to insufficient
vibration resulting in high numbers of voids in the sample, thus lowering the strength.
Furthermore, the samples with a low level of vibration showed a larger standard deviation
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than the other samples, which indicated that insufficient vibration did not ensure the
quality and strength of the samples.

The flexural strength results showed a similar tendency to the compressive strength
results and were measured at about 1/5 to 1/7 of the compressive strength. On the other
hand, the Korea Expressway Corporation specification [13] specifies that the 28-day flexural
strength of the concrete should exceed 4.5 MPa, but F-CON-L did not satisfy this regulation.
The reason why F-CON-L did not satisfy this regulation seemed to be that it lacked vibration
compared to other samples. Through the results of the flexural strength, it was verified
that even if the same mixture proportion was used, the strength criteria presented in the
specification was not satisfied if the vibration level was insufficient.

3.1.4. Density and Water Absorption

Density and water absorption tests were conducted using 28-day samples and the
results are shown in Figure 9. Overall, the CON group had a slightly higher density than
the F-CON group because fly ash, which has a relatively lower density than cement, was
partially substituted for the binder. Note that the density of fly ash and PC are 2.1 g/cm3

and 3.14 g/cm3, respectively [12].

Buildings 2023, 13, 2384 10 of 17 
 

 

Figure 8. Mechanical strength development of the concrete: (a) compressive strength of CON group, 
(b) compressive strength of F-CON group, (c) flexural strength of CON group, and (d) flexural 
strength of F-Con group. 

3.1.4. Density and Water Absorption 
Density and water absorption tests were conducted using 28-day samples and the 

results are shown in Figure 9. Overall, the CON group had a slightly higher density than 
the F-CON group because fly ash, which has a relatively lower density than cement, was 
partially substituted for the binder. Note that the density of fly ash and PC are 2.1 g/cm3 
and 3.14 g/cm3, respectively [12]. 

On the other hand, the samples with a high level of vibration and samples with an 
intermediate level of vibration had almost similar densities, but the samples with a low 
level of vibration had a relatively low density. It seemed that insufficient vibration caused 
many empty spaces in the concrete sample, resulting in lower density. It is well known 
that there is an inverse proportion between strength and void [31,32]. Low density indi-
cated that there were many voids in the sample, which was a major reason for low 
strength. This tendency was consistent with the mechanical strength results. In addition, 
a relatively high level of water absorption was measured in samples with a low level of 
vibration than other samples, because there were many voids in the samples due to insuf-
ficient vibration, and water easily penetrated into the voids. The samples with a low level 
of vibration, which had high water absorption, seemed to be vulnerable to freezing and 
thawing as well as strength. This will be discussed in Section 3.2.1. 

 
Figure 9. Results of density and water absorption. 

0.0

2.0

4.0

6.0

8.0

10.0

3 7 28

Fl
ex

ur
al

 S
tr

en
gt

h 
(M

Pa
)

Time (Day)

CON-H CON-I CON-L

0.0

2.0

4.0

6.0

8.0

10.0

3 7 28

Fl
ex

ur
al

 S
tr

en
gt

h 
(M

Pa
)

Time (Day)

F-CON-H F-CON-I F-CON-L

(c) (d)

4.65 4.60
5.21

4.73 4.61

5.94

0

1

2

3

4

5

6

0

500

1000

1500

2000

2500

3000

Con-H Con-I Con-L F-Con-H F-Con-I F-Con-L

Ab
so

rp
tio

n 
(%

)

D
en

si
ty

(k
g/

m
3 )

SSD OD Absorption

Figure 9. Results of density and water absorption.

On the other hand, the samples with a high level of vibration and samples with an
intermediate level of vibration had almost similar densities, but the samples with a low
level of vibration had a relatively low density. It seemed that insufficient vibration caused
many empty spaces in the concrete sample, resulting in lower density. It is well known that
there is an inverse proportion between strength and void [31,32]. Low density indicated
that there were many voids in the sample, which was a major reason for low strength. This
tendency was consistent with the mechanical strength results. In addition, a relatively high
level of water absorption was measured in samples with a low level of vibration than other
samples, because there were many voids in the samples due to insufficient vibration, and
water easily penetrated into the voids. The samples with a low level of vibration, which
had high water absorption, seemed to be vulnerable to freezing and thawing as well as
strength. This will be discussed in Section 3.2.1.

3.2. Durability
3.2.1. Freezing and Thawing

The results of the freezing and thawing experiments are shown in Figure 10; the
changes in the dynamic elastic modulus and weight loss were measured every 30 cycles. It
is worth noting, KS F 2456 sets the regulation that concrete should have a relative dynamic
modulus of elasticity of more than 60% for 300 cycles in order to have resistance to freezing
and thawing, and the red line in Figure 10 indicates that criteria.
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Figure 10. Results of freezing and thawing: (a) relative dynamic modulus of CON group, (b) relative
dynamic modulus of F-CON group, (c) weight loss of CON group, and (d) weight loss of F-
CON group.

All samples except F-CON-L satisfied the criteria presented by KS F 2456, but different
tendencies were observed which varied with the levels of vibration. At the same level of
vibration, the F-CON group showed a relatively lower dynamic elastic modulus than the
CON group, which indicated that the F-CON group was relatively vulnerable to freezing
and thawing. Moreover, even for concrete samples with the same mixture proportions, the
high relative dynamic modulus of elasticity was measured in the order of intermediate,
high, and low. In particular, CON-L barely satisfied the presented criteria, and F-CON-L
failed to satisfy the criteria because the sample was destroyed at 150 cycles.

It is well known that freezing and thawing resistance is closely related to the presence
of voids in concrete [7]. Through the density and water absorption test results, it was
verified that the samples receiving a low level of vibration had many voids; it was also the
main reason for being susceptible to freezing and thawing.

These observations indicate that even concrete with the same mixture proportions
would be vulnerable to freezing and thawing if insufficient vibration has been applied.
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Furthermore, the weight-loss results showed a similar tendency to the relative dynamic
modulus of the measured elasticity results.

3.3. Pavement Performance
3.3.1. Skid Resistance and Surface Abrasion Resistance

Figure 11 shows the results of the skid resistance and surface abrasion resistance tests.
Different BPNs were measured which varied with the levels of vibration and mixture
proportions, but all samples exceeded the standard value of 32 for BPN. Regardless of
the levels of vibration, the CON group had a higher BPN than the F-CON group, which
suggested that the use of fly ash in the binder might decrease the BPN. In addition, high
BPN was measured in the order of intermediate, low, and high level of vibration, regardless
of the binder used. Interestingly, the lowest BPN was measured in the samples with a high
level of vibration, which suggested that excessive vibration induced the mixing water to
move to the surface of the concrete, causing excessive bleeding, resulting in laitance to
some extent. This tendency was consistent with the bleeding test results.
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Figure 11. Skid resistance (a) and surface abrasion resistance (b) related to physical properties tests
of concrete pavement.
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As a result of the surface abrasion resistance test, the criteria were satisfied because
the abrasion of all samples was less than 2 mm. The lowest surface abrasion was measured
in samples with an intermediate level of vibration, and almost similar surface abrasion
occurred in samples with high and low levels of vibration. In addition, slightly lower sur-
face abrasion was evaluated in the CON group than in the F-CON group, which suggested
that the CON group had high compressive strength and this tendency was consistent
with the mechanical strength results. Interestingly, the samples with high and low levels
of vibration had significantly different mechanical strengths, but almost similar surface
abrasion occurred. It seemed that even though the samples that had received a high level
of vibration had higher compressive strength than the samples receiving a low level of
vibration, excessive vibration might induce laitance on the surface of concrete, which
affects abrasion.

Meanwhile, the reason for the high surface abrasion in the samples with a low level of
vibration was that they had lower strength than the other samples. Thus, although almost
similar surface abrasion occurred in the samples with high and low levels of vibration, the
reason for the surface abrasion seemed completely different.

3.3.2. Surface Displacement Variation (IRI Measurement)

The effect of the mixture proportions and the levels of vibration on the surface dis-
placement variation in the concrete pavement was verified, and through this experiment,
the roughness of the concrete was indirectly evaluated. KS F 2373 [33] specifies that the
roughness of concrete pavement is evaluated using a 7.6 m profile meter. If there is a differ-
ence of 2.5 mm or more from the target height of the concrete pavement, it is considered
as an irregularity, and irregularities of more than 2.5 mm are summed for each section to
evaluate the roughness of the concrete pavement.

The results of the surface displacement variations in the concrete are shown in
Figures 12 and 13, and the number of irregularities encountered are tabulated in Table 3.

Although almost the same irregularity points were observed varying with the lines,
the F-CON group had slightly more total irregularity points than the CON group. This
tendency indirectly indicated that it could be more difficult to manage roughness in the
concrete containing fly ash than in normal concrete.

Meanwhile, the irregularity points were not observed in the samples with an interme-
diate level of vibration, but significantly large amounts of irregularity points were observed
in the samples with high and low levels of vibration. Although the samples with low and
high levels of vibration had almost similar irregularity points, the reason for the formation
of irregularities seemed to be different.

In the case of the samples with low levels of vibration, the fresh concrete was not
efficiently filled into the mold due to insufficient vibration, which created an empty space
in the sample and consequently induced the settlement of the concrete, producing irregu-
larity points.

On the other hand, in the samples with high levels of vibration, excessive vibration
induced segregation and bleeding on the samples, and locally occurring bleeding on the
surface of the concrete caused shrinkage, which seemed to be the main reason for the
formation of irregularity points. Interestingly, there were slightly more irregularities in
the samples with high levels of vibration than in the samples with low levels of vibration,
which was consistent with the bleeding test. Thus, the explanation for the occurrence
of irregularities seemed reasonable. Through the surface displacement variation test, it
was verified that the levels of vibration and the mixture proportions could only affect
the roughness of concrete pavement to a certain extent, but if appropriate vibration was
applied, the quality of the concrete could be assured.
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Figure 12. Results of roughness of CON group: (a) line 1, (b) line 2, (c) line 3 and (d) line 4.
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Figure 13. Result of roughness of F-CON group: (a) line 1, (b) line 2, (c) line 3 and (d) line 4.

Table 3. Results of points of irregularity.

CON Group F-CON Group

H I L H I L

Line 1 1 0 1 1 0 2

Line 2 1 0 2 2 0 2

Line 3 2 0 1 1 0 2

Line 4 1 0 2 2 0 1

Sum 5 0 6 6 0 7
Note: H = high level of vibration, I = intermediate level of vibration, L = low level of vibration.

4. Conclusions

This study explored the effect of the mixture proportions and levels of vibration on
the physical properties, durability, and performance of concrete pavement. Even with the
same mixture proportions, different measurements for physical properties were achieved
depending to the vibration levels. Furthermore, when a low level of vibration was applied
to the sample, the mechanical property (i.e., strength) and durability criteria were not
satisfied. The detailed conclusions are as follows.

(1) Bleeding and finishability (i.e., float and modified float) results varied depending on
the mixture proportions and vibration levels, and F-CON has easier finishability than
CON, because the fly ash substituted in F-CON has spherical particles.

(2) The strength of the samples varied depending on the different levels of vibration
even in the samples with the same mixture proportions. In addition, the lower the
vibration, the larger the standard deviation among samples, which indirectly indicated
the difficulties involved in securing construction quality when a low level of vibration
is applied. Furthermore, F-CON-L did not satisfy the concrete pavement strength
criteria, which suggested that a low level of vibration induces many voids, lowering
the strength.

(3) The samples with low levels of vibration had relatively lower density and higher
absorption than the other samples. Higher water absorption indicates that the sample
has more voids, which may affect the strength and durability.

(4) The samples with low levels of vibration were vulnerable to freezing and thawing, and
F-CON-L did not satisfy the criteria suggested by KS F 2456. In addition, CON-L had
lower freezing and thawing resistance than other samples, which suggested that the
durability of the concrete could not be assured if inappropriate vibration was applied.
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(5) There was little difference in the performance tests (i.e., skid resistance, surface
abrasion, and IRI) of the concrete pavements depending on mixture proportions and
vibration levels. However, the samples with an intermediate level of vibration had a
relatively higher performance than the other samples.
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