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Abstract: Concrete is a typical porous material, in which the air voids entrained or entrapped during
the mixing process have a significant impact on the material’s strength and durability. An automatic
methodology based on digital image analysis was used to examine the influence of a novel mixing
process with vibration on the entrapped air pore size and distribution of concrete in this paper. The
volume of permeable spaces and porosity in hardened concrete are found to be greatly reduced when
using the vibration mixing process compared to the reference concrete. Meanwhile, the quantity of air
pores and their specific surface area are positively associated with the vibration acceleration, while
the average equivalent pore diameter decreases. The findings of the analysis of variance (ANOVA)
reveal that the population means for porosity, quantity, and pore size are significantly different when
utilizing the vibration or non-vibration mixing processes. Furthermore, the pore size distribution
curves show that the vibration mixing process significantly modified the pore structure by reducing
the number of larger size pores and increasing the amount of small size pores. This may be attributed
to a series of changes in the bubbles during the vibration mixing process. In addition, the findings of
freeze-thaw resistance and water penetration resistance reveal that, owing to the vibration mixing
process, the impermeability and durability of the concrete are significantly improved.

Keywords: vibration mixing process; digital image analysis; porosity; pore size distribution; durability

1. Introduction

Concrete is a multi-phase and heterogeneous material made up of several different
components with numerous interfaces and internal defects. The major cause of the reduc-
tion in concrete strength and durability is thought to be the deleterious impacts of these
interfaces and defects [1]. Many studies have been devoted to eliminating defects and im-
proving the interface transition zone (ITZ) in order to improve concrete performance [2–4].
However, it appears that the complete elimination of the weak loops is impossible. Microc-
racks and pores are the first two defects when it comes to concrete flaws. Microcracks form
during the hardening process as a result of the physical qualities of each component. Pores
are generated by air and/or water occupying spaces or cavities. These irregular or regular
geometrically shaped voids and pores are intricately distributed in the cement matrix to
produce a complex three-dimensional network [5].

Pores are an unavoidable and necessary component of concrete, according to several
studies [6,7]. On the one hand, the volume of cement hydration products is less than the
total volume of cement and water before the hydration reaction. As a result, following
condensation, a portion of pores will develop inside the concrete. On the other hand, for
the consistency of concrete mixes, a larger amount of water is necessary, which is more
than the amount of water that actually participates in the hydration reaction. Pores and
cracks occur to give room for storing surplus water as well as for water supply routes
for continuous cement hydration [8]. In addition, an air-entraining agent will be used to
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entrain a particular number of fine and unconnected air pores in the concrete to improve
its freezing and thawing resistance [9,10].

In existing literature, pores in cementitious materials are generally commonly divided
into different kinds based on their size. Pores are classified into three components by
the International Union of Pure and Applied Chemistry (IUPAC): micropores (less than
2 nm in diameter); mesopores (between 2 nm and 50 nm in diameter); macropores (more
than 50 nm in diameter) [7]. According to the Comite Euro-International du Beton (CEB),
pores can be divided into macropores (radius greater than 10−5 m), capillary pores (radius
between 10−8 and 10−5 m) and micropores (radius between 10−10 m and 10−8 m) [11]. Wu
categorized the pores into four groups according to the influences of pores of different
sizes on strength: harmless pores (diameter less than 20 nm); less harmful pores (diameter
between 20 nm and 50 nm); harmful pores (diameter between 50 nm and 200 nm); and
more harmful pores (diameter larger than 200 nm) [12,13].

The most scientific categorization is based on the pores’ origin and features. The
pores are described as gel voids, capillary voids, entrained air voids and entrapped air
voids [14]. Gel voids and capillary voids are formed during the hydration process and
undergo change over time. Specifically, gel voids are the interlayer space in calcium silicate
hydrate (C-S-H), and capillary voids represent the space not filled by the solid components
of the hydrated cement paste. During the mixing process, a quantity of air is frequently
trapped in the cement paste. The admixtures may be added to concrete to entrain tiny air
voids on purpose. Air voids are generally spherical, unlike gel voids and capillary voids,
which are irregular in shape and not easy to observe.

Pipilikaki and Beazi-Katsioti stated that pores with size above 10 µm are called air
voids [15]. Some authors mentioned that air voids are larger than 50 µm in diameter [16,17].
Mehta and Monteiro concluded that entrapped air voids may be as large as 3 mm; entrained
air voids usually range from 50 µm to 200 µm [14]. It is obtained from Schober that the
diameter of the air voids ranges from 100 µm to 3 mm [18]. However, it has been agreed
that the presence of air-entraining admixtures or entrapped air during the mixing process
causes air pores.

The mixing process is the vital link in the production of concrete. The purpose of
mixing is to make the three phases (aggregates, cement paste and air voids) uniformly
distributed both in the macroscopic or microscopic structure in a short amount of time [19].
According to certain research studies, the traditional forced mixing method can make the
coarse and fine aggregates disperse evenly, but the particles conglomeration of some ce-
mentitious materials is ubiquitous in the microstructure [20,21], causing insufficient cement
hydration. In order to better improve the mixing quality and the micro-uniformity of
concrete, Feng and his team have been devoted to the research of vibration mixing technol-
ogy [22]. Vibration mixing is a new technology and process that improves the performance
of building materials by strengthening the mixing process without changing the material.
The novel technology makes the mixture subject to high-frequency vibration during the
mixing process. The internal homogeneity of the mortar and microstructure of the concrete
will be enhanced by efficiently transmitting vibration energy to the mixture [23,24].

Reviewing the previous literature, there are some interesting findings about the in-
fluence of vibration mixing on the air phase of concrete. Zhao et al. indicated that, as
the vibration acceleration increases, the air content of fresh concrete first increases and
then decreases, and there is a peak [25]. Xiong et al. pointed out that the vibration mixing
process can be applied to consolidate the high-strength lightweight aggregate concrete and
decrease the large air voids and micropore sizes [26]. Fu demonstrated that the appropriate
vibration mixing method can make the air content of fresh concrete generally reach about
3.5%. Furthermore, the pore structure of concrete may be modified, resulting in increased
concrete strength and durability [27].

The vibration mixing process is a novel technology and new method that can improve
the microcosmic uniformity of concrete during the mixing process, so it has an impact on the
structure of air voids [28,29]. Particularly during the vibration mixing process, the forced
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vibration of the aggregate will cause a variety of changes in air bubbles inside the concrete.
The alteration in pore structure also has an effect on the macroscopic performance of
concrete. However, the present research does have several issues. Firstly, the air content of
fresh concrete can be increased by the vibration mixing process, but the specific mechanism
is uncertain. Additionally, only one study has been conducted on the impact of the vibration
mixing process on the porosity and pore structure of hardened concrete. The alteration
of concrete pore structure under various vibration accelerations has not, however, been
investigated. It is well accepted that pore structure factors, including size, distribution,
shape and orientation, have a significant influence on concrete performance, and that air
content or porosity is no longer the determining element. To the authors’ best knowledge,
the research on the influence of the vibration mixing process with different vibration
accelerations on air voids and their size distributions is novel and meaningful, and there
are not many publications that have investigated the content. By studying the effect of
vibration mixing on the pore structure of concrete, this paper aims to provide a method to
optimize the pore structure of concrete by only changing the mixing process rather than
adding admixtures, so as to improve the mechanical properties and durability of concrete.

There are numerous methods to analyze the porosity and pore structure of concrete.
Mercury intrusion porosimetry (MIP) and nitrogen adsorption (NS) are the indirect mea-
surement measuring techniques that can only be used to determine smaller pores (usually
in the nano- to microscale) and open and interconnected pores [15,30–33]. However, these
approaches entail the destruction of the samples and generate results from a small sample
volume (about 1 cm3 in size). Direct approaches, such as optical microscope and scanning
electron microscopy (SEM), allow for good observation of the shape, distribution and
abundance of open and closed pores [34,35]. However, the sample size should not be too
large and the observation area is affected by the magnification. More crucially, rather than
precise quantitative analysis, these approaches focus on qualitative evaluation of materials.
In recent years, X-ray computed tomography (XCT) has been utilized to perform non-
destructive testing of concrete [36–39]. The sample size is not limited using this approach,
and researchers may acquire a real three-dimensional distribution of pores, as predicted.
However, the equipment is more advanced and requires professional operation. Therefore,
the convenience and operability of detection are restricted, and the detection costs are quite
high. This is not a good option for microscopic studies at microns or larger scales. EN
480-11 in Europe [40] and ASTM C457 in America [41] are the most used standards for
determining air void properties in hardened concrete. In these, manual measurements are
time-consuming, tedious and reliant on operator skills [42], hence automated methods, the
most common of which is digital image processing, are preferred [43–50].

In this research, three different vibration accelerations were adopted during the mixing
process. The concrete using the traditional forced mixing process is set as the reference
group. The following are the particular objectives:

(1) The effects of vibration vs. non-vibration mixing process on permeable voids in
concrete are examined;

(2) By using digital image analysis, the variations in pore characteristics (including
porosity, quantity, size, and specific surface) between vibration and non-vibration
mixing processes are studied;

(3) The pore size distribution is examined to determine how the vibration mixing process
affects the pore structure of concrete;

(4) The impact of pore structure alterations on concrete’s impermeability and resistance
to freeze-thaw is investigated.

2. Methodology
2.1. Materials

Limestone gravel with a size range of 4.75–19 mm was used as the coarse aggregate.
The fine aggregates were class medium natural sand with a maximum particle size of 5
mm. The coarse aggregate and fine aggregate were purchased from Shaanxi Lishan stone
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company. The CONCH Portland cement (P.O 42.5) was used as binder. To avoid the impact
on the pore structure, no admixtures were used in all mixtures. The 70 ± 10 mm slump
of fresh concrete for a 0.46 w/c ratio was obtained. The design compressive strength of
concrete was 30 MPa at 28 days of standard curing age. The composition of all concrete
mixes is presented in Table 1.

Table 1. Mix proportions of concrete (kg/m3).

w/c Ratio Cement Water Fine Aggregate
Coarse Aggregate

4.75–9.5 mm 9.5–16 mm 16–19 mm

0.46 467 215 566 460 483 207

2.2. Vibration Mixing Process

A twin-shaft vibration mixer (Figure 1) was used in the experiment. It mainly consists
of a mixing drive device and a vibration drive device. The mixing drive device forces the
mixture to circulate in the mixer by rotating the mixing shaft, mixing arm, and mixing
blade in the normal mode. In the vibration mode, the mixing drive device continues to
work normally, but the vibration driving device at the other end will force the mixing shaft
to rotate eccentrically at a high speed through the eccentric structure, causing periodic
vibration. In a nutshell, the mixing shafts rotate in the normal mode, while they eccentrically
rotate in the vibration mode to produce vibration, thereby realizing vibration mixing.
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Figure 1. The twin-shaft vibration mixer.

Due to the high-frequency vibration during the mixing process, the collisions, squeez-
ing and rubbing movements of the components are strengthened, which destroys the initial
hydrate film coating on the surface of cement particles and facilitates the change of the
cement particles from agglomerated state to uniformly distributed state (Figure 2), resulting
in better homogeneity of fresh mixture [51].
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In the research, the vibration mixing process with different vibration acceleration
(2 g, 3 g and 4 g) and non-vibration mixing process can be manually adjusted through the
changeover switch.

2.3. Mixing Approach

The new mixing approach divides the mixing process into two parts: pre-mixing
process and key mixing process. The pre-mixing process can provide time for coarse, fine
aggregates and cement to mix evenly. Water will be added in the key mixing process. At
the same process, the mixer’s vibration mode is manually set in accordance with the plan.
The mixing procedure is shown in Figure 3.

Buildings 2022, 12, x FOR PEER REVIEW 5 of 17 
 

Vibration mixing 
process

 
Figure 2. Schematic diagram of the phenomenon of cement agglomeration destroyed by vibration 
mixing process. 

In the research, the vibration mixing process with different vibration acceleration (2 
g, 3 g and 4 g) and non-vibration mixing process can be manually adjusted through the 
changeover switch. 

2.3. Mixing Approach 
The new mixing approach divides the mixing process into two parts: pre-mixing 

process and key mixing process. The pre-mixing process can provide time for coarse, fine 
aggregates and cement to mix evenly. Water will be added in the key mixing process. At 
the same process, the mixer’s vibration mode is manually set in accordance with the plan. 
The mixing procedure is shown in Figure 3. 

Water Fresh concrete

Fine aggregate
60s mixing 90s mixing

Cement

Coarse aggregate
(Vibration mixing process)

 
Figure 3. The detailed mixing procedure. 

2.4. Digital Image Analysis 
A novel methodology has been developed to quantify the air pores using digital 

image analysis. In this case, specimens with 150 mm diameter and 300 mm height were 
cut to obtain the circular cross-section at various heights. To obtain qualified samples, 
the first step (Step 1) is to cut the specimen along the direction perpendicular plane to 
the axis of the cylinder. After the 28 d curing age, five samples inside the specimens will 
be obtained from the top, middle and bottom of each cylinder, as illustrated in Figure 4. 

 
Figure 4. Sequence of specimen preparation. 

After obtaining the cross-sections of the test samples, it is necessary to polish the 
surface in the second step (Step 2). The top surface of each sample was chosen for analy-

Figure 3. The detailed mixing procedure.

2.4. Digital Image Analysis

A novel methodology has been developed to quantify the air pores using digital image
analysis. In this case, specimens with 150 mm diameter and 300 mm height were cut to
obtain the circular cross-section at various heights. To obtain qualified samples, the first
step (Step 1) is to cut the specimen along the direction perpendicular plane to the axis of
the cylinder. After the 28 d curing age, five samples inside the specimens will be obtained
from the top, middle and bottom of each cylinder, as illustrated in Figure 4.
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After obtaining the cross-sections of the test samples, it is necessary to polish the
surface in the second step (Step 2). The top surface of each sample was chosen for analysis
in this study. Diamond polishing pads with granularities of 50#, 100#, 200#, 400#, 600#,
800# and 1000# were used to polish the surface. This step is crucial for obtaining accurate
results later.

After cutting, polishing and cleaning, the third step (Step 3) is to prepare the surface.
In order to extract the pores more accurately, it is vital to form a good contrast between
the pore and other constituents. It was decided to use black ink to paint the background
and fill the pores with zinc oxide (white). The fineness of zinc oxide (the particle size
range: 1–100 nm) guarantees filling the pores and cavities of the surface. To ensure that
zinc oxide penetrates all air voids, circular movements pressing with fingers should be
performed. After filling, the surface can be cleaned and the excess white powder on the
black background can be removed.

The fourth step (Step 4) is to collect cross-sectional images. The cross-sections of the
samples were scanned using a flatbed scanner (Hewlett-Packard LaserJet M1005, Figure 5)
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with a resolution of 1200 dpi, and the target images with only black and white colors
were obtained.
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The final stage is the digital image analysis. A specific methodology has been devel-
oped to quantify air pore structure using digital image analysis. A self-written program
has been created for this purpose. The process of digital image analysis specifically entails
image binarization, edge detection, image filtering, image segmentation, morphological
processing, feature marking and extraction, and finally the image containing only pore
information is obtained (Step 5). The resolution of the image limits the minimum pore size,
as is well known. In theory, the area of the smallest pore that can be detected is one pixel
(21.2 × 21.2 µm2). As mentioned above, a consistent conclusion demonstrates that air pores
entrained or entrapped during the mixing process are larger than 50 µm in diameter (the
area is approximately 5 pixels.). Furthermore, the edge of the sample may be damaged
during cutting, which will affect the accuracy of the results. Therefore, the research scope is
limited to a circle with a diameter of 70 mm. The approach can be used to determine the
porosity, size, quantity, specific surface area and size distribution of air pores, which can
help to better analyze the characteristics of the pore system.

2.5. Test Procedure

In this study, the mixtures were poured into the 100 mm cube molds, 100 × 100 × 400 mm
molds, the frustum of a cone molds (top diameter Φ175 mm, bottom diameter Φ185 mm,
height 150 mm) and Φ150 × 300 mm cylinder molds. After demolding, the specimens were
stored in a curing room with a temperature of 20 ± 2 ◦C and the RH of 95%. According to
ASTM C642-13 [52], the volume of permeable voids in concrete was measured after 28 days
of curing. Six 100 mm cube specimens were tested for each mixture, and the volume of
permeable voids is the average value. For the digital image analysis, five different cross-
sections of the cylinder were examined, and the average feature of five surfaces was used to
determine pore characteristics for each mixture. The freeze-thaw resistance and penetration
resistance were assessed using the rapid freezing and thawing method and the depth of
water penetration method, respectively, according to standard GB/T 50082-2009 [53].

3. The Volume of Permeable Voids

Figure 6 depicts the result of permeable voids. Concrete using the non-vibration
mixing process was marked by “C-0”, while concrete using the vibration mixing process
with different vibration acceleration (2 g, 3 g and 4 g) was denoted by “C-2”, “C-3” and
“C-4”, respectively. The permeable voids refer to the spaces occupied by interconnected
capillary pores and entrapped air pores. These voids will influence the compactness and
permeability of the concrete. It can be seen that the volume of permeable voids in hardened
concrete decreases with the increase of vibration acceleration. Compared with C-0, the
relative decrease values of C-2, C-3 and C-4 are 8.5%, 10.1% and 16.6%, respectively. The
reasons are as follows. It has been proven that high-frequency vibration can reduce the
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“internal friction” of constituents and improve the fluidity of fresh mixture. As a result, the
compactness of the concrete will increase, and the voids space will be reduced accordingly.
Furthermore, Mehta stated that cement hydration can be viewed as a process during which
the space originally occupied by cement and water is being replaced more and more by
the space filled by hydration products [14]. The space not taken up by the cement or the
hydration products consists of capillary pores. The agglomeration of cement particles
can be destroyed by the vibration mixing process, resulting in more cement particles
participating in the hydration reaction and, as a result, more hydration products are created.
Therefore, the quantity of capillary pores in the concrete using the vibration mixing process
will be reduced, making the connectivity of entrapped pores and capillary pores more
difficult. In addition, an increase in permeable voids is associated with matrix shrinkage,
which can lead to microcracking at the aggregate/mortar interface. However, according to
Xiong’s research, the vibration mixing process can reduce the thickness of ITZ and form
the impregnation zone [26]. A large amount of C-S-H gel can be observed in this region,
and these hydration products form the “Interlock” between aggregate and cement matrix,
which reduces the number of microcracks dramatically. This is another possible reason why
using the vibration mixing process can reduce the volume of permeable voids in concrete.
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4. Characterization of Air Pores Distribution
4.1. Porosity

In the digital image analysis, the area occupied by pores can be calculated by process-
ing the binary images of specimens. As a result, the porosity of a specimen is approximately
equal to the ratio of the pore area to the cross-sectional area. The value of porosity mea-
sured in the laboratory is presented in Table 2. It can be seen that the porosity of hardened
concrete is inversely related to the vibration acceleration, which is consistent with the
volume of permeable voids trend. C-0, in particular, has the highest porosity among all
considered concrete, up to 1.8%. The porosity of C-2 has decreased by 15.0% relative to that
of C-0. With further increase of the vibration acceleration, the porosity of C-3 and C-4 drops
to 1.38% and 1.28%, respectively, which is much lower than the reference group using the
non-vibration mixing process. The reduction in porosity can be attributed to an increase in
compactness, as well as the fact that the vibration mixing process dramatically changes the
air pore structure inside the concrete, which will be discussed later.
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Table 2. The main parameters of pore system in different concrete.

Porosity
(%) Mean Quantity Mean Size

(µm) Mean
Specific

Surface Area
(mm−1)

Mean

C-0

1 2.35

1.80

714

688

457.6

413.4

7.41

7.94
2 1.94 825 389.6 8.22
3 1.33 554 419.1 7.87
4 1.65 598 425.3 7.67
5 1.75 748 375.2 8.51

C-2

1 1.82

1.53

857

817

399.5

385.7

8.59

8.57
2 1.67 739 406.6 7.53
3 1.49 892 368.2 9.22
4 1.40 924 376.8 8.90
5 1.26 673 377.4 8.59

C-3

1 1.54

1.38

1127

954

346.3

362.0

10.07

9.26
2 1.38 1005 352.0 9.19
3 1.61 958 384.1 8.86
4 1.20 886 364.0 8.97
5 1.19 793 363.7 9.23

C-4

1 1.34

1.28

1401

1122

302.2

327.9

10.87

9.80
2 1.22 975 339.3 9.23
3 1.29 882 358.0 9.02
4 1.41 1284 316.0 10.07
5 1.14 1067 324.2 9.82

4.2. Quantity of Air Pores

The average air pores quantity of different mixtures is described in Table 2. The number
of air pores differs significantly depending on whether the vibration mixing process is used.
C-0 has the fewest average number of air pores. On the contrary, the quantity increases
gradually as the vibration acceleration varies. The quantity of air pores in C-4 is the highest
among all concrete studied, increasing by 63.1% compared to C-0. The rise in the quantity of
air pores can be attributed to the vibration energy applied during the mixing process. The
mixing arm and blade in a vibration mixer are also vibration devices, which can transmit
vibration energy during the mixing process. Under the action of vibration, the mixing
blade finds it easier to tear the fresh mixture and entrap air to generate bubbles, and the
entrapped air bubbles are also refined into tiny bubbles, which is advantageous for these
air bubbles to be firmly stored in the mortar to form air pores. Meanwhile, the vibration
mixing process can improve the workability of mixtures, so it is easier to generate a very
thin “liquid film” on the surface of fresh concrete after mixing, resulting in high resistance
to the tiny bubbles overflow. These are some of the reasons why the quantity of air pores in
hardened concrete using the vibration mixing process is larger than in reference concrete.

4.3. Size of Air Pores

During the mixing process, entrained air voids should ideally be spherical [13,14].
However, pores accidentally entrapped in concrete will generally not be regularly spherical
(Figure 7), as air pores may be squeezed and deformed by surrounding aggregates and
hydration products during the hardening process. To distinguish the size, the equivalent
diameter of air pores was introduced, which is defined as the diameter of an equivalent
circle with the same area as a single air pore.
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The average values of the equivalent diameters are illustrated in Table 2. It is noted
that the average air pores size of C-0 is much greater than that of other mixtures. There
was a considerable reduction in pore size as vibration acceleration increased. The average
equivalent diameter of the C-2 and C-3 decreased by 27.7 µm and 51.4 µm compared to the
reference group. C-4 has the smallest average size (327.9 µm), which is 85.5 µm smaller
than C-0. These findings indicate that pores with smaller diameter remain in the hardened
concrete using the vibration mixing process, and the size of air pores further decreases
with the variation of vibration acceleration. It is well known that the air pores in hardened
concrete are the continuation of the bubbles entrapped during the mixing process, which is
a dynamic process. Therefore, the reduction in pore size using the vibration mixing process
is attributed not only to the ability of the mixing blades to directly refine the entrapped air
bubbles, but is also related to the subsequent changes of the bubbles already encapsulated in
the mortar [54]. Firstly, the bigger bubbles are unstable throughout the mixing process and
tend to escape from the interior of the mixture. The locally aggregated air bubbles will also
escape due to combining into huge bubbles during the mixing process. Using the vibration
mixing process, high-frequency vibration can reduce the “internal friction” of constituents
and improve the fluidity of the fresh mixture. As a result, it is beneficial for the sand
and aggregates in the mixture to sink, thereby accelerating the escape of unstable bubbles
(mechanism 2 in Figure 8). This might be one cause for the pore size decrease. Furthermore,
most of the air bubbles entrapped during mixing are likely to remain in the concrete. Due
to the balance of their own surface tension and external force, these bubbles will keep a
certain shape in the concrete. When using the vibration mixing process, the vibrational
energy is transferred to the bubbles, resulting in a fluctuating inertial force on the bubbles’
surface. When the inertial force exceeds the surface tension of the bubble, the bubble will
break and split into several smaller bubbles (mechanism 1 in Figure 8). This effect may
explain why the bubble size reduces, as well as why the number of bubbles inside concrete
using the vibration mixing process increases. Furthermore, not all big, unstable air bubbles
can escape the concrete during the mixing and hardening process. Bubbles may encounter
or be surrounded by aggregates in the path of the overflow, preventing their movement.
Internal defects are eventually formed due to its retention around the aggregates, as seen
in Figure 7. However, during the vibration mixing process, the vibrational energy can be
transferred to the mixture, including the aggregates, via the mixing shaft, the mixing arm
and the mixing blade. The high-frequency vibration can make the aggregates resonate, and
then the aggregates will act as a small vibration source to release energy to the surrounding
bubbles. When the aggregates exert more force on the bubbles than the surface tension, the
bubbles will distort, burst and split into several little bubbles. As a result, the number of
tiny air bubbles in the concrete will grow even more (mechanism 3 in Figure 8), resulting in
a large reduction in the average pore size.
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4.4. Specific Surface Area of Air Pores

The specific surface area of a pore is the ratio of its surface area to its volume. Following
the standardized procedure of ASTM C457 [41], the specific surface area is given as the
product of four and the reciprocal of the average chord length. However, when digital
image analysis is used to assess the pores system, this relationship is no longer applicable.
Murotani [49] proposed that the specific surface area may be calculated directly from the
images using the following Equation (1):

α =

√
6π

a
(1)

where a is the mean area of air voids displayed on three cross-sections obtained by digital
image analysis.

The specific surface area of air pores is positively correlated with the increase of
vibration acceleration, as demonstrated in Table 2. The value of C-2 (8.57 mm−1) is higher
than C-0 (7.94 mm−1), and the values of C-3 (9.26 mm−1) and C-4 (9.80 mm−1) are also
significantly different from the reference group. A larger specific surface area means that
the size of the pore is smaller. Therefore, this agrees with the findings in the results of pore
size. The increase of the specific surface area with the vibration acceleration also indirectly
proves that high-frequency vibration is favorable to the refining of pores during the mixing
process, which ensures that air pores can remain stable in hardened concrete.

4.5. Analysis of Variance (ANOVA)

The ANOVA of the porosity, quantity and pore size was tested to ensure that the
variation in concrete pore system is attributable to the different mixing process rather
than experimental error. Table 3 shows that the p-values for several parameters were
less than 0.05. This indicates that, using the vibration or non-vibration mixing process,
the population means for the porosity, quantity or pore size are significantly different.
Therefore, combined with the above analysis, it is feasible to conclude that the vibration
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mixing process can help the pore system in the concrete to develop towards low porosity,
small pore size and large quantity.

Table 3. The results of the ANOVA.

DF Sum of Squares Mean Square F Value p Value

Porosity
Model 3 0.77526 0.25842 4.33536 0.0204
Error 16 0.95372 0.05961
Total 19 1.72898

Quantity
Model 3 519,557.4 173,185.8 8.05505 0.0017
Error 16 344,004.4 21,500.275
Total 19 863,561.8

Size
Model 3 19,694.8175 6564.93917 13.2482 1.32693 × 10−4

Error 16 7928.552 495.5345
Total 19 27,623.3695

4.6. Pore Size Distribution

The porosity, equivalent diameter or quantity are incapable of representing the pore
structures in concrete, since they are only a global statistical factor. Pore size distribution,
also known as pore gradation, refers to the number or proportion of pores of different sizes
in a concrete pore system. It can directly reflect the variation of the pore system during
different mixing processes. The results of pore size distribution are shown in Figure 9.
The pore size distribution is separated into two parts: micrometer and millimeter, because
the pore size ranges from micrometers to several millimeters. The size distribution of
pores with an equivalent diameter between 50 µm and 1 mm is shown Figure 9a, while
the size distribution of pores with an equivalent diameter greater than 1 mm is shown in
Figure 9b. Figure 9a shows that, regardless of using the vibration or non-vibration mixing
process, the pore structure for each concrete has a similar distribution with the variation
of size, presenting an approximate lognormal distribution. This result is consistent with
previous research [55,56]. All pore gradation curves have a major peak, which is mostly
made up of pores with a diameter between 50 µm and 500 µm. Within this range, it can be
found that the number of different pores in concrete using the vibration mixing process
increases significantly. Especially in C-4, compared with the reference concrete, the number
of pores in different diameter ranges (50–100 µm, 100–200 µm, 200–300 µm, 300–400 µm
and 400–500 µm) relatively increased by 99.7%, 73.1%, 94.4%, 93.0% and 51.4%, respectively.
In addition, most of the pores (80%) in C-2, C-3 and C-4 are in the range of 50–500 µm,
50–500 µm and 50–420 µm, respectively, whereas the range for C-0 is 50–600 µm. It can
be seen that the majority of the pores in the concrete using the vibration mixing process
are smaller in size. The mechanisms 1 and 3 of bubble change during the vibration mixing
process in Figure 8 are responsible for these outcomes. Considering the diameter range of
500–1000 µm, there is no significant change in the number of different pores. However, as
the total number of pores continues to increase from C-0 to C-4, the proportion of these
pores decreases accordingly.

Figure 9b shows that all pore gradation curves have a smaller peak of pore diameters
between 1 mm and 2 mm. It is obvious that C-0 has the largest number of pores in this
range among all the concretes studied. The total number of these pores in the reference
group is 70, but the values of C-2, C-3 and C-4 are 55, 56 and 51, respectively. It also shows
that the total number of pores with an equivalent diameter greater than 1 mm decreases
significantly with the increase of vibration acceleration. Pores with an equivalent diameter
greater than 1 mm have adverse effects on the strength and durability of concrete. The
reduction in the number of big air pores for C-2 to C-4, on the other hand, may be explained
by the reduction of internal friction between concrete components and mechanism 2 and 3
(Figure 8) of high-frequency vibration on the bubbles change. In addition, the variation in
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the number of these pores is also a possible reason for the decrease of porosity and average
equivalent diameter in concrete using the vibration mixing process.

Buildings 2022, 12, x FOR PEER REVIEW 12 of 17 
 

sponsible for these outcomes. Considering the diameter range of 500–1000 μm, there is 
no significant change in the number of different pores. However, as the total number of 
pores continues to increase from C-0 to C-4, the proportion of these pores decreases ac-
cordingly. 

Figure 9b shows that all pore gradation curves have a smaller peak of pore diame-
ters between 1 mm and 2 mm. It is obvious that C-0 has the largest number of pores in 
this range among all the concretes studied. The total number of these pores in the refer-
ence group is 70, but the values of C-2, C-3 and C-4 are 55, 56 and 51, respectively. It also 
shows that the total number of pores with an equivalent diameter greater than 1 mm 
decreases significantly with the increase of vibration acceleration. Pores with an equiva-
lent diameter greater than 1 mm have adverse effects on the strength and durability of 
concrete. The reduction in the number of big air pores for C-2 to C-4, on the other hand, 
may be explained by the reduction of internal friction between concrete components and 
mechanism 2 and 3 (Figure 8) of high-frequency vibration on the bubbles change. In ad-
dition, the variation in the number of these pores is also a possible reason for the de-
crease of porosity and average equivalent diameter in concrete using the vibration mix-
ing process. 

 
 

(a) (b) 

Figure 9. Pore size distribution analyzed by digital image analysis. (a) The equivalent diameter 
between 50 μm and 1 mm. (b) The equivalent diameter greater than 1 mm. 

5. Freeze-Thaw Resistance 
Figure 10 shows the variation in the mass loss rate of all concrete studied. It is evi-

dent that the mass loss rate decreased slightly with the increasing number of 
freeze-thaw cycles, especially starting from 100 cycles. After 200 cycles, C-0 and C-2 have 
failed with a mass loss rate of 8.96% and 6.55%, respectively. The pictures of the speci-
men also show that C-0 has completely fractured, while the aggregate of C-2 is com-
pletely exposed, and obvious cracks appear. In contrast, the mass loss rate for both C-3 
and C-4 was less than 5%. As can also be seen from the corresponding photographs, 
there is only a little surface spalling of specimens and no obvious cracks or damage. The 
difference in the weight of the concrete after freeze-thaw cycling was caused by changes 
in the air pore system. The pore size distribution curves reveal that the number of dif-
ferent pores in concrete using the vibration mixing process increases significantly, espe-
cially pores with a diameter between 50 μm and 500 μm. These pores do a good job of 
releasing the osmotic pressure created by the freezing of the capillary solution during 
the freezing process. Furthermore, the water pressure caused by the freezing of water in 
the large pores is also reduced at the source as the number of macropores decreases. 
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5. Freeze-Thaw Resistance

Figure 10 shows the variation in the mass loss rate of all concrete studied. It is evident
that the mass loss rate decreased slightly with the increasing number of freeze-thaw cycles,
especially starting from 100 cycles. After 200 cycles, C-0 and C-2 have failed with a mass
loss rate of 8.96% and 6.55%, respectively. The pictures of the specimen also show that C-0
has completely fractured, while the aggregate of C-2 is completely exposed, and obvious
cracks appear. In contrast, the mass loss rate for both C-3 and C-4 was less than 5%. As can
also be seen from the corresponding photographs, there is only a little surface spalling of
specimens and no obvious cracks or damage. The difference in the weight of the concrete
after freeze-thaw cycling was caused by changes in the air pore system. The pore size
distribution curves reveal that the number of different pores in concrete using the vibration
mixing process increases significantly, especially pores with a diameter between 50 µm
and 500 µm. These pores do a good job of releasing the osmotic pressure created by the
freezing of the capillary solution during the freezing process. Furthermore, the water
pressure caused by the freezing of water in the large pores is also reduced at the source as
the number of macropores decreases.
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6. Water Penetration Resistance

The result of the depth of water penetration is depicted in Figure 11. It can be seen that
the depth of water penetration decreases with the increase of vibration acceleration. This is
consistent with the finding of permeable voids. The values of C-2, C-3 and C-4 are reduced
by 3.4 cm, 5.4 cm and 6.8 cm compared to C-0, respectively. This indicates that, owing to the
vibration mixing process, the majority of the pores are closed and evenly dispersed inside
the concrete, and are not interconnected with capillary pores. Therefore, the existence of
these pores will not only have no detrimental influence on the microstructure and ITZ of
concrete, but will also have a beneficial impact on its impermeability and durability.
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7. Discussion

Using digital image analysis, this article primarily estimates the impact of the vibration
mixing process on the air pore size distributions in concrete. The findings demonstrate that
the pore structure of concrete is affected differently by the vibration mixing process with
various vibration accelerations. The porosity of the various vibration mixing processes
dropped by 15%, 23.3% and 28.9%, respectively, as compared to C-0, and the permeable
voids of C-2, C-3 and C-4 reduced by 8.5%, 10.1% and 16.6%, respectively. These findings are
consistent with Feng’s study [22]. Fu explored how the vibration and non-vibration mixing
processes affected the concrete’s pore size distribution and pore diameter by MIP [27]. The
results demonstrate that the number of big pores in concrete definitely lowers when the
vibration mixing process is used, whilst the number of tiny pores grows. Additionally, the
average and median diameter of pores is reduced when using the vibration mixing process.
This article indicates that the number of pores increases when using the vibration mixing
process, and the pore size distribution curve primarily demonstrates the significant increase
in the number of pores with diameters between 50 and 500 µm, while the number of pores
larger than 500 µm, particularly the millimeter pores, decreases. These findings are in line
with Fu’s research. When the vibration mixing process was utilized, the pores’ size as well
as their number varied. According to the findings, using the vibration mixing process
reduces concrete’s average pore diameter by 20.7% while increasing specific surface area
by 23.4% compared to C-0, particularly when vibration acceleration is 4 g. The beneficial
effects of the vibratory mixing process on pore structure are mostly due to the following
variables. One advantage of using vibration during the mixing process is that it may
reduce the cohesion and friction between materials, making the concrete more homogenous
and dense, and also able to squeeze out larger bubbles. Additionally, the high-frequency
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vibration makes the aggregate resonate, which may hit and crush the nearby air bubbles
and cause them to divide into more and smaller ones. The study by Zhao, Fu and Xiong
does not address these results [25–27].

The freezing resistance and impermeability of concrete will both be impacted by the
change in pore structure. According to the findings of the freeze-thaw cycle tests, using the
vibration mixing process improves the freeze-thaw resistance of concrete more than the
non-vibration mixing process. After 200 cycles of freezing and thawing, the mass loss rate
is 4.3% and 3.1%, respectively; when the vibration acceleration is 3 g and 4 g, however, C-0
has cracked and the concrete structure has suffered catastrophic failure. The impermeability
test findings demonstrated that adopting the vibration mixing process greatly reduced the
impermeability height of concrete. The impermeability height of C-2, C-3 and C-4 fell by
39.5%, 62.8% and 79.1%, respectively, when the vibration mixing process was used. The
improvement of freeze-thaw resistance and impermeability of concrete can be attributed
to the fact that concrete using the vibration mixing process has more small-sized pores;
these pores might be employed as a place to relieve the pressure created by the water
freezing, reducing damage to the concrete structure. In addition, the independently closed
air bubbles might block the capillary channel within the concrete and increase its resistance
to permeability.

Adding an air-entraining agent during the mixing process is another way to increase
the amount of pores in the concrete and enhance its resistance to frost, but it may result in
a certain loss of strength. According to Fu’s research, concrete with added air-entraining
agents had higher total porosity, average pore size and median pore size when compared to
concrete made with vibratory mixing [27]. This has a negative impact on the performance
of concrete. In contrast to concrete with air-entraining agents, the strength of concrete
using the vibration mixing process is not always diminished since it may not only improve
the pore structure but also produce an impregnation effect at the interface transition zone
(according to Xiong’s results [26]). When the acceleration of vibration increases, these
phenomena will become more visible. Therefore, the vibration mixing process can be a way
to optimize the pore structure of concrete by only changing the mixing process rather than
adding admixtures, so as to improve the mechanical properties and durability of concrete.

8. Conclusions

From the study of the effect of the vibration mixing process on air pore structure and
size distributions in concrete, the following conclusions can be obtained.

(1) The volume of permeable voids in hardened concrete decreases as vibration accel-
eration increases. The relative reduction values of C-2, C-3 and C-4 are 8.5%, 10.1%
and 16.6%, respectively, as compared to the reference group. This indicates that the
concrete produced by the vibration mixing process is denser and has fewer interior
open pores.

(2) The digital image analysis has been used to evaluate pore characteristics in hardened
concrete. Using this approach, the detailed results show that the porosity of C-2, C-3
and C-4 is relatively reduced by 15.0%, 23.3% and 28.9% compared to the reference
concrete. With an increase in vibration acceleration, the average equivalent diameter
drops from 413.4 µm to 327.9 µm and the specific surface area rises from 7.94 mm−1

to 9.80 mm−1. The number of pores likewise increases with the alteration in vibration
acceleration. The quantity grew to 1122 at 4 g of vibration acceleration, a relative
increase of 63.1% compared with the reference group. The ANOVA of the porosity,
quantity and pore size also shows that, using the vibration or non-vibration mixing
process, the population means are significantly different at the 0.05 level.

(3) The pore gradation for each concrete is also investigated. All concrete has a bimodal
pore size distribution, mainly composed of pores with an equivalent diameter between
50 µm and 500 µm, which is a main peak, and a smaller peak of pore diameters
between around 1 mm and 2 mm. The pore gradation curves reveal that the vibration
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mixing process dramatically modified the pore structure by reducing the number of
big pores and considerable increasing the amount of tiny pores.

(4) The durability of all concrete has been studied. The findings indicate that, using
the vibration mixing process, the positive change of the average size and number
of pores improves the freezing-thawing resistance of concrete and the reduction of
porosity, and the volume of permeable voids resulted in improved water permeability
resistance of concrete.
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