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Abstract: Currently, the MgO expansion agent is widely used to reduce the cracking risk of concrete.
The influence of MgO reactivity (50 s and 300 s) and dosage (0, 4 wt.% and 8 wt.%, by weight of
binder) on the air void, pore structure, permeability and freezing–thawing (F–T) resistance of concrete
were studied. The results indicate (1) the addition of 4–8 wt.% reactive MgO (with reactivity of 50 s
and termed as M50 thereafter) and weak reactive MgO (with reactivity of 300 s and termed M300
thereafter) lowers the concrete’s compressive strength by 4.4–17.2%, 3.9–16.4% and 1.9–14.6% at 3,
28 and 180 days, respectively. The increase in MgO dosage and reactivity tends to further reduce the
concrete strength at all hydration ages. (2) Permeability of the concrete is closely related to the pore
structure. M50 can densify the pore structure and lower the fraction of large capillary pores at an
early age, thus it is beneficial for the impermeability of concrete. In contrast, M300 can enhance the
180-day impermeability of concrete since it can densify the pore structure only at a late age. (3) The
influence of MgO on F–T resistance is minor since MgO could not change the air void parameters.
(5) MgO concretes exhibit obvious fractal characteristics. The fractal dimension of the pore surface
(Ds) exhibits a close relationship with the permeability property of concrete. However, no correlation
can be found between F–T resistance and Ds.

Keywords: MgO; permeability; F–T resistance; pore; air void; fractal dimension

1. Introduction

With the rapid construction of infrastructure, the cracking of concrete structures has
become a global concern in the field of civil engineering [1–6]. During the past decades,
researchers have proposed many measures to reduce the cracking risk of concrete, including
the usage of a certain amount of fly ash [7,8], shrinkage–reducing admixtures (SRA) [9],
fibers [10–15] and magnesia expansion agent (abbreviated as MgO thereafter) [16,17], etc.
Since the 1970s, MgO has been increasingly used in various concrete structures. The
reaction between MgO and water produces Mg(OH)2 crystals [18], the growth of which
could generate expansion and compensate for the shrinkage of concrete [1].

MgO is typically produced by calcining magnesite at high temperatures. Its reactivity
is dominated by the calcination conditions, e.g., calcination temperature and calcination
time [1]. The reactivity and dosage of MgO are the two main factors affecting the expansion
properties of concrete [19]. So far, there have been many studies concerning the effects
of MgO reactivity and dosage on the shrinkage behavior, strength and microstructure
of concrete as well as the cement hydration [16,18–23]. For instance, the reactive MgO
reacts with water rapidly and produces a large expansion at an early age, therefore it was
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suitable for compensating the early rapid shrinkage of thin concrete structures [16,20–22].
In contrast, weak reactive MgO reacts with water more slowly and produces a slower
expansion at an early age but produces a larger expansion at a later age than the reactive
one, thus it is more beneficial in compensating for the shrinkage of massive concrete
structures at a later hydration age [16,20,22]. Generally, the shrinkage compensation effect
of MgO enhances with the increase in MgO dosage [18,19]. In addition to shrinkage and
strength, concrete durability is closely related to the safety and service life of concrete
structures. Nevertheless, the studies regarding the influence of MgO on the durability
of concrete are relatively limited. Commonly, permeability and freezing–thawing (F–T)
resistance are two important parameters evaluating the durability of concrete.

There are some studies regarding the effects of MgO on the permeability property of
concrete. Zheng et al. [24] indicated that the presence of MgO could modify the pore struc-
tures of concrete and consequently affect the permeability properties since the permeability
of concrete was governed by the volume fraction (total porosity) and microgeometry of
the entire pore structure. Choi et al. [25] reported that the addition of 5 wt.% MgO with a
weak reactivity of about 210–265 s improved the resistance of fly ash concrete to chloride
permeability in the long term by reducing the total porosity of concrete, especially by
reducing the proportion of 0.03–0.3 µm pores. Jiang et al. [26] found that MgO with a 115 s
reactivity enhanced the resistance to chloride penetration of bridge deck concrete, which is
also closely related to the reduced porosity and optimized pore structure of concrete. A
similar finding was reported by Sherir et al. [27] who found the addition of 5 wt.% MgO
(without the reactivity information) improved the long-term chloride resistance of a self-
healed cementitious composite. Nevertheless, to the best of our knowledge, no report exists
to date describing the influence of the reactivity and dosage of MgO on the permeability
of concrete.

The effects of MgO on the freezing–thawing (F–T) resistance of concrete have also
been studied by researchers. Choi et al. [25] revealed that the addition of 5 wt.% (by weight
of the binder) of a MgO expansive agent with reactivity of 210–265 s had little effect on the
F–T resistance of concrete, since the MgO of this reactivity did not change the fraction of
the pores larger than 10 µm (also termed the air void), which were often associated with
F–T resistance. Gao et al. [17] found that the strength and mass losses of roller-compacted
concrete (RCC) during the F–T cycles decreased with the increase in MgO dosage from
0 to 12 wt.%; that is, the F–T resistance of concrete is significantly enhanced with MgO
dosage. It is well demonstrated that the F–T resistance of concrete is determined by air
void parameters such as the air content, air void spacing factor (the distance between
air void centers) and so on [28–30]. A proper air-void system is generally required to
ensure the desirable F–T resistance [28]. The closed, small and evenly distributed air voids
could provide some space for the accommodation of ice and, hence, effectively ease the ice
expansion, thus enhancing the F–T resistance of concrete [30]. However, so far, the effects
of MgO with different reactivity and dosage values on the air void and frost resistance of
concrete have rarely been studied.

From the review of the existing literature, it can be seen that there are some studies
concerning the effects of MgO on the water permeability and F–T resistance of concrete.
Nevertheless, there is still a lack of information regarding the influence of MgO with
different dosages and reactivities on the air void parameters, pore structure, impermeability
and F–T resistance of concrete. Therefore, this paper intends to remedy this inadequacy.
First, the effects of MgO with different contents (0, 4 wt.% and 8 wt.%, by weight of the
binder) and reactivities (50 and 300 s) on the water penetration as well as the resistance
of concrete to 300 F–T cycles were systemically investigated and compared. Then, the
parameters of the pores, ranging from nano- to micro- scales, including the capillary pores
(2.5–10µm) and air voids (pore size exceeding 10 µm), were investigated via a mercury
intrusion porosimeter (MIP) and a linear traverse method, respectively. Finally, considering
the fractal theory is an innovative method to analyze the pore structure of concrete, which
exhibits obvious fractal characteristics [31–34], the permeability and F–T resistance of
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concrete were analyzed via pore structural and fractal analysis. The outcomes of this study
may reveal how MgO affects the impermeability and F–T resistance of concrete from a new
perspective and also help engineers to select the optimal MgO reactivity and dosage for the
proper application of MgO in practice.

2. Materials and Analytical Methods
2.1. Raw Materials

In this study, P·I Portland cement with a 28-day strength of 48.6 MPa and a MgO
expansive agent with two reactivities, namely 50 s and 300 s, were used. The reactivity
of MgO, which is the time needed for 1.7 g MgO to neutralize 200 mL of citric acid with
a molar concentration of 0.07 mol/L, was tested according to the standards [35,36]. The
two MgO, which are labelled M50 and M300, meet the standard requirements for reactive
MgO (with a neutralization time between 50 and 200 s) and weak reactive MgO (with a
neutralization time ranging from 200 to 300 s), respectively, based on DL/T 5296-2013 [35].
The main physical properties and chemical compositions of cement and MgO are listed in
Table 1.

Table 1. Physical properties and chemical compositions of P·I cement and MgO.

Parameters P·I Cement M50 M300

Chemicals (wt.%)
CaO 61.3 2.4 2.6
SiO2 19.3 1.3 1.4
Fe2O3 4.3 0.6 0.5
MgO 3.7 91.2 91.0
SO3 2.6 0.1 0.1
Al2O3 4.7 0.1 0.1
Loss on ignition 1.2 3.7 3.1
Physical properties
Blaine specific surface area (m2/kg) 326 - -
BET specific surface area (m2/g) 0.91 31.2 12.50
Median particle size (D50, µm) 17.3 11.8 19.8
Specific gravity 3.20 3.51 3.50

Coarse aggregate with a particle size of 5–40 mm and fine aggregate with a maximal
particle size of 5 mm sourced from crushed limestone was adopted in this work. The
density for both coarse and fine aggregates is 2650 kg/m3. The fineness modulus of fine
aggregate is 2.71. The aggregates were kept at a saturated surface dry (SSD) condition
before preparing concrete mixtures.

2.2. Mix Proportion Design

To investigate the effects of MgO with different dosages and reactivity on the mechan-
ical properties, F–T resistance and water permeability of concrete, concrete with a C30
strength grade was prepared. The concrete mixture proportion was designed based on
the volume method according to Chinese standard DL/T 5330 (Code for mix design of
hydraulic concrete) [37] and Ref. [38]. The MgO replacement for cement ratios of 0, 4 wt.%
and 8 wt.% were adopted to prepare concrete. The polycarboxylate-based superplasticizer
at a dosage of 0.6–0.9% (by weight of binder) and an air-entraining agent (AEA) at a dosage
of 0.025–0.045% (by weight of binder) were used to generate a target slump of approx-
imately 50–70 mm and a target air content of approximately 5% in each fresh concrete
mixture. The water-to-binder (W/B) ratio was usually adopted to produce conventional
moderate-strength concrete, thus the W/B of 0.4 was used in this study. For all of the
concrete mixtures, the water-to-binder (W/B) ratio, the sand volume ratio and the water
content were kept constant at 0.4, 32% and 122 kg/m3, respectively. The details of the mix
proportions and the corresponding designations are exhibited in Table 2. For instance, the
concrete containing 0 MgO, which is designated as “C0”, serves as the control sample and
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the concrete with M50 and M300 added at a dosage of 4 wt.% is denoted as “C4M50” and
“C8M300”, respectively. The concrete specimens were cured in a standard curing room
(20 ± 2 ◦C and RH > 95%) until being tested.

Table 2. Mix proportions and notations of concrete.

Designations W/B
Ratio

MgO Dosage
(wt.%)

Mix Proportions (kg/m3)
Slump
(mm)Water Cement MgO Sand Coarse

Aggregate
Super
Plasticizer

C0 0.4 0 122 305 0 630 1339 1.8 65
C4M50 0.4 4 122 293 12 631 1340 2.4 55
C8M50 0.4 8 122 281 24 631 1341 2.7 51
C4M300 0.4 4 122 293 12 631 1340 2.1 62
C8M300 0.4 8 122 281 24 631 1340 2.4 57

2.3. Test Methods
2.3.1. Compressive Strength of Concrete

Compressive strength is one of the most basic mechanical properties of concrete. The
compressive strengths of concrete were tested at 3, 28, 90 and 180 days complying with
DL/T 5150 (test code for hydraulic concrete) [39] by means of an electronic universal
testing machine with a capacity of 300 kN. The hydration ages of 3, 28 and 180 days denote
the early age, middle age and long-term age of concrete, respectively, which are also the
typical hydration ages to determine the properties of concrete according to DL/T 5150. The
concrete cubic specimens sized 150 mm × 150 mm × 150 mm were tested at a constant
loading rate of 0.3–0.5 kN/s. For each compressive strength result, six cubic specimens
were used, and an average value was reported as the final result.

2.3.2. Water Impermeability

Concrete impermeability refers to the ability to prevent external ions and water from
entering the concrete, which is a dominant property affecting the durability of concrete,
whereby the better the impermeability, the better the resistance to water and detrimental ion
penetration [40,41]. The water impermeability test was conducted using a Hp–4.0 model
permeability instrument, conforming to the procedure specified in DL/T 5150. Considering
the concrete will not be subject to the water pressure in practical application at the very
early hydration age, the 3-day permeability results of concrete were not tested in this work.
During the test, six specimens cured for 28 and 180 days with a top diameter, bottom
diameter and height of 185 mm, 150 mm and 175 mm, respectively, were tested for each
concrete mixture. The test procedure is as follows: Before the test, the round surfaces of the
cylindrical specimens were coated with a layer of hot wax to prevent leakages during the
tests, then the specimens were placed in the instrument. Both the top surface and bottom
surface of the cylinders were exposed so that the water can permeate through the concrete
under high water pressure. Once the sealing procedure was completed, water was injected
into the bottom space of the specimens and the water pressure was increased directly to
1.4 MPa and maintained for 24 h, then the water pressure was unloaded, and the specimens
were split into two parts. After that, the average water-seepage height (Dm) of each group
of concrete specimens was calculated. Based on the Dm values, the relative permeability
coefficient (Kr) of concrete can be calculated by the following Equation (1):

Kr = aD2
m/2TH (1)

where Kr is the relative permeability coefficient, cm/h; T is the duration of the test, which
is 24 h; H is the water head, which is 12,244 cm in this work; a is the absorption ratio of
concrete, which is 0.03.
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2.3.3. Freezing and Thawing (T–F) Resistance Test

The frost resistance of concrete was tested based on the method of rapid freezing and
thawing in water conforming to DL/T 5150 [39]. This test procedure is nearly the same as
Method A specified in ASTM C666 [42]. During the T–F resistance test, three specimens
(400 mm × 100 mm × 100 mm) cured for 28 and 180 days of each concrete mix were used
to measure the frost resistance, and the average test results were reported. For each test,
the concrete specimens were subjected to 300 T–F cycles. Before the test, the initial mass
and transverse frequency of each specimen were recorded first, and then the T–F tests were
conducted at a rate of 6 cycles per day. Each T–F cycle comprises a rapid temperature drop
period (maintained at −17 ◦C) of 2.5 h and a rapid temperature rise period (from −17 ◦C
to 8 ◦C) of 1.5 h. The freezing and rising rate in the test is approximately 4 ◦C/h. The mass
loss and transverse frequencies were tested and recorded every 50 cycles up to 300 cycles.
Similarly, concrete at an early age is commonly well cured in practice and therefore will not
suffer from F–T resistance at a very early curing age, hence the 3-day F–T resistance tests
were not conducted.

2.3.4. Pore Structure Evaluation by Mercury Intrusion Porosimeter (MIP)

In this study, the porosity and pore size distribution of concrete cured for 3, 28 and
180 days were measured by MIP using Micromeritics AutoPore IV 9500 (U.S.A.) with a
pressure range of 0–414 MPa, which could test the pore size with a range of approximately
~2 nm to 10 µm. MIP samples were obtained by cutting small cubic pieces sized approxi-
mately 5–8 mm from the center of concrete specimens for strength tests using a diamond
saw. The coarse aggregates were moved from the MIP samples before the MIP tests, which
can be easily accomplished since the coarse aggregates are grey and can be distinguished
by the naked eye. Before the test, the cubic pieces were immersed in ethanol for 24 h to
remove the free water, and then dried at 60 ◦C for 5 h to a constant mass in a vacuum
drying oven. At least three samples were placed into the glass tube for each MIP test to
minimize the effects of variations in sample size on test results.

2.3.5. Air Void Evaluation by The Linear Traverse Method

A proper air-void system plays a key role in maintaining good F–T resistance of
concrete. The air void structure parameters of concrete cured for 3, 28 and 180 days,
including the air void spacing, air void number and size, were evaluated using a Rapidair
457 air void analyzer, conforming to the linear traverse method described in detail in ASTM
C 457 [43]. This air void analyzer could test air voids with sizes ranging from approximately
10 µm to 2000 µm. A picture of this analyzer device and the testing procedure of the air-void
system were presented in detail in our previous studies [21,34]. The concrete samples with
a size of 150 mm × 150 mm × 150 mm were cured for 3, 28 and 180 days in a foggy room
with a temperature of 20 ± 2 °C and relative humidity of 95 ± 2% before the air void test.
The tested concretes were sawed into slices with a size of 1 cm × 15 cm × 15 cm, then
the concrete slices were used for the air void test. During the test, the surfaces of slices
were polished until smooth and painted with a layer of fluorescent powder. The air voids
filled with fluorescent powder can be detected by ultraviolet irradiation from the analyzer.
For each slice, seven linear traverses were evenly arranged on the slice surface, thus the
total length of linear traverses for each slice was 1050 mm. For each concrete mix, three
slices made from different concrete specimens were tested, and the average air void result
was reported.

2.3.6. Calculation of Fractal Dimension

Pfeifer and Avnir [44] demonstrated that the roughness and irregularities of pore
surfaces of porous material can be characterized by the fractal dimension of pore surface
fractal dimension (Ds). In this work, Zhang’s fractal model [45,46], based on MIP results,
was employed to obtain the Ds of concrete.
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According to Zhang’s model [45,46], there is a logarithmic correlation between the
accumulated injection work (Wn) on mercury and the total volume mercury injected into
the pores (Vn), as shown in Equation (2):

ln
Wn

r2
n

= Dsln
V1/3

n
rn

+ C (2)

where rn is the pore radius m; C is a regression constant; n represents the n-th mercury injection.
Wn can be calculated by the following Equation (3):

Wn =
n

∑
i

pi4Vi (3)

where the index i is the i-th mercury injection; pi refers to as the mercury pressure Pa; Vi
denotes the volume of mercury injected at the i-th injection, m3.

The values of Wn, Vn, ln Wn
r2

n
and ln V1/3

n
rn

can be calculated directly from the MIP results
and Equation (3). Then Ds can be determined, which is the slope of the straight line in
Equation (2).

3. Results and Discussion
3.1. Compressive Strength of Concrete

The compressive strength of concrete containing MgO with different reactivity and
content at 3, 28, 90 and 180 days is exhibited in Figure 1. The error bars of the mechanical
property results are also shown in Figure 1.
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Figure 1. Compressive strength of concrete containing MgO with reactivity of (a) 50 s and (b) 300 s.

Figure 1 indicates both M50 and M300 could reduce the compressive strength of
concrete, and at a higher dosage of MgO, a larger reduction in compressive strength can be
observed. The reduced compressive strength of concrete in the presence of MgO can be
attributed to several reasons: (1) The dilution effect due to MgO addition leads to a reduced
cement amount, which inevitably leads to the generation of less hydration product and
weakens the concrete strength to some degree [47,48]. (2) The reaction product of MgO
with water is brucite crystal, which is not helpful for, or even weakens, the strength gain
of concrete since brucite cannot act as a binding phase like calcium silicate hydrate (C-S-
H) [49–53]. (3) Some studies reported that the consumption of water by MgO, as well as the
generation of micro-cracks and high porosity accompanied by brucite expansion, should be
held responsible for the weakened concrete strength [1,47,48]. The higher dosage of MgO
would result in a stronger dilution effect, while it could also consume more of the water
mixture and produce more brucite crystals, thus leading to a larger strength reduction.
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However, a comparison of the results in Figure 2 shows that concrete with different
reactivities of MgO exhibits different strength development; that is, at the same dosage
level, the incorporation of reactive M50 decreases the compressive strength of concrete
more significantly than M300, especially at an early age. Specifically, the addition of
8 wt.% M50 lowers the compressive strength of C0 by about 17.2%, 16.4%, 15.9% and
14.6% at 3, 28, 90 and 180 days, while the reductions are only 11.3%, 9.0%, 5.2% and 3.7%,
respectively, due to the addition of 8 wt.% M300. The same phenomenon can be found
for concrete containing 4 wt.% MgO with different reactivity in a similar study [50]. Cao
et al. [50] concluded that the addition of reactive MgO in concrete would produce much
weaker mechanical properties at an early age. An experimental study concerning the MgO
reaction [54] indicates that the reaction degree of 325 s MgO is less than 10% while that
of 46 s MgO is nearly 100%, revealing most highly reactive MgO can act with water at
an early age, whereas weakly reactive MgO rarely reacts with water at the initial time.
These quantitative results could reasonably support the observed difference in strength
reductions described above, i.e., M50 reacts with water quickly, consuming more free
water and producing more brucite crystals than M300, which inevitably results in larger
strength reductions.
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In addition, it can be seen from Figure 2 that the presence of M300 could contribute to
the long-term strength increase, while M50 could not. For example, the 180-day strength
gap between C8M300 and C0 is only 3.7%, while the gap between C8M50 and C0 is as
large as 14.6% at 180 days. This trend is in good agreement with the findings in another
study [25], which reported that concrete containing 5% MgO with a weak reactivity of 265 s
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starts to increase in compressive strength after 56 days of curing and reaches almost the
same 180-day strength as plain concrete. A similar trend can be observed from cement
mortars by Cao et al. [50]. These researchers ascribed this trend to the fact that MgO with
weak reactivity begins to react with water at the middle hydration age and thereafter it
could densify the pore structures, hence lowering the strength gap between MgO concrete
and the control concrete at a later age. In contrast, due to its high reaction degree at an
early age, reactive MgO could not improve the pore structure and facilitate the long-term
strength of concrete, as evidenced by the study [54]. This statement will be supported by
MIP results in Section 3.4.

3.2. Permeability

The permeability results of concrete including the water-seepage height (Dm) and
relative permeability coefficient (Kr) at 28 and 180 days are shown in Table 3. Table 3 shows
the reactivity and dosage of MgO obviously affect the permeability of concrete.

Table 3. The 28-day and 180-day permeability of concretes containing MgO with different reactivity
and dosage.

Designations Curing Time
(Days)

Average Water Seepage
Height Dm (cm)

Relative Permeability
Coefficient Kr
(×10−7 cm/h)

C0
28 3.5 ± 0.12 6.25 ± 0.43
180 2.7± 0.14 3.72 ± 0.39

C4M50
28 3.1 ± 0.1 4.91 ± 0.32
180 2.2 ± 0.11 2.47 ± 0.25

C8M50
28 2.7 ± 0.14 3.72± 0.39
180 1.8 ± 0.12 1.65 ± 0.22

C4M300
28 3.5 ± 0.13 6.25 ± 0.47
180 1.9 ± 0.12 1.84 ± 0.23

C8M300
28 3.6 ± 0.10 6.62 ± 0.37
180 1.4 ± 0.11 1.00 ± 0.16

Table 3 shows the inclusion of reactive M50 improves the impermeability of concrete
at 28 days. Specifically, the 4 wt.% addition of M50 lowers the Dm and Kr values of C0
concrete by about 11.4% and 21.5% at 28 days, respectively, and the increase in M50 dosage
from 4 wt.% to 8 wt.% further reduces the Dm and Kr values by about 23.0% and 40.5%,
respectively, compared with C0. On the contrary, the Dm and Kr values of concrete cured
for 28 days did not change with the addition of weak-reactivity M300. Nevertheless, it is
clear from Table 3 that the presence of 4 wt.% M300 considerably lowers the Dm and Kr
values of concrete at 180 days by about 45.7% and 70.5%, respectively, compared with C0
concrete. Moreover, the higher dosage of M300 would enhance this beneficial effect to a
larger extent. The results above demonstrate that M50 is beneficial for the improvement
in impermeability of concrete at an early age while M300 is beneficial for impermeability
at a long-term age. It is well accepted that the impermeability of concrete depends on
the pore structure of concrete. As revealed by Zheng et al. [24], the permeability was
governed by the volume fraction (total porosity) and microgeometry of the entire pore
structure in concrete. In this study, the enhanced resistance to water permeability may also
be associated with the variations in pore structure due to MgO addition. This presumption
will be verified from the standpoint of pore structure in Section 3.4.2.

3.3. F–T Resistance

The results of the F–T resistance of concrete containing MgO with different reactivity
and dosage at 28 and 180 days are exhibited in Figure 2. Figure 2 shows the reactivity and
dosage of MgO obviously affect the F–T resistance of concrete.

According to DL/T 5150 [39] and ASTM C666 [42], the mass loss and the relative
dynamic elastic modulus are two typical results of the F–T resistance test to assess the
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F–T resistance of concrete. There are two important criteria to evaluate whether concrete
achieves F–T resistance of F(n), that is, the mass loss of the concrete specimen is less than
5% and the relative dynamic modulus of elasticity is decreased less than 40% after n F–T
cycles. From Figure 2, it can be seen that all of the concretes in this work exhibit mass
losses less than 5% and relative dynamic modulus of elasticity larger than 60% after 300 T–F
cycles, indicating all of the concretes have an F–T resistance grade of F300 according to
DL/T 5150 [39].

As shown in Figure 2, during all 300 F–T cycles, the differences among all concrete
containing MgO with different reactivity and content are minor at the same hydration
age. What is more, these differences seem to fall within the error range, indicating the
influence of MgO on F–T resistance can be seen as negligible in this study. This finding
agrees well with the study by Choi et al. [25], who found MgO might have little effect on
the F–T resistance of concrete because MgO would not change the pores larger than 10 µm
within MgO concrete. The F–T resistance of concrete will be further discussed in terms of
air void parameters in Section 3.5.

3.4. Pore Structures and Pore Structural Analysis of Durability
3.4.1. Pore Structures

The pore structure parameters of concrete containing MgO with different reactivities
and dosage at 3, 28 and 180 days are exhibited in Table 4. On the basis on the classical
method [55], pores with the size ranges of 2.5–10 nm, 10–50 nm, and 50 nm–10 µm can
be divided into small capillary pores (also called gel pores), medium capillary pores and
large capillary pores, respectively. Table 4 indicates MgO reactivity and dosage have an
important impact on concrete pore structure [23].

Table 4. Pore structure parameters of concrete obtained by MIP.

Designations Hydration Age
(Days)

The Most Probable
Pore Diameter (nm)

Porosity
(%)

Pore Size Distribution

<10 nm (%) 10–50 nm (%) 50 nm–10 µm (%)

C0
3 166.0 33.6 7.2 23.9 68.6

28 73.3 23.6 13.2 42.6 43.6
180 41.6 19.8 20.6 53.2 25.9

C4M50
3 151.3 29.6 7.1 31.2 61.1

28 63.5 20.3 12.9 46.9 40.1
180 35.5 17.7 20.9 58.9 19.4

C8M50
3 126.4 25.5 6.8 38.9 54.2

28 52.3 17.3 13.0 52.1 34.6
180 26.9 14.5 19.7 64.8 14.9

C4M300
3 168.2 34.2 7.1 22.9 69.5

28 74.6 24.3 12.9 41.4 45.2
180 29.6 14.7 19.6 63.8 15.9

C8M300
3 170.6 33.1 6.8 22.8 69.5

28 72.9 24.2 12.5 51.9 35.4
180 21.3 11.8 20.9 68.1 10.8

As illustrated in Table 4, the addition of M50 can refine the pores in concrete at
3 and 28 days, whereas the weak-reactivity M300 cannot. For instance, for the proportion
of large capillary pores (between 50 nm and 10 µm), the porosity, as well as the most
probable pore diameter, of concrete were obviously reduced in the presence of M50 at
3 and 28 days. The porosity of concrete was reduced from 33.6% to 29.6% and 25.5% due to
the addition of M50 at the dosages of 4 wt.% and 8 wt.%, respectively. By contrast, these
pore structure parameters do not vary with the addition of M300. These findings are in
good agreement with those reported by Mo et al. [56], who conducted an MIP study on
cement pastes and found the addition of 8 wt.% MgO with a high reactivity of 45 s lowers
the porosity of control cement pastes and the addition of 8 wt.% weak reactive MgO (135 s)
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does not change the pore structure parameters of pastes. Two possible reasons may be
responsible for this trend. One reason is that the reactive MgO could quickly react with
water to generate a large number of Mg(OH)2 crystals to fill the pores at the initial hydration
time, thus reducing the porosity and the fraction of large pores. However, weak-reactivity
MgO cannot participate in the reaction with water so it cannot change the pore structure.
This is well evidenced by quantitative analysis by Mo et al. [16], in which the amount of
Mg(OH)2 formed in cement pastes containing reactive MgO (65 s) at an early hydration age
(e.g., within 28 days) was much higher than that in the pastes with weak-reactivity MgO
added (145 s). The other possible reason is that the expansion of the Mg(OH)2 crystals
formed could cause refinement and densification in the pore structure of cement pastes and
concrete [16,23].

Table 4 also shows that at 180 days, M300 exhibits a much stronger pore refinement
effect than M50. In other words, the concrete with M300 added has a lower porosity, a
smaller most-probable pore diameter and a lower proportion of large capillary pores than
C0 and that with M50 added. For example, C4M300 cured at 180 days has a porosity
of 14.7%, a most-probable pore diameter of 29.6 nm and a proportion of large capillary
pores of 15.9%, all of which are smaller than those of C4M50 (17.7%, 35.5 nm and 19.4%,
respectively). The same trend can be observed for cement mortars by Choi et al. [25],
in which the porosity and proportion of large pores of mortars containing 5 wt.% weak
reactive MgO (265 s) were obviously reduced compared with those of plain cement mortar
at 360 days. This phenomenon can be attributed to the continuous reaction of weak reactive
MgO at a late age, which could produce Mg(OH)2 and refine the pore structures [25].

From Table 4, it is easy to observe the trend whereby a high dosage of MgO will
produce a fine pore structure in concrete. For instance, the porosity, the most-probable
pore diameter and the proportion of large capillary pores of C4M300 cured at 180 days are
smaller than those of C8M300 at the same hydration age. The same trend can be observed
for concrete containing M50 at 3 and 28 days. However, a contrary conclusion was reported
by Cao et al. [1], who found the porosity and pore diameter of cement pastes containing
10 wt.% weak-reactivity MgO (220 s) are larger than those of pastes containing 6 wt.% MgO
with the same reactivity. These seemingly reverse trends can be explained by the difference
in MgO dosage in this work and in Cao et al.’s study [1]. In Cao et al.’s study [1], the
scanning electron microscope (SEM) micrographs revealed that an excessive dosage (e.g.,
10 wt.% or more) of MgO would generate a large amount of Mg(OH)2 hexagonal lamellar
crystals, and the growth of these crystals could increase the pore diameter, produce many
additional pores and even micro cracks, leading to a harmful volume expansion of concrete.
It is also interesting to note from Table 4 that the addition of both M50 and M300 could not
reduce the fractions of small capillary (gel) pores. The mechanism behind this could be
that the gel pore fraction is more related to the main cement hydration products, i.e., C-S-H
and other gel phases [38], while the reaction product of MgO is Mg(OH)2 crystals, which
would not increase the amount of gel.

3.4.2. Pore Structural Analysis of Permeability and F–T resistance

The relationship between the permeability result of concrete and main pore structure
parameters such as porosity and the fraction of large capillary pores (pore size between
50 nm and 10 µm) at 28 and 180 days are shown in Figure 3.

Figure 3 displays that Kr is linearly related to the porosity and fraction of large capillary
pores. Some studies [24,41] have reported similar results that high porosity and a high
proportion of large capillary pores favor the generation of seepage channels for water
permeation and ion diffusion. Metha and Monterio [57] further demonstrated that pores
with a size ranging from 50 nm to 0.1 µm significantly contribute to the permeability of
concrete. Therefore, the permeability difference caused by MgO reactivity and dosage
can be understood from the viewpoint of pore structure. As discussed in Section 3.4.1,
reactive M50 can densify the pore structure of concrete and lower the fraction of large
capillary pores at 28 days, so it can cut off the water and ion penetration channels as well
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as improve the resistance of concrete to permeability at an early hydration age. In contrast,
weakly reactive M300 can participate in the reaction with water and densify the pores of
concrete at 180 days; consequently, the impermeability of concrete at a long-term age can be
enhanced by M300. Considering hydraulic concrete only suffers from high water pressure
at a long-term age, weakly reactive MgO at relatively high dosage is suggested for use in
practical applications.
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Moreover, a careful pore structural analysis of the F–T resistance found there are
no definite correlations among the F–T resistance (e.g., mass losses and relative dynamic
modulus of elasticity) and pore structural parameters (e.g., the porosity and the fraction of
large capillary pores) of concrete. For instance, C0 concrete with the largest porosity and
fraction of large capillary pores among all the concretes at 28 days does not exhibit the best
or weakest F–T resistance, and this is also observed for C8M300, which has the smallest
porosity and fraction of large capillary pores among all the concretes at 180 days. This is
because the pore structures detected by MIP are not closely related to the F–T resistance of
concrete [28]. The total porosity is not a good indicator of frost durability, since very small
capillary pores would not contribute to the increase in F–T resistance [28]. As demonstrated
by Powers and Brownyard [58], the nucleation of ice crystals becomes more difficult as the
pore size decreases. Many other researchers proved that the F–T resistance of concrete is
significantly affected by pores with a diameter above 50 µm [59] or around 300 µm [60], all
of which are within the pore size range of air voids.

3.5. Air Void Parameters and Analysis
3.5.1. Air Void Parameters

The air void parameters of concrete containing MgO with different reactivities and
dosage hydrated at 28 and 180 days, including the hardened air content (A), the total number
of air voids (N), the average air void diameter (D) and the spacing factor (

−
L), are shown

in Table 5. Since early-age concretes are rarely subjected to F–T damage, the air void pa-
rameters of concretes are tested at 28 and 180 days in this work. These air void parameters
are usually considered the main factors affecting the F–T resistance of concrete [30]. For
instance, adequate entrained air voids in concrete are needed to guarantee the desirable
F–T resistance [28], since the entrained air voids can provide enough spare space to accom-
modate the ice expansion [40,58]. In addition, under the same air content in concrete, a
smaller air void diameter and a greater number of air voids would result in a smaller air
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void spacing factor
−
L and, consequently, better F–T resistance [30]. Many studies confirmed

that an
−
L value below 250 µm is necessary for a desirable F–T resistance of concrete [28,30].

On the basis of this criterion, all of the
−
L results in Table 5 below 250 µm indicate all of the

concretes in this work possess good F–T resistance.

Table 5. Air void parameters of 28-day and 180-day concretes containing MgO with different
reactivities and dosage.

Designations Hydration
Age (Days)

Total Number
of Air Voids N

Traverse Length
through Air Ta

(mm)

Hardened Air
Content A (%)

Average
Chord Length

l (µm)

Average Air
Void Diameter

(µm)

Spacing Factor
-
L (µm)

C0
28 720 154 4.9 214 161 235

180 710 151 4.8 213 160 233

C4M50
28 782 151 4.8 193 145 214

180 759 154 4.9 203 153 225

C8M50
28 798 145 4.6 182 136 204

180 755 142 4.5 188 141 211

C4M300
28 765 148 4.7 194 145 216

180 741 145 4.6 196 147 218

C8M300
28 766 145 4.6 189 142 213

180 735 148 4.7 201 151 227

It should be noted that the target air content of all of the fresh concrete was kept as
5%, and it can be seen from Table 5 that there is no appreciable difference in hardened
air content (A). In addition, Table 5 clearly illustrates that MgO dosage and reactivity
have almost no influence on the air void parameters of concretes. This result is similar
to those in other studies [21]. Wang et al. [21] found the incorporation of 6 wt.% reactive
MgO (65 s) has no refinement effect on air voids in concrete cured for 28 days. Similarly,
Choi et al. [25] reported that there was no change in pores larger than 10 µm within concrete
with weak reactive MgO (265 s) added, hydrated at the long-term age of 360 days. The MIP
results in Section 3.4 revealed that the MgO addition could refine the large capillary pores
(50 nm–10 µm) due to the expansion of Mg(OH)2 crystals. Nevertheless, such an expansion
may not be large enough to densify the air voids, the size of which are 15–20 times as large
as those of large capillary pores, as shown in Table 5.

3.5.2. Air Void Analysis of Permeability and F–T resistance

As Table 3 indicates, MgO reactivity and dosage obviously affect the permeability
of concrete, while they do not change the air void parameters. As a consequence, there
are no definite correlations between the permeability property of concrete (Kr) and air
void parameters.

In addition, it is clear from Figure 2 and Table 5 that the differences in F–T resistance
and air void parameters among all of the concretes hydrated at the same age are minor,
that is to say, MgO addition within the dosage and reactivity range in this work would not
change the F–T resistance or air void parameters. Based on the above discussion, a trend
between the F–T resistance and air void parameters cannot be confirmed. Perhaps a higher
dosage, e.g., 10 wt.% or more, would have a considerable influence, but this high dosage is
of no practical use since it is beyond the maximum dosage for practical application.

3.6. Fractal Dimension of Pore Surface (Ds) and Fractal Analysis
3.6.1. Fractal Dimension of Pore Surface (Ds)

Ds values of concretes containing MgO with different reactivity and dosage at 3, 28
and 180 days are shown in Table 6. Table 6 also shows the R2 values of the fitting lines
shown in Equation (2), which approach 1.0, indicating the calculated Ds values are of
adequate accuracy and reliability.
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Table 6. Fractal dimension of pore surface (Ds) of concretes added with MgO.

Designations Hydration Age (Days) Ds R2

C0
3 2.658 0.946
28 2.835 0.974

180 2.925 0.956

C4M50
3 2.765 0.965
28 2.876 0.946

180 2.941 0.957

C8M50
3 2.815 0.980
28 2.912 0.957

180 2.968 0.967

C4M300
3 2.651 0.978
28 2.838 0.983

180 2.972 0.984

C8M300
3 2.667 0.988
28 2.836 0.991

180 2.983 0.992

Based on the fractal theory, Ds values of porous material are meaningful between 2.0
and 3.0, and an object with a Ds value >3.0 or <2.0 is considered to be non–fractal [31,34,41,61].
Additionally, a Ds value close to 2 indicates the measured object has a smooth surface, while
a Ds value approaching 3 means the pore structure becomes rougher and more complex [62].
Table 6 shows that all of the concretes have Ds values between 2.658 and 2.983. Therefore,
the pore structures of concretes containing MgO with different reactivities and dosage in
this work have obvious fractal characteristics.

Figure 4 reveals the close correlation between the pore structure of concrete and Ds.
Specifically, Ds is negatively correlated with both the porosity and the most-probable pore
diameter of concrete, with high R2 values of 0.970 and 0.938, respectively, indicating Ds
can aptly reflect the pore structures. As Jin et al. [63] reported, Ds can perform more
accurately and sensitively than other pore structure parameters to characterize the overall
pore structures.
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3.6.2. Fractal Analysis of Permeability and F–T Resistance

The correlation between the permeability of concrete and Ds is exhibited in Figure 5.
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Figure 5 clearly shows Kr is negatively correlated with Ds, with a high R2 value of
0.987. That is to say, the larger the value of Ds, the better the impermeability. A similar
close relationship between the permeability of concrete and Ds has been reported in other
studies [41] conducted on chloride permeability. Both of these studies confirmed that Ds
could reflect the porosity and permeability of concrete. Accordingly, the difference in the
effects of MgO on the permeability of concrete can by explained from the viewpoint of Ds.
In specific, M50 can react with water at an early age and refine the pore structure, thus
increasing the roughness and irregularities of pores and improving the impermeability of
concrete. On the contrary, M300 begins to densify the pore structures at a later age and
produces the smallest porosity and the most irregular pore structures among all of the
concretes, resulting in the largest Ds and greatest impermeability of concrete.

The relationship between the F–T resistance of concrete and Ds is revealed in Figure 6.
Figure 6 shows that there are no correlations between the F–T resistance of concrete and Ds,
since the data are so scattered in Figure 6. This is because MgO in this work significantly
affects the pore structures and the corresponding Ds, while it cannot affect the F–T resistance
of concrete. As discussed above, the F–T resistance of concrete is affected by air voids
rather than by the capillary pores detected by MIP. Based on the discussion above, it can be
concluded that Ds is not suitable to analyze the F–T resistance.
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4. Conclusions

The following conclusions can be obtained:
(1) The addition of 4–8 wt.% reactive MgO (M50) and weakly reactive MgO (M300)

lowers the compressive strength of concrete by 4.4–17.2%, 3.9–16.4% and 1.9–14.6% at 3,
28 and 180 days, respectively. The increase in MgO dosage and reactivity tends to further
reduce the concrete strength at all hydration ages. The presence of M300 contributes to the
long-term strength increment, while M50 cannot.

(2) Permeability of concrete is linearly related to the porosity and fraction of large
capillary pores. M50 can densify the pore structure and lower the fraction of large capillary
pores at an early age, thus it is beneficial for the impermeability of concrete at an early
age. In contrast, weakly reactive M300 can enhance the impermeability of concrete at
180 days since it can densify the pore structure of concrete, but only at a later age. The
weakly reactive M300, at a relatively high dosage of 8 wt.%, is suggested to be used in
hydraulic concrete.

(3) The influence of MgO on F–T resistance is minor, since MgO could not change the air
void parameters. Perhaps a higher dosage, e.g., 10 wt.% or more, would have a considerable
influence, but this high dosage is beyond the maximum dosage for practical application.

(4) MgO concretes exhibit obvious fractal characteristics. The fractal dimension of the
pore surface (Ds) exhibits a close relationship with the permeability property of concrete,
thus the difference in the effects of MgO with different reactivity on permeability can be
explained in terms of Ds. However, there is no correlation between F–T resistance and Ds.

More micro-structural investigations such as X-ray diffraction, nuclear magnetic reso-
nance (NMR), SEM/energy dispersive X-ray (EDX), X-ray computed tomography (X-ray
CT), etc., are needed to study the effects of MgO on the microstructure of concrete, as well
as more types of fractal dimensions, e.g., the fractal dimension of pore volume and fractal
dimension of pore tortuosity, etc., can be used to characterize the structure of concrete,
which will be conducted in the near future.
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