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Abstract: Currently, low heat Portland (LHP) cement is widely used in mass concrete structures. The
magnesia expansion agent (MgO) can be adopted to reduce the shrinkage of conventional Portland
cement-based materials, but very few studies can be found that investigate the influence of MgO
on the properties of LHP cement-based materials. In this study, the influences of two types of MgO
on the hydration, as well as the shrinkage behavior of LHP cement-based materials, were studied
via pore structural and fractal analysis. The results indicate: (1) The addition of reactive MgO (with
a reactivity of 50 s and shortened as M50 thereafter) not only extends the induction stage of LHP
cement by about 1-2 h, but also slightly increases the hydration heat. In contrast, the addition of
weak reactive MgO (with a reactivity of 300 s and shortened as M300 thereafter) could not prolong
the induction stage of LHP cement. (2) The addition of 4-8 wt.% MgO (by weight of binder) lowers
the mechanical property of LHP concrete. Higher dosages of MgO and stronger reactivity lead to
a larger reduction in mechanical properties at all of the hydration times studied. M300 favors the
strength improvement of LHP concrete at later ages. (3) M50 effectively compensates the shrinkage of
LHP concrete at a much earlier time than M300, whereas M300 compensates the long-term shrinkage
more effectively than M50. Thus, M300 with an optimal dosage of 8 wt.% is suggested to be applied
in mass LHP concrete structures. (4) The addition of M50 obviously refines the pore structures of LHP
concrete at 7 days, whereas M300 starts to refine the pore structure at around 60 days. At 360 days,
the concretes containing M300 exhibits much finer pore structures than those containing M50.
(5) Fractal dimension is closely correlated with the pore structure of LHP concrete. Both pore
structure and fractal dimension exhibit weak (or no) correlations with shrinkage of LHP concrete.

Keywords: low heat Portland cement; MgO; hydration; strength; shrinkage; pore; fractal dimension

1. Introduction

Low heat Portland (LHP) cement or high-belite cement is featured by a significantly
larger proportion of belite (C,S) and a smaller proportion of alite (C3S) compared with
conventional ordinary Portland cement (or ASTM Type I and CEMI) [1,2]. Due to the much
slower hydration rate and higher content of C,S than C3S in LHP cement, the hydration heat
generated by LHP cement is much lower than OPC [3-6]. For example, the accumulated
hydration heat of LHP cement at 3, 28, and 360 days is about 15.6-25.0%, 14.9-18.0%, and
15.3% lower than that of OPC, respectively [3,5-7]. Similarly, given the same proportions,
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the peak adiabatic temperature of LHP cement concrete is about 5.5-6.2 °C lower than
OPC concrete [3,5,6]. The conditions in mass concrete are nearly adiabatic and the peak
temperature can easily achieve as high as 50-80 °C, and the large temperature difference
between inside and outside of structures can easily lead to thermal stress development
and cracking [8]. Therefore, LHP cement is a perfect cement to be used in mass concrete
structures, which could obviously reduce the potential thermal-stress-induced cracking
risk [1,4]. In recent years, LHP cement was utilized in dozens of huge dams in China to
replace OPC, e.g., Baihetan dam, Wudongde dam, etc. [3,6,9]. However, the thermal stress
of LHP cement-based materials cannot be considerably avoided since the hydration of LHP
cement still releases a large amount of heat, even though its peak value is declined and
postponed to some extent compared with OPC. Moreover, the LHP cement concrete would
inevitably shrink due to the chemical reaction of cement and moisture loss in the drying
environment, which also increase the cracking risk [6,10]. Therefore, how to reduce the
shrinkage of LHP cement concrete remains a challenging issue for engineers.

Generally, several strategies are utilized to control temperature and prevent cracks
in practical engineering, including the adoption of pre-cooling aggregate and ice water, a
pipe cooling method by circulating cold water through internal pipes during the concrete
hardening stage [11], and the usage of a certain dosage of fly ash [12-15], fibers [16-23],
and a magnesia expansion agent (abbreviated as MgO thereafter) [24-30]. However, the
pre-cooling method and pipe cooling method need some additional labor as well as more
construction time and cost [11]. Moreover, the presence of fly ash would decrease the
mechanical strength of LHP concrete at early age and therefore prolong the construction
period [10].

MgO, which is manufactured by calcining magnesite or any other magnesium ore, is
reported to be used in mass concrete of dozens of dams in the past few decades to minimize
or eliminate the expensive temperature control measures in dam construction [27,31]. This
is because the reaction of MgO tends to produce a certain volume expansion that could
compensate part of or all of the shrinkage of concrete [25-28], which could consequently
lower the cracking risks of structure [24-29]. According to Chinese standard DL/T 5296-
2013 [32], there are two types of MgO, namely a reactive type with a neutralization time
between 50 to 200 s (i.e., Type I MgO) and a weak reactive type with a neutralization time
ranging from 200 to 300 s (i.e., Type Il MgO). Many studies have reported that Type I MgO
could produce quicker expansion at an early age than Type II MgO. Thus, it was more
applicable for compensating the early quick shrinkage of thin concrete structures resulting
from the rapid loss of water from their highly exposed surfaces or from a rapid temperature
drop at initial hydration time when the concrete tensile strength is not high [25,33,34].
On the contrary, Type II MgO, which begins to produce expansion only at a later age, is
more beneficial for massive concrete structures, since it can compensate the thermal stress-
induced shrinkage that persists for one or more years after concrete casting [28,33,35,36].

Although there are extensive studies thus far regarding the influence of MgO on
shrinkage properties and pore structures of conventional Portland cement pastes, mortars,
and concretes, very little work has been carried out on the effects of MgO on micro- or macro-
properties of LHP cement-based materials. Due to the extensive usage of LHP cement in
hydraulic projects and civil engineering in China, as well as the urgent need to further
reduce the cracking risk of LHP concrete structures, a comprehensive investigation of the
influence of MgO with different reactivity on properties of LHP cement-based materials is
required. Herein, the influence of two types of MgO on LHP cement hydration, mechanical
properties, and shrinkage behavior of LHP concrete were comprehensively studied and
accessed. Moreover, the effects of MgO were analyzed in terms of pore structure and fractal
theory. The findings in this work help to use MgO properly in designing LHPconcrete with
low shrinkage and cracking risk.
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2. Materials and Analytical Methods
2.1. Materials

LHP cement with a 42.5 grade was provided by HuaXin Cement Plant, China, and
MgO expansive agent with two reactivities, namely 50 s and 300 s were used. The re-
activity of MgO was tested conforming to Chinese Standards [32,37]. These MgO were
manufactured by calcining magnesite at 900 °C and 1100 °C, respectively, and provided
by Sanyuan New Materials Co., Ltd. The two types of MgO, which are shortened as M50
and M300 thereafter, meet the standard requirements for Type I MgO and Type Il MgO,
respectively, based on DL/T 5296-2013 [32]. The mineral compositions of LHP cement,
which were provided by HuaXin Cement Plant, are 28.7 wt.% C3S, 47.0 wt.% C;S, 4.1 wt.%
C3A,12.8 wt.% C4AF, and 3.9 wt.% gypsum. LHP cement meets the technical requirements
for type IV Portland cement (low heat cement) conforming to ASTM C150 [38] and LHP
cement conforming to GB 200 [39]. The basic physical properties and chemical oxides of
LHP cement and MgO are exhibited in Table 1.

Table 1. Physical property, chemical oxides of LHP cement, and MgO.

Parameter LHP Cement M50 M300
Oxides (wt.%)

CaO 61.9 24 2.6

Si0, 239 1.3 1.4

Fe, O3 4.2 0.6 0.5

MgO 29 91.2 91.0

SO;3 2.3 0.1 0.1

Al O3 42 0.1 0.1

Loss on ignition 0.5 37 3.1

Physical property
Specific surface area (SSA) by Blaine (m?/kg) 318 - -

SSA by BET (m?/g) 0.86 31.2 12.50

Median particle size (D50, pm) 17.6 11.8 19.8

Specific gravity 3.22 3.51 3.50

Coarse aggregate and fine aggregate are made of crushed limestone. The maximal
particle size of coarse aggregate and fine aggregate are 40 mm and 5 mm, respectively. The
density for both coarse and fine aggregates is 2650 kg/m3. The fineness modulus of fine
aggregate is 2.71.

2.2. Mix Proportion Design

The proportions of cement paste prepared were showed in Table 2. The cement pastes
in this study were used for hydration heat tests. Three MgO dosages (0, 4 wt.%, and 8 wt.%
by mass of binder) were used to prepare the paste samples. In Table 2, the LHP cement
pastes added with 4 wt.% and 8 wt.% Type I MgO are labelled as “LP0”, “LP4M50”, and
“LP8M50”. Similarly, pastes with 4 wt.% and 8 wt.% Type II MgO were named “LP4M300”
and “LP8M300”, respectively.

Table 2. Mixture proportion of paste samples.

Designations Water to Binder Ratio MgO Content (wt.%)
LPO 0.28 0
LP4M50 0.28 4
LP8M50 0.28 8
LP4M300 0.28 4
LP8M300 0.28 8

The concrete specimens were used to study the effects of MgO on mechanical property,
drying, and autogenous shrinkage, pore structures, and fractal characteristics of LHP
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concrete. In practical applications, a MgO dosage range of 4-8% is usually suggested [36].
Thus, the MgO replacement for cement ratios of 0, 4 wt.%, and 8 wt.% were adopted to
prepare the concrete. By using a polycarboxylate-based water reducing agent, a target
concrete slump value around 60 mm can be obtained. Table 3 shows the concrete mixture
proportions of concrete. For example, the LHP concrete sample without MgO is assigned
as the control sample and labeled “LCO0”, the sample added with 4 wt.% M50 is labelled
“LC4M50”, and the sample with 8 wt.% Type II MgO is named “LC8M300”.

Table 3. Mixture proportion of concrete.

Mix Proportions (kg/m?)

Designations ~ W/B Ratio MgO D.? Sage Coarse Water Slump
(wt.%) Water Cement MgO  Sand A ; Reducing (mm)
ggregate Agent
LCO 0.4 0 125 313 0 626 1330 2.2 65
LC4M50 0.4 4 125 300 13 626 1330 2.8 55
LC8M50 0.4 8 125 288 25 626 1331 3.1 51
LC4M300 0.4 4 125 300 13 626 1330 2.5 62
LC8M300 0.4 8 125 288 25 626 1331 2.8 57

All of the LHP concrete and paste samples were kept in a standard curing chamber
until tested.

2.3. Test Methods
2.3.1. Hydration Heat Tests by TAM AIR

As described above, hydration heat of cement is important in determining the thermal
stress and cracking risk of concrete. In this work, the 3-day hydration heat was tested by
using a TAM AIR (TA Instruments, New Castle, DE, USA) calorimeter complying with
ASTM C1702 [40]. When testing, about 6 g of fresh paste was put in a sealed glass tube
immediately after mixing the binder with water, then the hydration heat was tested by
the calorimeter every 1 min for up to 3 days. Three paste samples for each paste mixture
shown in Table 2 were tested at the same time and the average result was reported as a
hydration heat result.

2.3.2. Mechanical Properties

Compressive and splitting tensile strength are important mechanical properties of
concrete [41-44]. Concrete mechanical properties in this work were determined on the
cubic specimens sized 150 mm x 150 mm x 150 mm according to DL/T 5150 [45]. Six and
three specimens were tested for a compressive strength and a splitting tensile strength,
respectively for each mixture, and the mean value was reported.

2.3.3. Shrinkage Behavior

The shrinkage of concrete mainly includes the autogenous shrinkage and drying
shrinkage, both of which are the primary reasons of cracking in concrete structures [46—48].
The drying shrinkage of concrete results from the free moisture loss from the internal
pores in a drying environment [6]. The autogenous shrinkage is generated by the cement
hydration that consumes the capillary water and consequently produces high capillary
tension [49].

As for the autogenous shrinkage tests conforming to DL/T 5150 [45], the barrels
made of galvanized sheet with a size of ® 200 mm x 500 mm were prepared, and then
one resistance strainometer was fixed in each barrel. The concrete was cast put into the
barrel. Then, the barrels were soldered and stored in a chamber maintained at about 20 °C.
For each mixture, two specimens were prepared and tested. During the tests, the data
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were recorded continuously up to 360 days. The description of the detailed calculation of
autogenous shrinkage can be seen in previous studies [6,50].

As for the drying shrinkage tests complying with DL/T 5150 [45], the concrete samples
sized 100 mm x 100 mm x 515 mm were prepared. At first, the initial length of the prisms
was recorded, then the prisms were maintained in a drying chamber with a temperature
of about 20 °C and an RH of about 50%. The length of prisms were recorded for 360 days.
Three prisms for each concrete mixture were tested and the mean drying shrinkage result
was reported.

2.3.4. Pore Structural Tests by Mercury Intrusion Porosimeter (MIP)

Most macro properties of concrete including mechanical property and shrinkage
behavior are considered to be related with pore structure [51-53]. The porosity and pore
size distribution are the main pore structure parameters [50,54,55]. MIP is widely employed
to analyze the pore structure parameters of porous materials [50,55,56]. In this study, the
pore structure parameters of LHP concrete were measured by MIP. This MIP instrument
is a AutoPore IV 9500 model. The cubic samples sized around 5-8 mm were cut from the
concrete samples used for strength test. The coarse aggregates should be removed from the
cubic samples before the MIP test.

2.3.5. Fractal Dimension Calculation

The pore structures of concrete are complex, which are be investigated in terms of
fractal theory [15,51,55,57-66]. Fractal theory is a new method of mathematics, resolving
the irregularities in nature [67-70]. Many researchers [71-78] demonstrated that fractal
theory links microstructures with the macro-performance of cement-based materials well,
and vice versa.

Some fractal models on the basis of MIP results such as Zhang’s model [79,80] and
Neimark’s model [56] can be employed to study the fractal characteristics of concrete.
According to Pfeifer and Avnir [81], the fractal dimension of pore surface fractal dimension
(Ds) reflects the roughness and irregularities of pore surfaces of porous material. Ds can be
obtained from Zhang’s model.

According to Zhang's fractal model [79,80], during the MIP experiment, the correlation
between accumulated injection work (W;) on mercury and the total volume mercury
injected into the pores (V};) obeys a logarithmic relationship, which can be expressed as
Equation (1):

V1 /3

W,
lnTn = Dsl

r2 Tn

+C @

where 7/, is the pore radius m; C is a regression constant; # means the n-th mercury injection.
W), can be calculated by the following Equation (2):

n
W, =) pi AV @)
i

where the index i is the i-th mercury injection; p; refers to as the mercury pressure Pa; V;
denotes the volume of mercury injected at the i- th injection m?.
At first, the values of W, V;;, [ n W 2 ,and [ nY2" can be determined on the basis of MIP

results and Equation (2). Then, Ds can be calculated which is the slope of the straight line
in Equation (1).

3. Results and Discussion
3.1. Hydration Heat Results of LHP Cement Paste Added with MgO

The hydration heat results of LHP cement added with MgO (LP0, LP4M50, LP8M50,
LP8M300, and LP8M300) are shown in Figure 1.
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Figure 1. The 3-day hydration heat: (a) heat flow and (b) the accumulated hydration heat.

Figure 1a exhibits that all of the pastes exhibit five stages of hydration heat evolution,
that is, the first exothermic peak appears within the first 0-2 h of hydration, thereafter an
induction stage that may last about 2 to 4 h can be found, then the second exothermic peak
appears in the acceleration stage. After that the hydration rate slows down steadily with
hydration age until it reaches a relatively constant value. From Figure 1, it can be also seen
that the effects of MgO on hydration kinetics of LHP cement depend on the reactivity and
content of MgO.

The addition of M50 not only prolongs the induction stage of LHP cement for about
1-2 h but also increases the hydration heat slightly, and these effects would enhance as
the dosage of M50 increases from 4% to 8%. On the one hand, Figure 1a displays the
induction stage of LP4AM50 and LP8M50 is slightly prolonged by 1-2 h compared with
LPO. The occurrence of the second exothermic peak of LP4M50 and LP8M50 is postponed
by about 0.6 and 1.5 h, respectively, compared with LP0. These phenomena were also
observed by Kabir and Hooton [28], who found the second exothermic peak of OPC was
1-1.5 h delayed by the replacement of 10 % of 55 s MgO powders. A similar finding was
reported by Zheng et al. [82] who found the addition of 4% MgO delays the occurrence
of the second exothermic peak by about 1.2 h and this retarding effect is more prominent
with increasing MgO dosage. They elaborated two main mechanisms responsible for
this retarding phenomenon [82]: (1) due to the rapid crystallization and precipitation of
Mg(OH); (also termed as brucite) from cement paste solution that reduces the concentration
of OH™ ions, the time when the Ca(OH), saturation ratio reaches the maximum is increased,
and thus, the initiation of the second peak on the heat evolution curve of cement, i.e., the
end of the induction period, is delayed; (2) the generated brucite with a tiny crystallite size
could precipitate on the cement grain surfaces to form a thin layer which retards further
hydration of the cements.

On the other hand, Figure 1a clearly demonstrates that LP4AM50 and LP8M50 present
higher maximal heat flows and accumulated hydration heat than LP0. For instance, the
accumulated 3-day hydration heat of the LP one is 190.2 J/g of binder, while those of
LP4M50 and LP8M50 pastes are 198.4 and 207.5 ] /g, inceased by 4.3% and 9.1%, respectively.
It should be noted that this increase in hydration heat is not controversial to the retarding
discussed above, because the retarding effect occurs in the induction stage while the
increase in the hydration heat appears in the acceleration stage. In fact, other researchers
also reported the similar findings. Zheng et al. [82] found that OPC added with 4% MgO
exhibits 7 ] /g (about 4%) higher hydration heat than the plain OPC paste within 2 days.
They attributed this phenomenon to the rapid heat evolution of reactive MgO at early
hydration time. As evidenced by other researchers, the total accumulated hydration heat
for a completely hydrated MgO is 800 ] /g [83] or 930 J/g [84], which is much larger than
that of OPC, which is commonly around 200 J/g [82]. Moreover, it was confirmed that
the reactive MgO (46 s) could react with water when it is mixed with water and achieve a
hydration degree about 97% at 2 days [85]. What is more, reactive MgO usually exhibits
the peak value of hydration heat flow at about 10 h, which is very close to the second
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exothermic peak of cement and inevitably produces a superposition of heat flow peak with
cements [83,84]. Due to the reasons mentioned above, the second exothermic peak value of
cement in Figure 1 is strengthened and total hydration heat is increased in the presence
of M50.

On the contrary, the addition of M300 could neither prolong the induction stage of
LHP cement or increase its hydration heat. Specifically, Figure 1a shows that, the end time
of induction period and the occurrence time of the maximal heat flow of LP4M300 and
LP8M300 are almost the same with that of the LP one, but the maximal heat flow value
is reduced by some degrees. Moreover, Figure 1b shows that the accumulated hydration
heat of LP4M300 and LP8M300 are about 4.7% and 8.3% lower than that of the LP one,
respectively. The reduced hydration heat is proportional to the dosage of M300. These
results indicate that M300 seems to act as an inert material at the early stage of cement
hydration. This trend has also been reported by other studies [36,85]. Mo et al. [85] reported
that the hydration degree of M300 with water is only 4.5% at 2 days and 9.9% at 7 days.
Thus, the reduced amount of cement due to the dilution effect of M300 is the main reason
for the reductions in both the maximal heat flow and accumulated hydration heat.

3.2. Mechanical Property of LHP Concrete Added with MgO

The mechanical properties of LHP concrete containing MgO are shown in Figure 2.
The error ranges of these strength results are also exhibited in Figure 2. Figure 2 clearly
illustrates that the MgO reactivity and content have great influences on mechanical property
of LHP concrete.

(@) 4 (b) 56,
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Figure 2. Mechanical property of LHP concrete containing MgO: (a) compressive strength and
(b) splitting tensile strength.

Concerning the MgO dosage, Figure 2 shows that both the compressive strength and
splitting tensile strength of concrete are reduced in the presence of MgO. A higher MgO
dosage leads to a larger strength reduction, regardless of MgO reactivity. For example, the
addition of 4% M50 and M300 lowers the compressive strength by 8.9% and 6.5% at 3 days,
8.4% and 5.9% at 28 days, and 8.4% and 0.4% at 360 days, whereas the reductions due to
addition of 8% M50 and M300 are 16.9% and 10.1% at 3 days, 16.0% and 8.4% at 28 days,
and 16.8% and 2.8% at 360 days. The strength reduction resulting from MgO addition has
been reported elsewhere [86,87]. The following reasons can explain this reduction: (1) The
reduced cement content would inevitably lead to less hydration products especially C-S-H,
which dominates the strength of cement-based materials [87-90]. (2) The formation of
brucite contributes little to the strength development of cement pastes or concrete, since
brucite exhibits no binding properties alike C-S-H [84,91]. Thus, although M50 could react
with water fully at early age, the generated brucite crystals is not helpful for the strength
gain of concrete. (3) Other possible reasons have also been reported to result in weakened
strength of concrete, such as the additional water consumption by MgO reaction [87] and
increased micro-cracks and porosity caused by brucite formation and growth [88,92].
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Regarding the effects of MgO reactivity, Figure 2 shows that in comparison with M300,
the addition of more reactive M50 tends to reduce the mechanical property of LHP concrete
to a greater extent at all periods studied. The compressive strength of LC8M300 at 3, 28,
180, and 360 days was 10.1%, 8.4%, 4.2%, and 2.8% lower, respectively, as compared to
the LCO one, while the compressive strength of LC8M50 at 3, 28, 180, and 360 days was
16.9%, 16.0%, 16.4%, and 16.8% lower than those of LC0. The same trend can be found for
LC4M300 and LC4M50 and for the splitting tensile strengths in Figure 2 as well the results
in other study [91]. Cao et al. [91] reported that the more reactive the MgO is, the larger the
strength reduction of concrete is. Thus, it can be deduced that the replacement of cement by
MgO is the main reason for the strength reduction of concrete containing M300, since M300
cannot participate the reaction at early age. As Mo et al. [85] showed, the 7-day reaction
degrees of less reactive MgO (325 s) and reactive MgO (46 s) are about 10% and 100%,
respectively. Apart from the replacement of cement, M50 could consume more free water
and react with water considerably at an early age, resulting in larger strength reductions.

Moreover, the results in Figure 2 indicate that the addition of M300 favors the strength
development of LHP concrete at late age, while M50 is not helpful for the long-term
strength. Specifically, LC4M300 and LC8M300 exhibit almost the same 180-day and 360-day
compressive and splitting tensile strengths with LCO concrete, whereas LC4M50 presents
7.2-8.4% lower and LC8MS5 presents 14.2-16.7% lower 360-day strength than the LCO
concrete. This is consistent with the results reported by Choi et al. [93], who found that the
compressive strength of concrete added with 5% MgO (265 s) began to increase after the
hydration time of 56 days and achieved a comparable strength with the control at 180 days.
They attributed this long-term strength increment to the expansion caused by less reactive
MgO that could react with water and densify the microstructure of concrete at late age.
The same finding has also reported by Cao et al. [91]. They pointed that that weak reactive
MgO at middle and long-term age could react and dense the pore structures, thus reducing
the strength gap between MgO concrete and control sample. In contrast, MgO with high
reactivity reacts with water quickly and completely at early age, but could lower the early
strength of concrete and contribute little to the late-age strength.

3.3. Autogenous Shrinkage

The autogenous shrinkage of LHP concrete containing MgO are shown in Figure 3.

(a) G (b) ——LCO
20 2 20| —e—LCSMS0
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Figure 3. Autogenous shrinkage of LHP concrete containing two kinds of MgO at a dosage of (a) 4%
and (b) 8%.

It can be observed from Figure 3 that the autogenous shrinkage of LHP concrete has
been significantly reduced by the addition of MgO.

Regarding the influence of MgO reactivity, Figure 3 indicates that both M50 and Mg300
can compensate the autogenous shrinkage of LHP concrete, but they differ in the occurrence
time and the duration of compensation effect. Specifically, LC4M50 and LC8M50 start to
shrink during the first few days until they reach the first inflexion points at about 5 days.
The first inflexion point occurs when the expansion due to MgO hydration exceeds the
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value of autogenous shrinkage due to cement hydration. The similar inflexion points due
to MgO hydration have been also reported by others [36,87,94]. About 12.4 x 10~% and
20.1 x 10 of autogenous shrinkage of LC4M50 and LC8M50 can be compensated at
5 days, respectively. After the first inflexion points, they begin to climb up to the second
inflexion points at about 14 days, when M50 exhibits the maximal shrinkage-compensating
effect. Thereafter, they start to shrink significantly and reach a constant value between
180 and 360 days. From the trend revealed above, it can be seen that although M50
can effectively compensate the shrinkage at early age, it exhibits much little or even no
compensation action afterwards until the age of 360 days. This finding corresponds well
with the autogenous shrinkage results of cement pastes [87] and mortars containing MgO
with various reactivities [33].

In addition, Figure 3 clearly shows the first inflexion points of LC4M300 and LC8M300
occur at about 50 days, which is much later compared with those of LC4M50 and LC8M50.
This is because the weak reactive M300 begins to react with water at middle age, as
discussed above. After the first inflexion points, the autogenous shrinkage curves of
LC4M300 and LC8M300 start to climb up until the hydration age of 180 days when they
reach a relatively constant value. It can be seen that there is a very long duration of
compensation effect for M300. From then on, the curves of LC4M300 and LC8M300 stay
rather flat between 180 days and 360 days. At 360 days, about 88% and all of the autogenous
shrinkage can be eliminated resulting from the addition of 4% and 8% M300, respectively.
These results are similar to those found by Mo et al. [85], who reported that more time is
needed for the expansion curve to become flat when the MgO reactivity is weak. Moreover,
LC4M300 and LC8M300 do not show the second inflexion points in their autogenous
shrinkage curves. This is because even though the compensation effect of M300 disappears
at long-term hydration age, the shrinkage caused by cement hydration is small at the same
time; as a result the concrete would not exhibit obvious shrinking trend at late age.

Figure 3 also shows that increasing MgO content from 0 to 8% could enhance the
compensation effect of both M50 and M300. For instance, a nearly 43.5% reduction in
autogenous shrinkage of LCO at 360 days can be found after the addition of 4% M50, while
this reduction is 78.7% due to the addition of 8% M50. It should be noted here that the usage
of 8% M50 cound not compensate for the autogenous shrinkage of LCO completely, but this
can be done by adding 8% M300. The addition of 4% M300 produces a final autogenous
shrinkage strain of —7.4 x 107, while adding 8% M300 produces a 360-day expansion
of 14.3 x 10~°. Overall, this enhanced compensation effect with MgO dosage is in good
aggreement with the results obtained from cement pastes [25,87,94], mortars [34,89], and
concretes [27,31,95].

3.4. Drying Shrinkage
The drying of LHP concrete containing MgO are shown in Figure 4.

(a) O —a—LCO (b) 9 LCO
-
. 1 4 LCAMSO w —e LC8MS0
- + LOMI00]. @ o= —v— LC8M300
2 -100 = -100
Py )\ [
cn on
£-150 £ -150
= £
£ 5
7,-200 ap-200
£ £
& 250 & 250
-300 -300
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (days) Time (days)

Figure 4. Drying shrinkage of LHP concrete containing two kinds of MgO at a dosage of (a) 4% and
(b) 8%.
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Figure 4 shows that the majority of drying shrinkage of control LHP concrete (LCO)
occurs during the first 2-3 weeks of hydration. Additionally, Figure 4 displays that the
addition of MgO with different kinds and content affects drying shrinkage significantly.

Regarding the MgO reactivity, Figure 4 shows that M50 compensates the drying
shrinkage of LHP concrete at much earlier age than M300, but produces a much weaker
and shorter duration of compensation effect. Specifically, M50 begins to reduce the drying
shrinkage of LHP concrete at the very initial hydration time of 1-2 days, whereas M300
starts to eliminate the drying shrinkage during 60-90 days of hydration. About 10.9% and
21.0% of drying shrinkage of LCO at 2 days can be reduced by adding 4% and 8% dosage of
M50, respectively. This finding is in good agreement with the autogenous shrinkage results
in this work, as well as the results of cement paste obtained by Mo et al. [85], who pointed
out that as soon as the reactive MgO (47 s) mixed with water it begins to react and produces
a large volume expansion whereas the less reactive MgO (325 s) starts to compensate the
drying shrinkage of cement paste at much later age.

The results in Figure 4 also show that M50 achieves its maximum compensation effect
(i.e., the largest expansion due to MgO hydration) between 10-14 days, when approxi-
mately 12.0% (19.7 x 107°) and 24.6% (40.6 x 10~°) of drying shrinkage of LCO concrete
could be reduced after the addition of 4 % and 8 % M50, respectively. Afterwards, no
more drying shrinkage can be compensated by M50, both LC4M50 and LC8M50 present
quite similar shrinking behavior to the LCO until 360 days, when the drying shrinkage of
LC4M50 and LC8M50 are 7.2% and 13.5% lower than that of LCO, respectively. In contrast,
Figure 4b indicates that the shrinkage curve of LC8M300 steadily climb up until 180 days,
indicating M300 exhibits a much longer duration of compensation effect than M50. There-
after LC8M300 maintains a nearly constant shrinkage value until 360 days. Finally, about
16.0% and 25.5% of the 360-day drying shrinkage is reduced by adding 4% and 8% M300,
respectively. Similar compensation effects of MgO have been observed on cement mortars
reported by Cao et al. [33,34,91].

Regarding the MgO dosage, it could be observed from Figure 4 that the increase in
MgO content from 0 to 8% enhanced the compensation effect on drying shrinkage. For
instance, the addition of 4% of M50 and M300 eliminates the 360-day drying shrinkage of
LCO concrete by 7.2% and 13.5%, respectively, while the 8 % addition of M50 and M300
compensates about 16.0 % and 25.5% drying shrinkage of LCO at 360 days, respectively.
This is because larger dosage of MgO would produce a larger amount of brucite and thus
yield greater expansion [25,95]. Moreover, it is noticeable that even the addition of 8 %
M300 could compensate only 25.5% of the total drying shrinkage of LCO concrete, that is
to say, LC8M300 still exhibits a rather obvious shrinking behavior. Kabir and Hooton [28]
have reported the similar findings; they found that the drying shrinkage values of both
cement paste and concrete containing MgO with two reactivities of 55 s and 210 s are
rather large at a high MgO dosage of 15%. This is because the expansion caused by M300
hydration in this study is much smaller than the shrinkage of concrete caused by drying.

In summary, M50 compensates the shrinkage of LHP concrete at much earlier hydra-
tion age than M300; however, this compensation effect cannot last long and is not as efficient
as M300. In contrast, M300 is nearly inert at early age but could compensate the long-term
shrinkage more effectively than M50. Considering the fact that LHP cement is mostly used
in mass concrete whose thermal cracking risk is high at long-twem age [28,33,35,36], MgO
with weak reactivity and high content is suggested to be adopted in mass LHP concrete
structures. Nevertheless, the dosage of MgO should be less than 8%, since a higher dosage
may cause significant loss in early mechanical properties of concrete, as demonstrated in
Section 3.2, or lead to harmful expansion that may cause soundness problems, as reported
by Cao et al. [91].

3.5. MIP Results

The pore structure parameters of LHP concrete containing MgO at 7, 60 and 360 days,
which denote the early age, middle age, and long-term age, respectively, are given in Table 4.
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Based on the classification method [96], pores with the size range of 2.5-10 nm, 10-50 nm,
and 50-10 um, should be ascribed to small gel pores, medium capillary pores, and large
capillary pores, respectively. Table 4 shows that, as hydration proceeds, the proportion
of large capillary pores in LC0 concrete increases continuously while the proportions of
medium and small capillary pores as well as the porosity decrease. This is because the
pores could be filled up by hydration products during hydration [12,50]. Moreover, Table 4
indicates the MgO with different reactivities and dosages has an appreciable influence on
pore structure of LHP concrete.

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

Hydration Age  The Most Probable Porosity Pore Size Distribution
Designations
(Days) Pore Diameter (nm) (%) <10 nm (%) 10-50 nm (%) 50 nm-10 pm (%)
7 155 35.2 7.3 24.6 67.4
LCo 60 72.5 24.1 14.7 46.5 38.5
360 32.6 15.6 22.2 59.3 17.6
7 121.3 31 7.9 33.2 58.2
LC4M50 60 58.7 20.2 14.8 49.3 35.5
360 28.2 13.2 22.5 61.2 15.3
7 157.4 35.8 6.9 22.9 69.8
LC4M300 60 65.2 22.3 13.5 49.8 36.4
360 21.5 11.6 22.6 64.1 129
7 102.2 26.5 7.1 39.1 52.9
LC8M50 60 42.5 18.7 13.5 53.2 31.6
360 25.7 11.5 21.8 63.3 13.6
7 160 36.3 6.5 214 71.3
LC8M300 60 60.2 20.9 12.1 53.2 34.3
360 18.3 8.9 22.0 67.3 10.3

Regarding the influence of MgO reactivity, Table 4 illustrates that the addition of M50
obviously reduces the porosity, the most probable pore diameter and the fraction of large
capillary pores (between 50 nm and 10 pm) at 7 days. On the contrary, the addition of
M300 could not change the pore structure parameters of LHP concrete at 7 days. This is
similar with other MIP study [86], in which cement paste added with 8% reactive MgO
(45 s) exhibits much lower porosity than the plain cement pastes at early age, whereas those
containing 8% less reactive MgO (135 s) exhibit the similar pore structure parameters with
the control at the same time. There are two possible reasons to explain this result. First,
the reactive MgO can rapidly react with water to produce large amount of brucite to fill
up the pores at early age while the weak MgO cannot. This is evidenced by a thermal
analysis [25], which demonstrates that the content of brucite formed in the cement pastes
added with weak reactive MgO is less than that formed in the pastes containing reactive
MgO (45 s). Secondly, the generated brucite could produce some expansion, which could
further reduce the porosity and lower the large pore proportions. It was suggested that the
expansion caused by brucite tends to densify the pore structure of cement pastes [25] and
concretes [13].

In contrast, Table 4 illustrates that M300 begins to refine the pore structure of LHP
concrete at 60 days. At 360 days, the LHP concretes containing M300 exhibit much finer pore
structure than those containing M50 and LCO0. For instance, LC4M300 cured at 360 days
has a porosity of 11.6%, the most probable pore diameter of 21.5 nm and the proportion
of large capillary pores of 12.9%, all of which are smaller than those of LC4M50 (13.2%,
28.2 nm, and 15.3%, respectively). The similar results can be found from an MIP study for
mortar [93], in which the porosity and proportion of large pores of mortars containing 5 %
MgO with a weak reactivity of 265 s were much lower than those of plain cement mortar at
360 days. They attributed these phenomena to the facts that the weak reactive MgO could
produce products at late age which could fill the pores and transform large pores into small
ones [93].
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Moreover, it should be noted that the addition of MgO would not noticeably change
the proportions of small capillary (gel) pores during the whole hydration process, regardless
of the reactivity of MgO. This is because the proportions of capillary (gel) pores are related
with the quantities of gel, such as C-5-H and other gel phases [6], while the reaction of MgO
produces solely the crystalline phase brucite and could not increase the gel quantity at all.

Regarding the influence of MgO dosage, Table 3 indicates that increasing MgO dosage
from 4% to 8% reduces the porosity and proportion of large capillary pore significantly. In
other words, the refinement of the pore structures enhances with increasing MgO dosage.
For instance, LC8M50 cured at 7 days exhibits a porosity of 26.5%, the most probable pore
diameter of 102.2 nm and the proportion of large capillary pores of 52.9%, all of which are
smaller than those of LC4M50 at the same time, which are 31.0%, 121.3 nm, and 58.2%,
respectively. The similar trend can be observed for LC4M300 and LC8M300. This trend
could be attributed to the stronger densification effect of MgO at higher dosage level, that
is, the higher dosage of MgO can produce more brucite to fill the pores, resulting in a lower
porosity and smaller proportion of large capillary pore, i.e., a denser pore structure.

3.6. Fractal Dimension of Pore Surface (Ds)

The Fractal dimension of pore surface (Ds) of control LHP concrete (LCO0) and concretes
containing MgO with different reactivities and dosages at 7, 60, and 360 days are shown in
Table 5. The correlation coefficients (R?) of the fitting line in Equation (1) was also listed
in Table 5, which are so close to 1.0, demonstrating the obtained Ds values are accurate
and reliable.

Table 5. Pore surface fractal dimension of LHP concrete added with MgO.

Designations Hydration Age (Days) D¢ R?
7 2.721 0.953
LCOo 60 2.851 0.969
360 2.934 0.936
7 2.795 0.958
LC4M50 60 2.896 0.978
360 2.952 0.962
7 2.718 0.956
LC4M300 60 2.876 0.983
360 2.967 0.978
7 2.839 0.956
LC8M50 60 2.916 0.983
360 2.969 0.979
7 2.709 0.958
LC8M300 60 2.885 0.968
360 2.987 0.976

Table 5 shows that Dg values of all LHP concrete are between 2.709 and 2.987 and
increase with hydration time. According to the fractal theory, D is meaningful between 2.0
and 3.0 for a porous material, and the material with a Ds value >3.0 or <2.0 is considered non
fractal [51,97]. When the D; value is close to 3, it means the pore structure becomes rougher
and more complex [80]. Therefore, the pore structures of LHP concrete and concretes
containing MgO in this study have obvious fractal characteristics.

From Table 5, it can be observed that the presence of MgO could make the pore
structures of LHP concrete rougher since the Ds values of LHP concrete are increased due
to MgO addition. This is a widely reported phenomenon when admixtures are used in
concrete. Table 6 summarizes the Ds values determined by Zhang’s model and Neimark'’s
model in this study and other studies in recent years. Table 6 clearly illustrates that the
addition of admixtures such as silica fume (SF), fly ash, and granulated blast furnace slag
(GBFS), etc., could noticeably increase the Ds values, since these admixtures could make
the pore structure of cement-based materials more complex [10,51,59,97].
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Table 6. Fractal dimensions determined by various fractal models in this study and other literature.

Fractal Fractal
Samples Dimension Type Dimension Value Method Fractal Model Source
LHP concrete (W/B = 0.4) Dg 2.721-2.934 MIP Zhang’s model In this study
LHP concrete (W/B =04, , .
4-8% MgO) Ds 2.709-2.987 MIP Zhang's model In this study
OPC concrete (W/B =0.4) Dg 2.822-2.942 MIP Zhang’s model [10]
LHP concrete (W/B =04, ,

4-12% SF) Dg 2.756-2.981 MIP Zhang’s model [10]
Concrete (W/B =0.5) Dy 2.928-2.965 MIP Zhang’s model [59]
Concrete (W/B =0.5, ,

10-30% fly ash) Ds 2.949-2.996 MIP Zhang’s model [59]
Concrete (W/B =0.5, ,
15-35% GGBS) Dg 2.906-2.987 MIP Zhang’s model [59]
Concrete (W/B =0.5, ,
5-10% SF) Dy 2.989-3.000 MIP Zhang’s model [59]
Concrete Ds 2.834-2.984 MIP Zhang's model [98]
Mortar (W/B = 0.3-0.5) Ds 2.23-2.35 MIP Zhang’s model [51]
Mortar (W/B = 0.3-0.5, ,
70% GGBS) Ds 2.77-2.89 MIP Zhang’s model [51]
Pastes Ds 2.487-2.695 MIP Zhang’s model [97]
Pastes added fly ash Dy 2.454-2.782 MIP Zhang’s model [97]
Pastes Ds 2.592-2.965 MIP Neimark’s model [97]
Pastes added fly ash Ds 2.620-2.997 MIP Neimark’s model [97]

3.7. Pore Structural and Fractal Analysis of Shrinkage Behavior
3.7.1. Correlation between Pore Structure and Dy

Figure 5 reveals the correlation between pore structure of concrete and Ds The re-
lationship between Ds and the porosity can be seen in Figure 5a. Many researchers con-
firmed that the fine pores less than 50 nm dominantly affect the shrinkage behavior of
concrete [36,61,99-104]. The V3 5_50 nm Values estimated from Table 4 are shown in Table 7.
The relationship between Ds and Vj 5_50 nm is displayed in Figure 5b.
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Table 7. V; 5 50 nm of LHP concrete added with MgO.

Notation Hydration Time (Days) V2.5-50 nm (%)
7 31.9
LCO 60 61.2
360 81.5
7 41.1
LC4M50 60 64.1
360 83.7
7 29.8
LC4M300 60 63.3
360 86.7
7 46.2
LC8M50 60 66.7
360 85.1
7 279
LC8M300 60 65.3
360 89.3

Figure 5a indicates that D; is negatively correlated with the porosity of LHP concrete
with a high R? value of 0.98. This trend is in good agreement with previous
findings [51-53,55,59,98]. Additionally, Figure 5b indicates that Dy exhibits a negatively
linear correlation with V5 5 50 nm, and the R? between them is 0.964. The results indicate
that the pore structure of LHP concrete can be studied by Ds. As Jin et al. [59] stated, Ds
can perform more accurately and comprehensively than other pore structure parameters to
characterize the overall situations of pore structures.

3.7.2. Pore Structural and Fractal Study on Shrinkage Behavior

The correlation between autogenous shrinkage and pore structure (porosity and
V2.5.50nm) Was plotted in Figure 6. The correlation between drying shrinkage and pore
structure is shown in Figure 7.
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Figure 7. Correlation of drying shrinkage with (a) porosity and (b) V2 5-50 nm-

Figures 6 and 7 indicate that there are weak or no correlations between shrinkage
behavior and pore structure parameters of LHP concrete added with MgO, since the data
are scattered in these figures and R? values between them are not very high; some of
them are even less than 0.1. This means the shrinkage behavior of these concretes are not
closely related with their pore structures. However, this finding seems contradictory to the
common consensus that the pores have a dominate role in determining the shrinkage of
concrete. For instance, Li et al. [99] reported that the pores with a size range of 5-50 nm
largely affect the shrinkage because the capillary stress is easy to develop within the pores
in this size range. Wang et al. [5,10] revealed the shrinkage of concrete is linearly correlated
with its porosity and V550 nm. This seemingly conflicting results may be explained
by the following points: the shrinkage of concrete incorporated with MgO is not solely
influenced by the pores, but also critically affected by the expansion of concrete which
depends on the MgO dosage and reactivity. Specifically, the hydration products of MgO
could fill into the large pore and increase the proportions of fine pores, as evidenced in
Section 3.5. Moreover, such hydration products in solid phase (i.e., not in pores) could
cause expansion in concrete and thus directly reducing or completely compensating the
shrinkage of concrete, as revealed in Sections 3.3 and 3.4. Therefore, no close and definite
correlation between shrinkage behavior of expansive concretes and their pore structure
parameters can be found in this study.

Figure 8 shows the correlation of concrete shrinkage in this study with Ds, which are
helpful for the understanding of shrinkage behavior from the standpoint of fractal theory.
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Figure 8. Correlation of Ds with (a) autogenous shrinkage and (b) drying shrinkage.

Figure 8 indicates that there is no close relationship between shrinkage strains of LHP
concrete added with MgO and Ds because the R? values between them are low. This can be
expected because pore structure parameters of expansive concrete in this study are closely
correlated with Ds whereas they exhibit weak or no correlations with shrinkage behavior,
as revealed above. As a result, Ds which characterizes the overall pore structures exhibits a
poor relationship with shrinkage strains of LHP concrete containing MgO.
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4. Conclusions

The following conclusions are obtained.

(1) The addition of reactive MgO (M50) not only extends the induction stage of LHP
cement by about 1-2 h, but also increases the hydration heat, and these effects enhance
with the increase in M50 dosage from 4% to 8%. In contrast, the addition of weak reactive
MgO (M300) could not prolong the induction stage of LHP cement, but reduce slightly the
maximal heat flow and hydration heat.

(2) The addition of M50 and M300 within the dosage range of 4-8% lowers the me-
chanical property of LHP concrete by 6.5-16.9 %, 5.9-16.0 %, and 0.4-16.8 % at 3, 28, and
360 days, respectively. Higher content and stronger reactivity of MgO lead to larger reduc-
tions in strength at all hydration ages. The addition of M300 favors the long-term strength
increment of LHP concrete, whereas M50 is not helpful for the strength development at
late age.

(3) M50 can effectively compensate the shrinkage of LHP concrete during the first
few weeks, but this compensation effect disappears afterwards. In contrast, M300 starts to
reduce the shrinkage at around 50-90 days and compensates for the long-term shrinkage
more effectively than M50. Increasing MgO dosage could enhance the compensation effect
of MgO. M300 with a dosage of 8 wt.% is suggested to be adopted in mass LHP concrete
structures, but the strength loss should be considered.

(4) The addition of M50 obviously refines the pore structures of LHP concrete at
7 days, whereas M300 starts to refine the pore structure at around 60 days. At 360 days, the
concretes containing M300 exhibit much finer pore structure than those containing M50
and the control LHP concrete. The pore structures improve with MgO content up to 8 wt.%.

(5) Ds of LHP concrete exhibits a close correlation with the main pore structure
parameters. Both the pore structure parameters and Ds exhibit weak (or no) correlations
with shrinkage behavior value. This is because the shrinkage behavior of LHP concrete
incorporated with MgO is not only influenced by the pores, but also critically affected by
the expansion of concrete caused by MgO.
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