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Abstract: Mineral admixtures (MA), like fly ash (FA), silica fume (SF), and slag (S), are usually
added to cement-based materials to improve their compactness and further enhance their mechanical
properties, permeability resistance, and durability. In this study, low-field nuclear magnetic resonance
(LF-NMR) is adopted to explore the evolution of the early hydration characterization of cement-based
materials with MA by testing the transverse relaxation time T2. Meanwhile, the effect of MA on
mechanical properties is analyzed by measuring compressive and flexural strength. The results show
that, in the early hydration (0–7 days), the T2 distribution shows a trend of gradually moving to a
short relaxation time and changes from a double peak to a single main peak. The decrease in T2i (main
peak vertex) means that the evaporated water is gradually distributed in smaller pores with more
motion constraints. However, the type and content of MA have little effect on T2i. Porosity gradually
decreases in the period of early hydration. The addition of MA causes the porosity to decrease, and
the order influence is FA > S > SF, i.e., the porosities of cement paste with 0%MA, 10%FA + 10%SF,
10%FA + 10%S, and 20%FA at 7 days are 48%, 44.5%, 40.7%, and 40.2%, respectively. Additionally, the
addition of MA to cement-based materials also decreases the early strength, and the influence order
is FA > S > SF, i.e., the compression strength values of cement paste with 0%MA, 10%FA + 10%SF,
10%FA + 10%S, and 20%FA at 7 days are 47.8 MPa, 40.1 MPa, 38.6 MPa, and 37 MPa, respectively.

Keywords: hydration characterization; low-field nuclear magnetic resonance; transverse relaxation
time; porosity of cement paste

1. Introduction

Concrete is one of the most widely used building materials in the world today. Its
transition from a plastic flow state to a hardened brittle state is mainly attributed to the
cement hydration reaction [1]. When the cement is mixed with water, it undergoes vigor-
ous hydration reactions to produce C-S-H gel (semi-crystalline and amorphous hydrated
calcium silicate, the detailed description of which can be found in references [2,3]), CH
crystals (hexagonal crystal system), and other hydration products. As the hydration prod-
ucts increase, the gel particles agglomerate into a network structure, causing the cement
paste to thicken and gradually lose its plasticity, i.e., setting behavior. Subsequently, the
hydration products continue to fill the space between cement particles, causing the paste to
gradually densify and harden [4], i.e., hardening behavior. At this stage, the mechanical
property of cement paste develops rapidly. In summary, during the process of cement
hydration, the cement paste undergoes a drastic evolution of microphase, morphology and
pore structure, ultimately hardening into a heterogeneous porous material. Therefore, the
hydration behavior of cement plays a crucial role in the flowability, mechanical properties,
and durability of cement-based materials [5].
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For ordinary Portland cement, the main reason for its long-term service performance
is the presence of the surface defects of the hardened matrix and its non-dense internal
structure. The addition of MAs, such as fly ash (FA) [6], slag (S) [7], and silica fume
(SF) [8], to cement-based materials can improve their various performances. Due to the
low pozzolanic effect of FA, the reaction rate between FA and CH of cement hydration
products is very slow within 7 days of hydration [9]. It reduces the hydration process
of the FA-C (cement) system, resulting in low early mechanical properties [10]. With
the excitation of the pozzolanic effect, the mechanical properties of the FA-C system are
gradually improved. Generally speaking, after 90 days of hydration, the reaction of FA with
CH has not yet ended. In addition, FA also has morphological and microaggregate effects,
which can improve the workability of the FA-C system [11]. Small particles of FA (with an
average particle size of 15–20 mm) can effectively fill the pores between hydration products,
improving the structural density of cement-based materials [12]. For the silica fume (SF),
the content of active SiO2 is high (>80%). When SF is added to cement, it can react earlier
with CH formed by the cement hydration to generate C-S-H gel, i.e., giving better play
to the pozzolanic effect [13,14]. Meanwhile, microparticles of SF (with a particle size of
about 100 nm) can effectively fill the large pores in the interfacial transition zone between
cement paste and aggregate [14]. It improves the structural density of the SF-C system
and causes its early compressive strength. Similar to FA, slag (S) also has the pozzolanic
and microaggregate effect [5]. So, the influence of its addition to cement on the hydration
progress, pore structure, and early strength of the S-C system is also similar to that of FA.
In summary, MAs can significantly improve the microstructure of cement-based materials,
further increase their later mechanical properties (28 days) and permeability resistance,
and significantly inhibit the alkali–aggregate reaction [15,16]. In response to the problems
of low early strength and shrinkage cracking, the main method is to mix multiple MAs
into cement. At present, the research on the effect of multiple MA addition is very rich,
i.e., the synergistic effect of FA and ground granulated blast furnace slag (GGBFS) [17,18],
FA and ferrochrome slag [19], F-class FA and nano-SF [20,21], FA, palm oil fuel ash and
GBFS [22], SF and metakaolin [23], SF and GGBFS [24], SF and rice husk ash [25,26], SF
and glass powder [27], and SF and ferrosilicon [28] on the microstructure and mechanical
properties like strength and shrinkage of cement-based materials. By superimposing the
regulating effects of MAs on the behavior of cement hydration, the overall performance of
cement-based materials can be improved.

The traditional testing methods for cement hydration behavior mainly include the
isothermal calorimetry method [29,30], the chemically bound water method [31], and
the CH quantitative analysis method [32]. Based on the heat release curve measured by
isothermal calorimetry, the process of cement hydration is divided into five stages, i.e.,
the dissolution, induction, acceleration, deceleration, and stabilization stages. However,
Scrivener [33] divided the hydration process into three stages, including the stage before
induction end, the main hydration front stage, and the slow reaction stage. According to the
measured data of hydration heat, the basic parameters in the model of cement hydration
reaction kinetics (such as the Krstulović–Dabić model [34]) can be determined. So, a kinetics
equation of hydration degree related to reaction time can be established. However, the
isothermal calorimetry is not suitable for analyzing the hydration behavior of cement-based
materials with MAs [35,36], because their influence on the cement hydration heat has
not been quantified. The chemically bound water method is a method of determining
the content of chemically bound water in cement hydration products by the calcination
form, to deduce its hydration degree. However, for cement-based composite systems,
this method cannot distinguish whether the bound water comes from the hydration of
cement or MAs. In summary, traditional testing methods have effectively revealed the
process of cement hydration but cannot quantify the impact of MA on the cement hydration.
With the development of non-destructive testing technology, methods such as electrodeless
resistivity testing [37], dielectric constant testing, and ultrasonic velocity testing [38,39] have
been applied to the analysis of the hydration behavior of cement-MA system hydration.
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Electrical resistivity can reflect the porosity evolution of cement paste in the process of
setting and hardening. Li et al. [40] combined electrodeless resistivity and ultrasonic
velocity testing to analyze the cement hydration behavior, proving that both methods are
effective for continuous monitoring.

The hydration reaction of cement is often accompanied by the transition behavior of the
water state in addition to the heat release and the microstructural changes in cement paste.
During the hydration process, free water gradually transforms into chemically bound
water, physically adsorbed water, and pore water [41], resulting in volume shrinkage,
micropore formation, and strength increase in concrete. In recent years, the relaxation
method of nuclear magnetic resonance (NMR) has been increasingly developed and applied
to analyze the changes in water state caused by cement hydration reactions [42,43]. In
the relaxation method, the spin–lattice relaxation time T1 and spin relaxation time T2
are mainly used to describe the response of 1H nucleus spin magnetization to resonance
excitation. Compared to T1, the signal value of T2 decreases as the mobility of water
molecules decreases (the movement of water molecules is limited by their space) [44],
which can better characterize the different states of water [45]. Using the one-dimensional
frequency coding technology of low-field (LF) NMR, Zhao et al. [46] analyzed the transport
behavior of liquid water in cement-based materials with different mix proportions (water–
cement ratio, sand–cement ratio, silica fume content, etc.). Zhang et al. [47] continuously
tested the transverse relaxation time T2 in the hydration process of white cement with
SiO2 nanoparticles to analyze the influence of SiO2 particle size on the hydration reaction,
and then determined the setting time. According to the relaxation time T2, Liu et al. [48]
divided the hydration behavior into the heating, thermostatic, and colling processes and
established a mathematical model for the relation between T2 and the hydration degree. It
should be pointed out that most of the NMR studies [46–49] used white cement with a low
content of Fe2O3 as the material to reduce the impact of iron on the NMR signal. However,
recent reports [50,51] have adopted ordinary Portland cement as the research material, and
the results in [51] explain well the relationship between pore structure and capillary water
in cement-based materials.

In a word, besides the isothermal calorimetry method, the relaxation method of
nuclear magnetic resonance (NMR) is also an effective method to analyze the hydration of
cement paste. The transverse relaxation time T2 can reflect the motility of water molecules
constrained by their space, i.e., the pore structure for cement-based materials. In this
paper, LF-NMR is adopted to measure the T2 signal of cement-based materials with FA,
SF, and S. According to the relationship between T2 (its value, area, and peak signal) and
water motility, the effect of MA type and content on the early hydration characterization
(pore structure, water state) can be further analyzed, especially during the first 24 h of
hydration. Meanwhile, the compressive and flexural strength of cement paste with different
MA is tested at the early hydration stage. On this basis, the collaborative analysis of the
evolution of pore structure and the development of mechanical properties can help to better
understand the regulatory effect of composite admixtures.

2. Testing Principle

Based on Brownstein–Tarr’s model (BT model) [52], the transverse relaxation time T2
of moisture in cement-based materials can be expressed as

1
T2

=
1

T2S
+

1
T2D

+
1

T2B
,

1
T2S

= ρ2
S
V

,
1

T2D
=

Dw

12
(γGTE)

2 (1)

where T2S is the particle surface relaxation time, T2D is the molecular diffusion relaxation
time, T2B is the water-free relaxation time, ρ2 is the transverse surface relaxation strength, S
and V are the specific surface area and volume of pores, Dw is the diffusion coefficient of
water molecules, G is the gradient of the external magnetic field, and TE is the echo time.

Due to the value of T2B being approximately 2–3 s, which is much greater than the
transverse relaxation time T2 [45], T2B in Equation (1) can be ignored. For a uniform
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external magnetic field, its gradient G is extremely small and the echo interval is short, and
T2D in Equation (1) can also be ignored. Therefore, the T2 is mainly determined by the
surface relaxation time of particles [53], which can be simplified as

1
T2

≈ 1
T2S

= ρ2
S
V

(2)

in which S/V is equal to 3/r for spherical pores and 2/r for columnar pores, and r is the
pore radius.

At present, T2 is mainly measured by using the CPMG (Carr–Purcell–Meiboom–Gill)
pulse sequence [54,55], as shown in Figure 1. Firstly, a 90◦ pulse is applied to deflect the
magnetization vector to the x-y plane. Due to the non-uniformity of the applied magnetic
field, the transverse components of the magnetization vector undergo phase dispersion.
After the TE/2 time, a 180◦ pulse is applied to reunite the phase-dispersed transverse
components, and then an echo can be observed after the TE time (the end of the 180◦ pulse).
So, if a series of 180◦ pulses are continuously applied at intervals of TE time, an echo
string with continuous attenuation of signal amplitude can be obtained, and the envelope
curve of this series of signal peaks represents a relaxation signal. By repeating the above
testing process m times, the accumulated total relaxation signal can be obtained, and the
attenuation law of signal amplitude meets Equation (3). Using InvFit inversion software,
the total relaxation signal is processed to obtain the T2 spectrum of moisture in porous
cement-based materials.

M(t) = ∑
m

Mh0 exp
(
− t

T2

)
(3)

where TE is the echo time, and m is the repeated times.
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3. Experiment
3.1. Materials

The cement used in this study was 42.5-grade P·I cement, whose chemical composition
is listed in Table 1, with a density of 3120 kg/m3 and a specific surface area of 358 m2/kg.
The initial and final setting times are 115 min and 188 min, respectively, and its normal
compression strength and flexural strength for 28 days of curing are 51.2 MPa and 8.8 MPa,
respectively. Fly ash and slag are produced by China Longze Materials Co., Ltd., (Yang
Zhou City, China) and their basic properties and chemical compositions are shown in
Tables 2 and 3, respectively.

Table 1. Chemical composition of cement (%).

SiO2 Al2O3 Fe2O3 CaO MgO SO2 Na2O f-CaO Cl- Loss

20 4/40 3.27 63.34 2.90 2.42 0.59 0.87 0.02 1.54
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Table 2. Basic properties and chemical composition of fly ash.

Physical property
Fineness (45 mm

Square Hole Sieve) (%)
Water Demand

Ratio (%)
Strength Activity

Index (%)
Water Content

(%)
Density
(g/cm3)

20 98 86 0.52 2.25

Chemical composition
SO3 (%) f-CaO (%) SiO2 (%) Al2O3 (%) Fe2O3 (%)

2.16 0.26 50.26 31.14 4.16

Table 3. Basic properties and chemical composition of slag.

Physical property
Specific Surface Area (m2/kg) Flow Ratio (%) 7 Days Activity

Index (%)
Water

Content (%)
Density
(g/cm3)

429 98 84.2 0.45 3.1

Chemical
composition

SO3 (%) MgO (%) CaO (%) SiO2 (%) Al2O3 (%) Fe2O3 (%)

1.64 6.01 34 34.5 17.7 1.03

The mixed cement paste with a water–cement ratio of 0.4 was injected into the chro-
matographic bottles, slightly vibrated to eliminate air, and then sealed to prevent free water
from evaporating, as shown in Figure 2. The mix proportion of cement paste is according to
the “Specification for mix proportion design of ordinary concrete” (JGJ55-2011), as shown
in Table 4. At room temperature, an NMR instrument was used to regularly measure the
T2 spectrum in the process of cement hydration.
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Figure 2. Chromatographic bottle containing cement paste.

Table 4. Mix proportions of cement paste (mass proportion).

Number W/C
Cementitious Material

Cement (C) Fly ash (FA) Slag (S) Silica Fume (SF)

JJ-1 0.4 1 0 0 0
JJ-2 0.4 0.8 0.2 0 0
JJ-3 0.4 0.6 0.4 0 0
JJ-4 0.4 0.8 0.1 0.1 0
JJ-5 0.4 0.6 0.3 0.1 0
JJ-6 0.4 0.8 0.1 0 0.1
JJ-7 0.4 0.6 0.3 0 0.1

3.2. Measure Method

In cement-based materials, evaporable water can be divided into free water, phys-
ically adsorbed water, and chemically bound water, according to the motility of water
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molecules [56]. In the process of cement hydration, the original water space is gradually
filled with cement-hydrated products, while the unfilled water space forms capillary pores,
and the water present in capillary pores is called free water. In the space filled by hydration
products, the pores between hydration products are called transition pores, the pores
between hydration products C-S-H gel particles are called gel pores, and the water in
them is mainly physically adsorbed water. The chemically bound water refers to the water
combined with C-S-H gel by hydration reaction, which cannot be evaporated. In summary,
during the hydration process, the water changes from a free state to physically adsorbed
and chemically bound state, with some remaining in the form of free water.

Based on the correlation between moisture state and hydration kinetics [57], this study
analyzes the cement hydration characterization by testing the T2 signals of 1H nuclei in
samples of cement-based materials. The LF-NMR experiments were performed using
a MesoMR12-060H-1 NMR analysis and imaging system (Suzhou Niumag Analytical
Instrument Corporation, Suzhou, China). The permanent magnet magnetic field strength is
0.5 T, the proton resonance frequency is 23 MHz, and the magnet is controlled at a constant
temperature of 32 ◦C. Adjusting the instrument system parameters before the testing, the
cement paste samples with different mix proportions were inserted into the instrument
probe coil and measured by adopting the CPMG pulse sequence [54]. Its pulse widths of
90◦ and 180◦ pulses are 7.40 µs and 14.24 µs, respectively, the echo time is 100 µs, the echo
number is 2000, and the accumulative frequency (m) is 32. The specific testing process is
shown in Figure 3.
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4. Result and Discussion
4.1. Distribution of Relaxation Time

Figure 4 shows the transverse relaxation time (T2) of cement paste with different mix
proportions at different curing times. The results show that, at the same curing time, the
distribution of T2 is similar for each mix proportion and presents an obvious main peak
and a weak peak (or no weak peak). With the increase in curing time, the relaxation peak
signal corresponding to large T2 gradually decreases, while the peak signal corresponding
to small T2 gradually increases. The distribution of the relaxation peak shows a trend of
gradually moving to a short relaxation time and gradually changing from a double peak to
a single main peak [48]. In particular, the T2 distribution of JJ-7 becomes a single peak at
the curing time of 9 h, while those of other samples are still two peaks.

According to the NMR principle, T2i (T2 corresponding to the main peak vertex)
reflects the motion characteristics of water molecules [58]. For the liquid water, the stronger
its motion ability and the less its motion constraints, the larger its T2i. Figure 5 presents
the change in T2i for different cement paste with curing time. It is obvious that T2i has a
rapid decrease at the early hydration age (within 24 h) and then gradually stabilizes. The
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main reason for the above phenomena is that the relaxation time of confined fluid water
in a porous medium is inversely proportional to the specific surface area of its pore [59].
In the curing process, the hydration products continuously generate to fill and refine the
larger pores [15,60], causing the unreacted evaporated water to be gradually distributed in
smaller pores with more motion constraints. So, the T2i becomes small. In addition, the T2i
of JJ-1 (without MA) is larger than that of other samples. For the same curing time, the T2i
of cement paste with different MAs are basically the same. It means that the cement content
has a slight influence on T2i [61], while the type and content of MAs have little effect.
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Besides the decrease in relaxation time, the change in relaxation signal for different
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relaxation signal of the main peak vertex for JJ-1 is 1370.17, while that for JJ-3 (replacing
40% cement with FA) is 675.53. The signal difference between the two is almost 100%. At
the curing age of 24 h, the vertex relaxation signals for JJ-1, JJ-3, and JJ-5 are 778.85, 592.59,
and 558.00, respectively, and there is not much difference between them. So, the influence
of MAs on the relaxation signal of the specimen is mainly reflected in the early stage of
cement hydration.

The relaxation signal area is proportional to the number of 1H protons in the samples,
and the larger the signal area, the more water content the specimen contains [62]. Figure 6
presents the effect of MAs on the relaxation signal area of T2 in the hydration time. It can
be seen from this figure that the signal area shows a downward trend with the increase in
hydration time. The decline rate is fast at the early stage, while the decline rate slows down
later. Due to the same type and proportion of water and cement in samples, the smaller
the signal area, the more water is consumed in the hydration reaction. It can be known
from Figure 6a that the addition of FA accelerates the hydration behavior of cement, and
the greater the FA content, the faster the cement hydration. It is because the low-activity
FA rarely undergoes hydration reactions during short-term curing, so the addition of FA
improves the effective water–cement ratio, accelerating the cement hydration. Certainly,
this phenomenon does not contradict the fact that the addition of FA slows down the
hydration progress of the FA-C system. Figure 6b,c show that replacing FA with S or SF
slows down the hydration rate of the FA-S-C or FA-SF-C system. The reason is that the S
and SF have certain activity and undergo hydration reactions in an alkaline environment
formed by cement hydration [63,64].
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4.2. Evolution of Evaporable Water

As described above, the distribution of T2 reflects the motion constraints of liquid
water and its content. Because the motion constraints of water in cement-based materials
are related to the pore structure, the distribution of T2 also can be used to describe the pore
size and distribution status, as in Equation (2). Li et al. [65] divided the pore formation in
hardened cement slurry into four types, including C-S-H interlayer pore, C-S-H gel pore,
and small and big capillary pore (between hydration products), and their corresponding
values to T2 are 0.08–0.12 ms, 0.2–0.5 ms, 0.8–1.0 ms, and >10 ms, respectively. Similarly,
Scrivener et al. [66] divided the pores corresponding to the three peaks of T2 distribution
into C-S-H interlayer pore, C-S-H gel pore, and capillary pores, and the T2 times were
0.08–0.12 ms, 0.25–0.5 ms, and >1.0 ms, respectively. Gorce et al. [67] classified pores into
gel pores and capillary pores according to T2 distribution and selected T2 = 1.0 ms as
the critical criterion for the two types of pores. In this study, the T2 distribution at the
initial hydration stage of 10 m in Figure 4a shows obvious double peaks on both sides of
T2 = 1.0 ms. Combining the above literature research with the results of this study, 1.0 ms is
used as the critical T2 to distinguish gel pores and capillary pores [68], and the water in the
two types of pores is divided into gel water and capillary water. Therefore, the proportions
of the relaxation signal area of T2 < 1.0 ms and T2 ≥ 1.0 ms represent the relative content
of gel water and capillary water in the sample, respectively.

Figure 7 presents the evolution of the relative content of gel water and capillary water
in the samples with different mix proportions in the curing period. With the increase in
curing time, the proportion of gel water has an obvious improvement, and it can reach
at least 85% for different contents of the mineral mixture. Meanwhile, the proportion of
capillary water gradually decreases to below 15%. At the beginning of hydration (10 min),
the evaporable water mainly exists in the form of capillary water. The generation of
hydration products and their filling in of large pores leads to pore refinement [15]. So,
the evaporable water is gradually distributed in the smaller pores and becomes gel water.
Comparing JJ-1, JJ-2, and JJ-3, the proportion of gel water decreases with the increase in
FA content at the curing time of 7 days, which means that the addition of FA with a low
pozzolanic effect slows down the hydration progress of the FA-C system [9]. Comparing
JJ-2, JJ-4, and JJ-6 or JJ-3, JJ-5, and JJ-7, the addition of S and SF also improves the content of
gel water, and the order of their influence is SF > S > FA. The reason for this phenomenon is
that the activity of SF and S is better than that of FA, and the extremely fine-grained SF (the
average particle size is smaller than 0.1 mm) has a better effect on refining pores [13,14].
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4.3. Distribution of Pore Structures

Pore structures in cement-based materials can be characterized by converting the T2
spectral distribution, and the results are displayed in Figure 8. Based on pore classification,
these materials contain four types of pores: gel pores (<10 nm), transition pores (10–100 nm),
capillary pores (100–1000 nm), and macropores (>1000 nm). It can be seen from Figure 8a
that, at the curing time of 10 min, the main pores in samples are capillary pores, and a few
are gel pores. With the increase in curing time, the pore size gradually decreases, leading to
the increase in gel pores and transition pores, and the decrease in capillary pores. At the
curing time of 7 days, the main pores are gel pores and transition pores, and the proportion
of the two types of pores is basically equivalent.
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Meanwhile, the average porosity of samples with different MAs can be obtained from
the distribution of pore size, as presented in Figure 9. It is obvious that the porosity of ce-
ment paste gradually decreases with the increase in curing time, and within 10 min–7 days,
the porosity is always high. Comparing JJ-1, JJ-2, and JJ-3, the porosity decreases with the
increase in FA content in early hydration. Comparing JJ-2, JJ-4, and JJ-6 or JJ-3, JJ-5, and JJ-7,
the addition of S and SF in the FA-C system causes an increase in porosity. The reason for
the above phenomenon is that, at the curing time of 10 min, the pores are mainly capillary
pores. So, the microaggregate effect of FA is the main reason for low porosity [55]. At the
curing time of 7 days, the pores are mainly small pores formed in C-S-H gel and generated
between gels. The more C-S-H gel, the greater the porosity [69]. So, the porosity of the
SF-FA-C system is larger than that of the S-FA-C system, because SF contains higher SiO2
content to form C-S-H gel. The porosity of the S-FA-C system is larger than that of the
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FA-C system, because the low-activity FA basically does not produce C-S-H gel at the early
hydration [70].
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4.4. Evolution of Mechanical Property

Besides the evolution of pore structures, the development of early mechanical proper-
ties of cement-based materials is also closely related to their hydration progress. Figure 10
presents the evolution of compression strength and flexural strength of cement-based mate-
rials with curing time. Comparing Figure 10a,b, for the different samples, the evolution of
their compression strengths with curing time is similar to that of flexural strength. Taking
compressive strength as an example, it increases with curing time due to the setting and
hardening of cement hydration products. At the curing time of 7 days, the compression
strength of JJ-1 without any MAs is 47.8 MPa, while that of JJ-2 (with 20% FA) and JJ-3
(with 40% FA) are 37.5 MPa and 23 MPa, respectively. It is caused by the slow reaction
rate of FA with low activity. Comparing JJ-2, JJ-4 (with 10% FA and 10% S), and JJ-6 (with
10% FA and 10% SF), their compression strengths are 36.8 MPa, 38.2 MPa, and 40.1 MPa at
the curing time of 7 days, and all of them are smaller than that of JJ-1. That is to say, the
addition of MAs leads to a decrease in the mechanical properties of cement-based materials
at early hydration. Meanwhile, the ranking of minerals’ contribution to the early strength of
cement-based materials is SF > S > FA. The reason for the above phenomenon is that SF has
better activity and can generate denser C-S-H gel [13,14] more quickly, which is helpful for
early mechanical properties. However, FA with a low pozzolanic effect hardly contributes
to the mechanical properties of cement-based materials within 7 days of hydration [9].
Furthermore, the substitution of FA for cement results in the generation of C-S-H gel and
CH, causing the reduction of mechanical properties. Comparing the samples with 40%
MAs (JJ-3, JJ-5, and JJ-7) and those with 20% MAs (JJ-2, JJ-3, and JJ-6), the evolution of their
compression strengths also verified the above viewpoint that the greater the MA content,
the lower the early strength. Specifically, the activity of MA is lower than that of cement, so
the addition (substitution) of more MA leads to fewer hydration products in a solidified
state in the early stage of hydration to contribute to the early strength. In addition, the
evolution of the compressive strength of cement-based materials with MA is presented in
Figure 11. It is consistent with that of porosity at the early hydration stage, and the two are
basically in a linear relationship.
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5. Conclusions

(1) At the beginning of hydration (10 min), T2 distribution presents double peaks (an
obvious main peak and a weak peak), and the relaxation time of the main peak is
about 1~10 ms. With the curing time, the distribution of the relaxation peak shows
a trend of gradually changing to a single main peak. At the curing time of 24 h, the
relaxation time of the single main peak is about 0.1~1 ms.

(2) T2i (relaxation time of the main peak) reflects the motion characteristics of water
molecules. At the early hydration stage (within 24 h), T2i has a rapid decrease and
then gradually stabilizes. It is because the formation of hydration products refines
larger pores, causing the evaporated water to be distributed in smaller pores with
more motion constraints. However, the difference in T2i of different mix proportions
is not significant, indicating that the type and content of MA have little effect.

(3) The relaxation signal area reflects the content of unreacted evaporated water in
samples, including the gel water and capillary water. So, the results of the relaxation
signal area evolution show that the total content of water consumed by the hydration
reaction decreases, and the proportion of gel water obviously increases, while that of
capillary water gradually decreases. For MAs, the gel water content decreases with
the increase in FA content, and the addition of S and SF also improves the gel water
content, and the order of their influence is SF > S > FA.

(4) At a curing time of 10 mins, the main pores are capillary pores. With the curing
time, the pore size also gradually decreases, leading to an increase in gel pores and
transition pores. At 7 days, the main pores are gel pores. Meanwhile, the porosity also
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decreases with curing time, i.e., without MA, it decreases from 64.8% at 10 mins to 48%
at 7 days. With the effect of MA, the porosity of the FA-C (cement) system decreases
with the increase in FA content. The addition of S and SF in the FA-C system causes
the porosity to increase, and the order of their porosity is SF-FA-C system > S-FA-C
system > FA-C system.

(5) The ranking of the MA contribution to the early strength is SF > S > FA, but significantly
lower than cement itself, i.e., the compression strength at the curing time of 7 days is
47.8 MPa for 0%MA, 40.1 MPa for 10%FA + 10%SF, 38.6 MPa for 10%FA + 10%S, and
37 MPa for 20%FA. It indicates that adding multiple types of MA is an effective method to
improve early strength while ensuring other performance.
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