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In this paper, by testing the evolution of the physically bound water using the low-field nuclear magnetic resonance (LF-NMR)
technology, the hydration process of cement paste with nano-CaCO3 (NC) and superabsorbent polymer (SAP) at early age is
investigated. Results indicate that the hydration process can be divided into four periods according to the zero points of the
second-order differential hydration curve: initial period, acceleration period, deceleration period, and steady period. Firstly, with
the increase in the water to cement ratio, the starting time of the hydration period is delayed, and the duration becomes longer.
Secondly, the addition of NC leads to the speedy arrival of each period and shortens the duration of each period in the hydration
process, and the optimal NC content is 1.5%.-irdly, with the increase in SAP content, the starting time of the hydration period is
delayed and the duration becomes longer. Finally, based on the experimental results and the existing hydration model, the
modified hydration model considering the content of NC and SAP is proposed.

1. Introduction

Concrete is the most widely used man-made construction
material in the world, and the mechanical property and
durability are focused in recent studies [1–5]. Nano-
materials, as products of nanotechnology, are defined as
materials with particle sizes less than 100 nm and have many
superior properties that differ from traditional materials
[6, 7]. Nanomaterials can enhance the physical and me-
chanical properties of the cement-basedmaterials effectively,
reduce the porosity, and help in manufacturing the concrete
with better performance [8]. -e price of nano-SiO2 [9],
nano-Al2O3 [10], nano-TiO2 [11], and other materials are
very expensive, which makes it difficult to be widely used in

cement-based materials. But NC has many advantages such
as low price, small particle size, and large surface area, which
can be filled with cement particles to make the micro-
structure more compact [12]. -e research indicates that NC
can promote hydration process and induce new hydration
products [13].-erefore, it is significant to study the effect of
NC on the hydration process of cement-based materials.
Furthermore, traditional external curing methods are not
effective because the curing water penetrates only the surface
layer of the concrete [14]. Internal curing with SAP is an
effective method to reduce the decrease in internal relative
humidity by supplying additional water [15] and to prevent
the detrimental effects of shrinkage by producing a dense
crack-free microstructure [16].
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Scholars have done a series of experimental studies on
the influence of NC or SAP on cement-based materials.
Wang and Zhang [17] studied the effects of NC on the
hydration properties of silicate cement by using the
microthermograph method and the differential scanning
thermal analysis. -e results showed that the use of NC
could promote the hydration and enhance the heat of hy-
dration. Liu et al. [18] used the ultrasonic method to study
the influence of NC on the performance of cement paste.-e
results showed that when the dosage of NC was 2%, the
initial time and final time of concrete were shortened by
61min and 39min, respectively. So, the addition of NC can
promote the hydration reaction of cement paste. Camiletti
et al. [19] studied the effect of NC on the performance of
super-high-performance concrete by using thermal analysis.
-e results indicated that NC accelerates the hydration
process of cement by inducing nucleation effect. Esteves [20]
studied the hydration degree of cement paste and mortar by
using the differential thermogravimetric analysis.-e results
showed that SAP promoted cement hydration. Justs et al.
[21] found that SAP promoted hydration of cement-based
materials from 7 to 28 days. However, there is no research on
the combined impact of NS and SAP on hydration of ce-
ment-based materials at present. -us, the effects of NC and
SAP on the hydration process of cement-based materials
were investigated in this paper.

At present, there are many research methods of the early
age hydration process such as ultrasonic method [22], re-
sistivity method [23], hydrated thermal analysis method [24],
and ultrasonic testing method [25]. -ese methods have made
great progress in the study of hydration process. However,
there are still many deep-seatedmechanisms that have not been
systematically solved, especially the interaction among various
mineral hydration. Low-field nuclear magnetic resonance (LF-
NMR) technology is utilized to study the hydration of cement-
basedmaterials by testing the evolution of the physically bound
water [26, 27]. It is quick, continuous, and lossless. Apih et al.
[28] found that the longitudinal relaxation time (T1) of the
cement paste decreased with the progress of hydration, which
could reveal the different periods of cement hydration. She et al.
[29] measured the T2 signal intensity of the physically bound
water in the cement paste and found that the evolution of T2

could well describe the hydration kinetics. -e initial period,
acceleration period, and steady period were characterized
according to the different rates of change. Moreover, the re-
action and the mechanism of each period were discussed based
on the theory of cement chemistry.

In this paper, the effects of the water to cement ratio
(w/c), NC, and SAP on the hydration process of cement
paste are tested and discussed based on LF-NMR. Fur-
thermore, the modified hydration model considering the
effects of NC and SAP is proposed.

2. Materials and Methods

2.1. Materials. In this experiment, P.II52.5 Portland cement
with the specific surface area of 350m2/kg and density of
3180kg/m3 was used. -e chemical composition of cement is
shown in Table 1. NC (Figure 1) with the purity of the NC of

above 95wt.% and grain size ranging from 40nm to 80nm was
used in this test. -e polycarboxylic high-performance water-
reducing agent produced by Sobute New Materials Company
Ltd. (Nanjing, China) was used. However, the SAP (Figure 2)
used in this study is an organic-inorganic polymer material and
the water absorption capacity is 20 g water per gram of SAPs.

-e influencing factors of the hydration are selected as
w/c, NC content, and SAP content. -e NC content is 1.0%,
1.5%, 2.0%, and 3.0% replacing the cement by weight. -e
dosage of SAP is 0.15% and 0.30% by mass of cement, and
the w/c ratios are 0.30, 0.35, and 0.40. Furthermore, nine
different cement compositions are designed (Table 2), and
the time of each test is 96 hours.

In Table 2, SJ indicates that the cementitious material in the
sample consists of cement only, and NC indicates that the ce-
mentitiousmaterial in the sample consists of cement andNC. For
example, 0.30SJ_NC015S15 represents a sample with a w/b value
of 0.30, an NC content of 1.5%, and an SAP content of 0.15%.

2.2. Specimen Preparation. Cement paste specimens were
mixed using a paddle mixer following a procedure which
was similar to ASTM C-305 [30] as follows.

Cement and water and the admixture if necessary were
weighed; sometimes one kind of particular admixture was
added to water in a bowl. -e mixture was initially mixed at
140 revolutions per minute (rpm) for 30 seconds. Taking a
pause for 1minute, meanwhile cement paste adhering to the
sides of the mixing bowl was scraped.-e entire mixture was
mixed for another 2.5minutes at 285 rpm. -en, the cement
paste was cast into a glass tube with a height of 200mm and a
diameter of 27mm until the height of samples were ap-
proximately 20–30mm and then sealed with plastic film
immediately after pouring.

2.3.TestingMethods. All of the experiments were carried out
on a PQ001 LF-NMR with a magnetic field of 0.42 T and
proton frequency field of 18MHz. -e room temperature
was held constant at 20± 1°C.

Before the test, the free induction decay (FID) sequence
was calibrated on the oil sample to obtain the offset of RF
signal frequency (O1) and the width of π/2 pulse (P1). -en
Carr-Purcell-Meiboom-Gill (CPMG) sequence (π/2-(τ-π-τ)
n-TR) was applied to measure the transverse relaxation time
T2 of pastes. π/2 and π were pulses which could rotate the
magnetization vector about the axis where pulses were
applied. TR was the waiting time between two measure-
ments, and n was the number of sampling data. -e pa-
rameter settings for LF-NMR are given in Table 3.

By monitoring the T2 signal of physically bound water in
cement paste using LF-NMR, the wave crest amplitude of the
T2 signal, A(t), is used to characterize the hydration process,
as shown in Figure 3(a). -en the curve about A(t) in the
unit mass of cement paste and different hydration time are
obtained (Figure 3(b)). According to the zero point (b1, b2,
and b3) of the second-order differential curve (Figure 3(c)),
the hydration process can be divided into four periods:
initial period, acceleration period, deceleration period, and
steady period, as shown in Figure 3(b).
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3. Results and Discussion

3.1. Effect of w/c on the Hydration Process. Figure 4 shows the
curves of T2 signal amplitude in unit mass with different w/c.
-e larger the w/c is, the more physically bound water in the
unit mass of cement paste contains. According to the method
introduced above, the test data are treated as differential
treatment, and then the time cutoff point of the four periods is
obtained. -e results are shown in Figure 4 and Table 4.

It can be seen from Figure 4 that the unit signal amplitude
of three cement pastes decreases with age. In the early stage of
the initial phase, C3A (tricalcium aluminate), themost active in
cement, has begun to react with water. And the hydrated
product is encapsulated on the cement surface to form a gel
protective film. In the later stage of the initial phase, the gel
protective layer like the permeable membrane only allows
water molecules to enter the protective layer. But it does not
allow Ca2+ and OH− ions to go through the protective layer.
Further progress of the hydration reaction is prevented. At the

end of the initial phase, the T2 signal amplitude of the samples
0.30SJ, 0.35SJ, and 0.40SJ decreases to 471.3 a.u./g, 649.3 a.u./g,
and 805.6 a.u./g, respectively. At any time of this stage, the T2

signal amplitude in unit mass increases as the w/c increases.
-e reason is that the greater the w/c, the more the water
contained in the per unit mass of cement paste, and the greater
the detection of physically bound water signal.

-e duration of the initial period of the samples 0.30SJ,
0.35SJ, and 0.40SJ is 1.65 h, 1.872 h, and 2.033 h, respectively.
-e larger the w/c is, the longer the initial period is. -e
reason is perhaps that the larger the w/c, the lower the Ca2+

concentration in the solution, which increases the degree of
cement hydration. Furthermore, larger w/c delays Ca2+ to
reach the time of super saturation, prolonging the initial
period. At the end of the initial period, the protective layer of
the gel layer produced in the previous stage ruptures due to
the change in permeability. -e new cement surface comes
into contact with water, and the acceleration period begins.

At the acceleration stage, Ca2+ achieves super saturation,
which makes Ca2+ crystal to precipitate and promotes the
hydration of C3S (tricalcium silicate). Water is rapidly con-
sumed, and the signal quantity decreases quickly. At the end of
the acceleration period, the T2 signal amplitude of the samples
0.30SJ, 0.35SJ, and 0.40SJ decreases to 402.3 a.u./g, 564.7 a.u./g,
and 705.3 a.u./g, respectively. -e decreasing rates are 21.1 a.u./
g/h, 24.5 a.u./g/h, and 27.5 a.u./g/h, respectively. It indicates
that the larger the w/c is, the faster the hydration rate is.

At the end of the acceleration period, the hydration product
has been produced in large quantity. -e hydration products
have been accumulated and formed on the outer shell of the
protective layer.-ese shells are connected to each other to form
a mesh structure.-e T2 signal amplitude of the samples 0.30SJ,
0.35SJ, and 0.40SJ reduces to 162.3 a.u./g, 277.0 a.u./g, and

Table 1: Chemical composition of cement.

Material SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 LOI

Cement 19.53 4.31 2.89 63.84 1.25 0.13 0.64 3.25 0.26 3.0

(a) (b)

Figure 1: NC diagram. (a) NC powder. (b) SEM image of NC.

Figure 2: SAP.
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371.1 a.u./g, respectively.-e reason is that the larger thew/c, the
more the water contained in the cement gap and pore diameter
in the cement paste, and the more the presence of physically
bound water.

At the end of the deceleration period, the T2 signal
amplitude of the samples 0.30SJ, 0.35SJ, and 0.40SJ decreases

to 124.7 a.u./g, 203.2 a.u./g, and 266.3 a.u./g, respectively. -e
T2 signal amplitude in unit mass is very small and tends to be
stable, and the rate of hydration process is very slow.-e time
of the steady period of the samples 0.30SJ, 0.35SJ, and 0.40SJ is
50.583 h, 52.815 h, and 54.117 h, respectively. -e larger the
w/c, the longer the time requires to reach the steady period.

Table 2: Mix proportion of cement pastes.

Sample w/b Dosage of NC (%) Dosage of SAP (%) Influencing factor

0.30SJ 0.30 0 0
w/c0.35SJ 0.35 0 0

0.40SJ 0.40 0 0

0.30SJ_NC010 0.30 1.0 0

NC content
0.30SJ_NC015 0.30 1.5 0
0.30SJ_NC020 0.30 2.0 0
0.30SJ_NC030 0.30 3.0 0

0.30SJ_NC015S15 0.30 1.5 0.15
SAP content

0.30SJ_NC015S30 0.30 1.5 0.30

Table 3: Parameter settings for LF-NMR.

Sequence TD SW RFD RG1 DRG1 PRG TW NS NECH TE DL1

FID 1024 100 0.02 20 3 2 2000 4 — — —
CPMG Automatic settings 250 0.005 10 3 2 200 16 500 0.11 500
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Figure 3: Schematic diagram of hydration process. (a) First wave crest amplitude of (T2) signal. (b) -e first peak amplitude A(t) in unit
mass changes with time. (c) Second-order differential of A(t).
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3.2. Effect of NC on the Hydration Process. -e curves of T2

signal amplitude in unit mass of cement paste with an NC
dosage of 0%, 1.0%, 1.5%, 2.0%, and 3.0% with hydration
time are shown in Figure 5. According to the same division
method of the hydration process abovementioned, the hy-
dration process is divided into four periods, and each period
duration is listed in Table 5. For cement paste with same w/c,
the addition of NC makes the T2 signal amplitude in unit
mass stronger. As binder materials continuously hydrate, T2

signal amplitude in all samples is on the decline with dif-
ferent rates. But different dosages of NC have an obviously
distinct influence on each period.

It can be observed in Figure 5 that with the increase of
NC content, the T2 signal amplitude gradually increases, and
the increase rate is not proportional. At the beginning of the
initial period, the T2 signal amplitude of the samples 0.30SJ,
0.30SJ_NC010, 0.30SJ_NC015, 0.30SJ_NC020, and
0.30SJ_NC030 is 506.78 a.u./g, 521.95 a.u./g, 542.92 a.u./g,
598.71 a.u./g, and 662.52 a.u./g, respectively. Compared with
the baseline group, the T2 signal amplitude of NC cement
paste increases 15.17 a.u./g, 36.14 a.u./g, 91.93 a.u./g, and
155.74 a.u./g, respectively. And the corresponding growth
rates are 3.0%, 7.13%, 18.14%, and 30.73%, respectively.
-ere is no corresponding linear relationship. NC particle
size ranges from 40 nm to 80 nm, which can be filled in small
pores to function as microaggregates, so that the relative
content of water in the pores is reduced and the free water of
the surface involved in the reaction relatively increases.
When the amount of NC is increased, more porous pores are
filled and more free surface water content exists.

It can obviously be seen in Table 5 that during the
hydration process, with the addition of NC, the duration of
four stages are all shortened. When the NC content is 1.5%,
the starting time of each hydration period is the earliest and
thus the duration of each period is the shortest. -erefore,
the addition of NC can promote the hydration process of
cement paste, and the optimal NC content is 1.5%. -e
conclusion is similar with the previous study of hydration
process [31].-e duration of the initial period of the samples
0.30SJ, 0.30SJ_NC010, 0.30SJ_NC015, 0.30SJ_NC020, and
0.30SJ_NC030 is 1.65 h, 1.517 h, 1.167 h, 1.342 h, and 1.233 h,
respectively. At the beginning of the acceleration period, the
T2 signal amplitude of the samples 0.30SJ, 0.30SJ_NC010,
0.30SJ_NC015, 0.30SJ_NC020, and 0.30SJ_NC030 is
471.31 a.u./g, 512.51 a.u./g, 545 a.u./g, 579.55 a.u./g, and
625.60 a.u./g, respectively. At the end of the acceleration
period, the T2 signal amplitude is 402.31 a.u./g, 431.83 a.u./g,
444.8 a.u./g, 491.57 a.u./g, and 537.18 a.u./g, respectively.

-ere are several reasons for abovementioned phe-
nomenon [32]. Firstly, the particle size of NC is in nano-
meter, and its strong surface activity can change the
distribution of cement particles. -e microaggregate effect
can increase the relative content of free water so as to in-
crease the contact area between cement particles and water.
Secondly, NC makes the diffused Ca2+ to accumulate on its
particle surface, decreasing the nearby Ca2+ concentration
and accelerating the chemical reaction of C3S, which pro-
motes the hydration process. -irdly, NC has a high

0.1 1 10 100

100

200

300

400

500

600

700

800

900

Hydration time (h)

Si
gn

al
 q

u
an

ti
ty

 o
f 
T

2 
(a

.u
./

g)

I. Initial period
II. Acceleration period
III. Deceleration period
IV. Steady period

I II III IV

0.30SJ

0.35SJ
0.40SJ

Figure 4: Effects of different w/c on the hydration process.

Table 4: -e hydration period separation time of pure cement
pastes with different w/c.

Sample t1 (h) t2 (h) t3 (h) (0∼t1) (t2∼t3) (t3∼)
0.30NC0 1.65 4.977 50.583 1.65 3.327 45.606
0.35NC0 1.872 5.324 52.815 1.517 3.452 47.491
0.40NC0 2.033 5.677 54.117 0.867 3.644 48.44
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Figure 5: Effects of different NC dosages on the hydration process.

Table 5: -e hydration period separation time of cement pastes
with different NC dosages.

Sample t1 (h) t2 (h) t3 (h) (0∼t1) (t2∼t3) (t3∼)
0.3NC0 1.65 4.977 50.583 1.65 3.327 45.606
0.3NC1.0 1.517 4.817 48.8 1.517 3.3 43.983
0.3NC1.5 1.167 4.317 42.117 1.167 3.15 37.8
0.3NC2.0 1.342 4.587 46.357 1.342 3.245 41.77
0.3NC3.0 1.233 4.465 45.516 1.233 3.232 41.051
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chemical activity to increase the distribution of cement
particles, increasing the contact area between water and
cement particles. Finally, when NC contacts C3A, a small
amount of calcium aluminate (CaCO3·C3A·H2O) is be
produced. It can make water molecules and other particles
spread so as to accelerate the hydration process. However,
when the content of NC is over 1.5%, the phenomenon of
“bleeding” may occur and the active influence on the hy-
dration process falls. So, the optimal NC content is 1.5%.

3.3. Effect of SAP on the Hydration Process. -e curves of the
T2 signal amplitude of cement paste with different SAP
content are presented in Figure 6. According to the same
division method introduced above, each period’s duration is
shown in Table 6.

It can be seen from Figure 6 that, in the four stages of
hydration process, with the increase of SAP content, the T2

signal amplitude gradually increases. At the end of the initial
period, the T2 signal amplitude of the samples 0.30SJ_NC015,
0.30SJ_NC015S15, and 0.30SJ_NC015S30 is 534.022 a.u./g,
698.244 a.u./g, and 756.576 a.u./g, respectively. -e pre-
absorbent of water in SAP introduces extra water, which
releases moisture due to the concentration difference and self-
drying. -us, the amount of physical bound water is greater.

It can be observed in Table 6 that, with the increase in SAP
content, the starting time of each hydration period is also
delayed and thus the duration of each period is prolonged.
-e starting time of the deceleration period of the samples
0.30SJ_NC015, 0.30SJ_NC015S15 and 0.30SJ_NC015S30 is
4.317 h, 4.433 h, and 4.583 h, respectively. -us, the duration
is 42.117 h, 43.067 h, and 43.3 h, respectively. SAP continu-
ously releasesmoisture to promote the hydration process [33].
It makes the total w/c larger. With the proceeding of hy-
dration, the relative concentration of Ca2+ per unit volume
decreases, and the time to reach the saturation state prolongs.

In addition, it can obviously be seen from Figure 6 that the
T2 signal amplitude of NC cement paste mixed with SAP
continued to decline at the steady period. However, the T2

signal amplitude without SAP is almost constant. Taking hy-
dration time from 82h to 96 h, for example, the T2 signal
amplitude of the samples 0.30SJ_NC015, 0.30SJ_NC015S15,
and 0.30SJ_NC015S30 is 0.347 a.u./g, 7.782 a.u./g, and
6.353 a.u./g. -e descending rates are 0.025 a.u./g/h, 0.556 a.u./
g/h, and 0.454 a.u./g/h. With the proceeding of hydration, the
free water in the cement paste is continuously consumed. SAP
gradually releases moisture due to poor concentration of
capillary solution, humidity difference, and capillary tensile
stress [28].-e results are consistent with previous studies [34].

3.4. Hydration Model

3.4.1. Hydration Model for Pure Cement Paste. -e hydra-
tion model can be used to describe and predict the devel-
opment of hydration. -e Avrami–Erofeev equation [35] is
the classic overall kinetic equation and has many significant
advantages, such as a more simplified expression and less
parameters. -e Avrami–Erofeev equation is as follows:

α(t) � 1 − exp − (kt)
n( , (1)

where α(t) is the degree of hydration, k and n are the
empirical parameters, and t is the time of cement paste
hydration.

On the basis of this model, the variation law of T2 with
time is described. And the hydration process is characterized
by transverse relaxation time.-e expression of the T2 signal
amplitude over time is as follows:

T(t) � a − b exp(− ct), (2)

where T(t) is the T2 signal amplitude of unit mass of cement
paste hydration at t moment and a, b, and c are the model
parameters, which depend on mineral compositions, w/c, etc.

-e experiment data and fitting curves of pure cement pastes
with different w/c are given in Figure 7. -e fitted results in-
cluding fitting parameters and correlation are listed in Table 7.

a � 561.71 − 2716.32 ln(w/c) −
1110.51

w/c
,

b � − 3140.24 + 11138.79(w/c)3 +
727.71

(w/c)
,

c � 0.22 − 0.38 ln(w/c) −
0.32

(w/c)0.5
,

(3)

where the w/c ranges from 0.3 to 0.4 and the hydration time t
ranges from 0 h to 110 h.

As presented in Table 7, the correlation of experiment
data and fitting curves is all over 0.99, and equation (2) could
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Table 6: -e hydration period separation time of cement pastes
with different SAP dosages.

Sample t1 (h) t2 (h) t3 (h) (0∼t1) (t2∼t3) (t3∼)
0.3NC1.5 1.167 4.317 42.117 1.167 3.15 37.8
0.3NC1.5S0.15 1.233 4.433 43.067 1.233 3.2 38.634
0.3NC1.5S0.3 1.367 4.583 43.3 1.367 3.216 38.717
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describe the hydration process of pure cement pastes very
well. According to Table 7, the relations of a, b, and c with
w/c are proposed by regression analysis.

3.4.2. Modification of Hydration Model. -e hydration
model above only describes the hydration process of the
neat cement paste. -e effect of NC and SAP on the
hydration process of cement paste is not mentioned.

-rough the hydration model obtained in Section 3.4.1, it
can be found that it has the advantages such as simple
expression, few parameters, and simple calculation.
-erefore, this section modifies the hydration model
based on the Avrami–Erofeev model. -e expression is as
follows:

T(t) � cSAPcNC[a − b exp(− ct)], (4)
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Figure 7: Experiment data and fitting curves of pure cement pastes with different w/c.

Table 7: Fitting parameters and correlation of pure cement pastes with different w/c.

Sample a b c Correlation

0.3NC0 130.385 − 413.786 0.0996 0.9975
0.35NC0 240.477 − 583.487 0.0840 0.9972
0.4NC0 274.374 − 608.077 0.0679 0.9983
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Figure 8: Experiment data and fitting curves of cement pastes with different NC dosages.
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where cNC and cSAP are the parameters which are related to
the dosage of NC and SAP.

-e experiment data and fitting curves of cement pastes
with different NC dosages are shown in Figure 8. -e fitted
results including fitting parameters and correlation are listed
in Table 8.

As presented in Table 8, the correlation of experiment
data and fitting curves is all over 0.99, and equation (4) could
well describe the hydration process of cement pastes with
different NC dosages. According to Table 8, the relations of
ANC, BNC, and CNC with NC content (MNC) are proposed by
regression analysis:

cNC � ANC + BNCt + CNCt
0.19
,

ANC �
mNC

mNC − 0.935
−

0.857

mNC − 0.941
+ 0.04mNC,

BNC �
8.722mNC − 0.001

mNC − 1.45
,

CNC �
0.07 − 0.02m2

NC

1 − 0.58m2
NC + 0.036m4

NC

,

(5)

where the NC content mNC ranges from 0.01 to 0.03% and
the hydration time t ranges from 0 h to 110 h.

-e experimental data and fitting curves of cement
pastes with different SAP dosages are shown in Figure 9. -e
fitted results including fitting parameters and correlation are
listed in Table 9.

As presented in Table 8, the correlation of experiment
data and fitting curves is all over 0.99 and the equation (4)
could well describe the hydration process of cement pastes
with different SAP dosages. According to Table 9, the re-
lations of ASAP, BSAP, and CSAP with SAP content (mSAP) are
proposed by regression analysis:

cSAP � ASAP + BSAPt + CSAPt
0.75
,

ASAP � 3.84 − 1.68m − 2.73 exp − mSAP( ,

BSAP � 0.02 − 0.43m3
− 0.053 exp mSAP( ,

CSAP � − 0.07 + 0.78m1.5
+ 0.18 exp − mSAP( ,

(6)

where the SAP content mSAP ranges from 0 to 0.3% and the
hydration time t ranges from 0h to 110 h.

4. Conclusions

From the materials and measurement methods used in this
study, the following conclusions can be drawn:

Table 8: Fitting parameters and correlation of cement pastes with different NC dosages.

Sample ANC BNC CNC Correlation

0.3NC0 0.911 − 0.0011 0.075 0.9955
0.3NC1.0 0.945 − 0.0014 0.093 0.9929
0.3NC1.5 1.195 0.0017 − 0.111 0.9907
0.3NC2.0 1.1479 − 0.0007 0.036 0.9895
0.3NC3.0 1.1601 − 0.0014 0.118 0.9946
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Figure 9: Experiment data and fitting curves of cement pastes with different SAP dosages.

Table 9: Fitting parameters and correlation of cement pastes with
different SAP dosages.

Sample ASAP BSAP CSAP cSAP Correlation

0.3NC1.5 1.017 − 0.032 0.115 1.0572 0.994
0.3NC1.5S0.15 1.236 − 0.042 0.135 1.0572 0.998
0.3NC1.5NC0.3 1.312 − 0.062 0.196 1.0572 0.998
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(1) With the development of hydration reaction, T2

signal amplitude in unit mass of different cement
pastes always decreases with age, and the hydration
process of the cement paste can be divided into four
periods according to the second-order differential
zero point of the curve: initial period, acceleration
period, deceleration period, and steady period. -e
larger the w/c is, the greater the T2 signal amplitude
in unit mass is. And the increase of the w/c delays the
arrival of the acceleration period, deceleration pe-
riod, and steady period, and hence, the periods of
initial, acceleration, and deceleration last longer.

(2) With the addition of NC in the cement paste, the T2

signal amplitude increases, the arrival of each period
is faster, and hence, the duration of each period
becomes shorter. When the content of NC exceeds
1.5%, the effect of promoting the hydration process is
weakened. So, the optimal content of NC is 1.5%.

(3) -e addition of SAP increases the T2 signal ampli-
tude of the cement paste, and the T2 signal amplitude
increases as the SAP content increases, but the arrival
of the acceleration period, deceleration period, and
steady period delays, thus prolonging the duration of
the initial period, acceleration period, and de-
celeration period.

(4) Based on the Avrami-Erofeev model, combined with
the change in the T2 signal amplitude with the hy-
dration time, the hydration model considering the
NC content and the SAP content is proposed. -e
results of the model are in good agreement with the
experimental data.
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[25] Ö. K. Keskin, İ. O. Yaman, and M. Tokyay, “Effects of ex-
perimental parameters in monitoring the hydration of cement
mortars by ultrasonic testing,” in Nondestructive Testing of
Materials and Structures, pp. 437–443, Springer, Dordrecht,
Netherlands, 2013.

[26] C. Zhou, F. Ren, Q. Zeng, L. Xiao, and W. Wang, “Pore-size
resolved water vapor adsorption kinetics of white cement
mortars as viewed from proton NMR relaxation,” Cement and
Concrete Research, vol. 105, pp. 31–43, 2018.

[27] C. Zhou, F. Ren, Z. Wang, W. Chen, and W. Wang, “Why
permeability to water is anomalously lower than that to many
other fluids for cement-based material?,” Cement and Con-
crete Research, vol. 100, pp. 373–384, 2017.

[28] T. Apih, G. Lahajnar, A. Sepe et al., “Proton spin-lattice re-
laxation study of the hydration of self-stressed expansive
cement,” Cement and Concrete Research, vol. 31, no. 2,
pp. 263–269, 2001.

[29] A. She, W. Yao, and Y. Wei, “In-situ monitoring of hydration
kinetics of cement pastes by low-field NMR,” Journal of
Wuhan University of Technology, vol. 25, no. 4, pp. 692–695,
2010.

[30] ASTM, Standard Practice for Mechanical Mixing of Hydraulic
Cement Pastes and Mortars of Plastic Consistency, ASTM,
West Conshohocken, PA, USA, 1999.

[31] H. S. Yang, Y. J. Che, and M. Zhang, “Effect of nano-CaCO3/
limestone powder composite on the early age cement hy-
dration products,” Key Engineering Materials, vol. 703,
pp. 354–359, 2016.

[32] S. W. M. Supit and F. U. A. Shaikh, “Effect of nano-CaCO3 on
compressive strength development of high volume fly ash
mortars and concretes,” Journal of Advanced Concrete
Technology, vol. 12, no. 6, pp. 178–186, 2014.

[33] B. Craeye, Reduction of Autogenous Shrinkage of Concrete by
Means of Internal Curing, Ghent Univerity, Ghent, Belgium,
2006.

[34] L. Dudziak and V. Mechtcherine, “Reducing the cracking
potential of ultra-high performance concrete by using super
absorbent polymers (SAP),” in Advances in Cement-Based
Materials, pp. 11–19, CRC Press, Boca Raton, FL, USA, 2010.

[35] K. Van Breugel, Simulation of Hydration and Formation of
Structure in Hardening Cement-Based Materials, Delft Uni-
versity of Technology, Delft, Netherlands, 1991.

10 Modelling and Simulation in Engineering



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in

OptoElectronics

Hindawi

www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi

www.hindawi.com

 Journal of

Engineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi

www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi

www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at

www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

