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Enhancement of the ﬂuidity and mechanical performance of grouting materials has proven to be an eﬀective method of seepage
prevention in geotechnical engineering. In this research, a microﬁne-cement-based grout mixed with microﬁne ﬂy ash (MFA),
nano-CaCO3 (NC), and superplasticizer (SP) was designed to improve the rheological and mechanical properties of grouting
materials, and the particle size distribution, ﬂuidity, spreading ability, bleed capacity, setting time, and mechanical properties were
studied. A water/solid (W/S) ratio of 1.2 was selected, and the contents of MFA, NC, and SP by mass of microﬁne cement (MC)
were 0–40%, 0–2.0%, and 1.5%, respectively. The results showed that MFA and 1.5% SP improved the ﬂuidity and spreading ability
of fresh grouts, while prolonging the setting time. The addition of NC can increase the yield stress and plastic viscosity and
decrease the ﬂuidity and spreading ability; nevertheless, it obviously enhances the stability and shortens the setting time of grouts.
The addition of MFA and 1.5% SP reduced the compressive strength of hardened grouts; however, the addition of NC improved
the mechanical properties.

1. Introduction
To ensure the safe construction and operation of structures,
a high-performance grouting material is required to improve
the mechanical properties and behavior of rocks or soils by
permeation grouting [1]. Cement-based grouts and chemical
grouts are the most commonly used grouting materials in
grouting engineering. Chemical grouts have the advantages
of low viscosity and good injection ability, and they can be
injected into ﬁne sands or microfractures. However,
chemical grouts not only pose a health and environmental
hazards but are also more expensive. Therefore, microﬁne
cement (MC) grouts have been developed in recent years to
expand the application scope of cement grouts and to replace
harmful chemical grouts in grouting engineering. Mollamahmutoglu and Avci [2] investigated the grouting performance of ultraﬁne cement in various ﬁne- and mediumgrade sands and found that ultraﬁne cement grouts with
dispersive agents could successfully penetrate ﬁne sands.

Pantazopoulos et al. [3] reported that the pulverization of
ordinary Portland cement to produce ultraﬁne cement has a
positive eﬀect on mechanical strength and groutability but a
detrimental eﬀect on viscosity. Considering the poor stability and long setting time of pure cement grouts, supplementary cementitious materials are being increasingly
used in MC grouts to improve their performance [4]. Assaad
and Gerges [5] studied the eﬀect of styrene-butadiene rubber
on fresh grout properties (rheology, bleeding, and washout
loss) and found that the addition of styrene-butadiene
rubber could improve the fresh states of grouts. This result
was attributed to the fact that styrene-butadiene rubber
could coalesce in the cementitious matrix and increase the
viscosity of the interstitial liquid phase.
As a common additive to cement-based grouts, MFA can
react with calcium hydroxide (CH) due to the presence of
SiO2 and Al2O3 and generate additional calcium silicate
hydrate (CSH) gel [6]. This pozzolanic eﬀect improves the
performance of grouts, but the use of MFA as an additive is
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generally limited to 40% by mass of cement to avoid a long
setting time and a low early strength. Li et al. [7] investigated
the viscous behavior and strength of microﬁne-cementbased gouts and found that the addition of 40% MFA could
remarkably prolong the setting times and decrease the
compressive strength. Sha et al. [8] found that class F FA
could enhance the ﬂowability and spreading ability of cement-based grouts, but reduce the stability of fresh grouts.
Because of electrostatic interactions and humidity, MC
particles agglomerate together. To overcome this limitation,
SP is selected to decrease interparticle attractive forces and
enhance full wetting of the cement particles during mixing;
therefore, it can improve the ﬂuidity of grouts due to its water
reducing eﬀect. Laichaoui et al. [9] studied the eﬀect of the
superplasticizer type on the properties of cementitious systems and found that polycarboxylate superplasticizers are
more eﬀective in improving workability and reducing viscosity and yield stress than polynaphthalene superplasticizers.
Mollamahmutoglu and Yilmaz [10] studied the penetrability
of microﬁne cement grouts mixed with and without superplasticizer into ﬁne-to-medium sands and noted that the
addition of SP signiﬁcantly improves the grouting performance and reduces the grouting pressure. Mollamahmutoglu
and Yilmaz also found that the unconﬁned compressive
strength of sand specimens grouted with microﬁne cement
grouts is reduced by the addition of superplasticizer.
Nanomaterials such as nano-SiO2, nano-Al2O3, nano-TiO2,
and nano-CaCO3 are widely added to concrete because they
improve the mechanical properties and durability of the
concrete. Calcium carbonate can be obtained from marble and
limestone or synthesized by combining calcium with carbon
dioxide [11]. Sato and Beaudoin [12] and Supit and Shaikh [13]
found that the addition of NC signiﬁcantly accelerated the early
hydration of ordinary Portland cement and that the acceleration improved with increasing NC content. Supit and Shaikh
[13] stated that the early age and the 28-day compressive
strength of high-volume ﬂy ash concretes increased by adding
NC particles. Yang and Che [14] experimentally showed that
NC/limestone powder reduced porosity and enhanced pore
structure for cementitious materials.
However, limited research has been carried out to investigate the synergistic eﬀect of NC, MFA, and SP in MC
grouts on the hydration process and mechanical properties
of grouts, especially concerning rheological behavior. This
research investigated the performance of microﬁne-cementbased grouts mixed with MFA, NC, and SP. For this purpose,
the eﬀect of MFA, NC, and SP as additives on the rheological
and mechanical properties of grouts was studied. In addition, the rheological properties (apparent viscosity, yield
stress, and plastic viscosity), fresh states (ﬂow time, minislump, bleed capacity, and setting time) and mechanical
properties (ﬂexural and compressive strength) were
characterized.

2. Materials and Methods
2.1. Materials. In this research, the MC and MFA were
obtained by dry grinding of ordinary Portland (type
I—42.5 MPa) cement and class F ﬂy ash, respectively. The
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NC was provided by a cooperated company in Beijing and
had an average particle diameter of 30 nm. The chemical
compositions of MC, MFA, and NC are listed in Table 1. The
Blaine ﬁneness values of MC, MFA, and NC were 920 m2/kg,
1033 m2/kg, and 4000 m2/kg, respectively. In this research, a
polycarboxylate superplasticizer was used to improve the
grout properties, and the properties of SP are shown in
Table 2. Moreover, potable water was used to prepare all
grouts, and the ambient temperature was 20 ± 2°C.
2.2. Preparation of Microﬁne-Cement-Based Grouts. Initially,
for fresh grouts with SP, the 1.5% SP was mixed with the
calculated amount of water by a cement mixer at 240 rpm for
two min. Then, MC, MFA, and NC were added, and the fresh
grouts were mechanically stirred by the cement mixer at a
high-speed of 1000 rpm for ﬁve min to ensure their uniformity. This procedure was recommended by the SP
manufacturer. The contents of MFA, NC, SP by mass of MC
and W/S ratio in this research were 0–40%, 0–2.0%, 1.5%, and
1.2, respectively. For fresh grouts without SP, the mixing
speed was 1000 rpm by the cement mixer for seven min.
2.3. Experimental Methods. The viscosity of grouts was
tested using an NDJ-8S rotational viscometer for viscosity
measurements between 1 and 6 × 106 MPa·s. The viscometer
has nine rotation speeds: 0.1, 0.3, 0.6, 1.5, 3, 6, 12, 30, and
60 rpm. Immediately after preparation, the fresh grouts were
placed in a 400 mL beaker with a diameter of 77 mm, and
then the viscosity values were measured (time from preparation equal to 0 min). The viscometer shows an apparent
viscosity when fresh grouts are non-Newtonian, and the
measurements were taken at predetermined time intervals of
15, 30, 60, 90, and 120 min.
The ﬂuidity of fresh grouts was commonly represented
by the ﬂow time and measured by a Marsh funnel [15, 16].
The internal oriﬁce diameter of the Marsh funnel was 4.8 mm,
and it was ﬁlled with 1500 mL of fresh grout after preparation.
The time required for 946 mL of fresh grout to ﬂow through
the Marsh funnel was deﬁned as the ﬂow time in this study.
Note that the ﬂow time of 946 mL of potable water is approximately 26 ± 0.5 s. The mini-slump test can be expressed
as the spreading ability of fresh grouts [17, 18]. The fresh
grouts were placed in a cone mold on a glass plate, and then
the cone mold was lifted in the vertical direction. The
spreading diameter of fresh grouts at 30 s was tested; speciﬁcally, the cone mold dimensions were 60 mm in height,
60 mm in top diameter, and 36 mm in bottom diameter.
Bleed capacity was tested by conducting sedimentation
tests, and the bleed capacity was deﬁned as the ﬁnal value of
ΔV/V0, where ΔV is the volume of bleed water and V0 is the
initial volume of fresh grouts [19–21]. The fresh grouts were
placed in a 1000 mL graduated cylinder for 2 h, and the
volume of excess water was measured at 30 min intervals
until sedimentation was complete.
According to ASTM Standard C191 [22], the initial and
ﬁnal setting times were measured by conducting Vicat
needle tests. Note that the excess water was removed after
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Table 1: Chemical compositions of MC, MFA, and NC (wt.%).
Materials
MC
MFA
NC

CaO
62.51
3.98
—

SiO2
21.53
40.55
—

Al2O3
4.08
17.83
—

Fe2O3
2.89
28.98
0.03

MgO
3.31
1.56
0.5

Na2O
0.21
0.98
—

K2O
0.57
1.43
—

TiO2
0.30
0.93
—

SO3
3.04
1.32
—

CaCO3
—
—
98.5

LOI
1.56
2.44
—

Table 2: Properties of SP used in this research.
Speciﬁc gravity
1.08

pH
6-7

Chloride ion content
Chloride free

each 30 min interval, leaving the cell full of sediment after
the completion of bleeding.
The 28-day unconﬁned compressive strength of hardened grouts was measured according to GB/T 17671 [23].
The specimen size for compressive strength was
40 × 40 × 160 mm, and the loading rate was 0.3 mm/min.
According to ASTM C78-16 [24], the 28-day ﬂexural
strength of hardened grouts was measured, the dimension of
specimens was 40 × 40 × 160 mm, and the loading rate was
50 N/S. All specimens were cured in a cement concrete
standard curing box held at a temperature of 20 ± 2°C and
relative humidity above 95% for 28 days.

3. Results and Discussion
3.1. Grain Size Analysis. According to ISO 13320-1 [25], the
grain size distributions of ordinary Portland cement (OPC),
MC, and MFA were determined using the laser diﬀraction
technique by an LS900 laser particle size analyzer, which is
crucial to assessing the performance of grouting materials.
The grain size distributions of MC and MFA are shown in
Figure 1.
As shown in Figure 1, with respect to the gradation of
MC, d50, d95, and dmax of MC were 5.06, 12.49, and 17.46 μm,
respectively. For the grain-size distribution of MFA, d50, d95,
and dmax were 3.56, 7.28, and 13.74 μm, respectively. The
maximum grain size of MFA was ﬁner than that of MC, and
both MFA and MC had a maximum grain size value less than
the “microﬁne” requirements of EN 12715 [26] and other
national standards.
3.2. Apparent Viscosity of Fresh Grouts. Grouts should have
reasonably low viscosity to ensure satisfactory ﬂuidity and
spreading ability. Typical results of apparent viscosity values
as a function of time were obtained, for a rotation speed of
60 rpm. Figure 2 shows the apparent viscosity values of fresh
grouts (0% and 1.5% SP) mixed with diﬀerent NC contents.
As shown in Figure 2(a), at the W/S ratio of 1.2, the
apparent viscosity values of fresh grouts increased remarkably with an increase in NC contents. When the NC
contents were 0%, 0.5%, 1.0%, and 2.0%, the apparent
viscosity ranges of the fresh grouts (0% SP) were 95.3–493.7,
105.9–625.9, 126.8–700.9, and 150.5–956.3 MPa·s, respectively. In general, the addition of NC, from 0% to 0.5%,
resulted in a small increase of 11% in the initial apparent
viscosity (0 min) of the fresh grouts. However, addition to a
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Figure 1: Grain size distributions of MC and MFA.

content of 2.0% led to a signiﬁcant increase of 58% in the
initial apparent viscosity. Therefore, the addition of NC had
a strong eﬀect on the apparent viscosity of fresh grout. This
eﬀect can be attributed to the signiﬁcant increase (by a factor
of 50) in the speciﬁc surface area of NC compared to that of
MC, which resulted in a remarkable reduction in free water
in fresh grouts and an obvious increase in apparent viscosity.
Although there is not a uniﬁed limit value, a low viscosity
is currently recommended for grouting [27]. Therefore, SP
was used to reduce the apparent viscosity for the improvement of slurry ﬂuidity. As shown in Figure 2(b), the
apparent viscosity values of fresh grouts obviously decreased
with the addition of 1.5% SP. The decreasing degrees of 1.5%
SP on the initial apparent viscosity values of fresh grouts
were 67.8%, 66.48%, 60.72%, and 57.2% for NC contents of
0%, 0.5%, 1.0%, and 2.0%, respectively. These results can be
attributed to the fact that the agglomeration of cement
particles is eliminated by a combination of electrostatic and
steric repulsion; the ﬂocculated structure that can be produced at rest was destroyed by the adsorbed surface of the
SP, and therefore, the apparent viscosity was reduced.
Figure 3 shows typical variations in the initial apparent
viscosity of fresh grouts with diﬀerent MFA and NC contents, a W/S ratio of 1.2, and a SP content of 1.5%. As
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Figure 4: Typical ﬂow curves of fresh grouts with diﬀerent NC
contents.

illustrated in Figure 3, the initial apparent viscosity values
decreased with increasing MFA content, regardless of the
NC content. More speciﬁcally, when the MFA contents
ranged from 0 to 40%, the initial apparent viscosity values of
fresh grouts were 30.8–64.4, 26.6–45.6, 22.5–39.5, 19.3–33.1,
and 17.2–31.2 MPa·s. Thus, MFA can improve the ﬂuidity of
fresh grouts due to “ball eﬀects,” as reported in the available
literature for cement grouts [8, 9, 28].

results shown in this ﬁgure conﬁrm that the relationship
between shear stress and shear rate can be ﬁtted accurately
by the Bingham model. The regression equation, rheological
parameters of yield stress, and plastic viscosity are presented
in Table 3. A high value of regression coeﬃcient R2 indicates
that the regression results are well correlated with the curve.
Yield stress is the minimum shear stress that drives the
grouts to initiate ﬂow and plastic deformation due to the
adhesion and friction between the particles of the grouts.
Figure 4 and Table 3 demonstrate the eﬀect of NC on the
yield stress of fresh grouts. The yield stress of grouts obviously increased after NC was incorporated into grouts to
result in the reduced ﬂuidity of the grouts. The yield stress of

3.3. Yield Stress and Plastic Viscosity. The typical ﬂow curves
of fresh grouts (20% MFA and 1.5% SP) with NC contents of
0%, 0.5%, 1.0%, and 2.0% are presented in Figure 4. The
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Table 3: Rheological properties of fresh grouts.
NC content (%)
0
0.5
1.0
2.0

Τ0
0.59
0.89
1.23
1.31

η
0.024
0.029
0.033
0.049

Regression equation
τ � 0.59 + 0.024η
τ � 0.89 + 0.029η
τ � 1.23 + 0.033η
τ � 1.31 + 0.049η

2

R
0.961
0.988
0.989
0.988

τ 0: yield stress (Pa); η: plastic viscosity (Pa·s), and R2: regression coeﬃcient.

fresh grouts with a W/S ratio of 1.2 increased by 51%, 108%,
and 122% compared with the control grout (0% NC) for NC
contents of 0.5%, 1.0%, and 2.0%, respectively. The eﬀect of
NC on the yield stress can be explained by two factors. (1) The
particle size of NC, as mentioned above, is much smaller than
that of cement particles. With the addition of NC, the space
between particles decreases due to the ﬁlling eﬀect of NC,
which increases the opportunity for contact between particles. (2) The speciﬁc area of particles in the grouts increases
unavoidably because the addition of NC leads to a large
amount of water wetting and wrapping the surfaces of the
particles. As a result, the frictional force among particles and
the ﬂow resistance are enhanced and yield stress increases.
Plastic viscosity is another important parameter that
indicates the quantity of microstructures for preventing the
ﬂow of grouts. It is mainly inﬂuenced by the shape, size, and
concentration of particles. The eﬀect of NC content on the
plastic viscosity of grouts is shown in Figure 4 and Table 3,
revealing that the plastic viscosity increased with increasing
NC content. The plastic viscosity of fresh grouts with a W/S
ratio of 1.2 increased by 21%, 38%, and 104% compared with
the control grout (0% NC) for NC contents of 0.5%, 1.0%, and
2.0%, respectively. Because NC particles can absorb water and
reduce the number of voids in grouts, the plastic viscosity of
grouts with NC is much larger than that of the control grout.
Therefore, the rheological properties of fresh grouts are affected by the addition of NC, and NC can be used as an
additive to change the rheological properties of grouts.
3.4. Flow Time of Fresh Grouts. Flow time is also an important parameter for evaluating the ﬂuidity of fresh grouts
at side work. The typical ﬂow time results obtained from the
Marsh funnel tests are shown in Figure 5.
As shown in Figures 5(a) and 5(b), the addition of NC
signiﬁcantly increased the ﬂow time of fresh grouts; however, the addition of MFA decreased the ﬂow time. When the
amounts of NC were 0%, 0.5%, 1.0%, and 2.0%, the decreases
in the ﬂow time of fresh grouts without SP were 3.43–11.58%,
8.07–17.90%, 7.82–18.27%, and 5.74–19.22% for MFA contents of 10–40%. The addition of 1.5% SP clearly decreased
the ﬂow time of fresh grouts. Notably, the decreasing eﬀect of
MFA on the ﬂow time is greatly weakened compared with
those of 1.5% SP. It has been reported that MFA decreases the
ﬂow time of fresh grouts, mainly because the “ball eﬀect” of
MFA can enhance the ﬂuidity of suspensions.
3.5. Mini-Slump of Fresh Grouts. The spreading ability of
fresh grouts can be represented by mini-slump diameter,
and the mini-slump test results are presented in Figure 6.

According to Figures 6(a) and 6(b), the addition of NC
obviously decreased the mini-slump diameters at a W/S ratio
of 1.2, and the increase in MFA content led to an increase in
the mini-slump diameters of fresh grouts. When the NC
contents were 0%, 0.5%, 1.0%, and 2.0%, the mini-slump
diameters of fresh grouts (0% SP) were 312–375, 295–350,
283–336, and 250–306 mm for MFA contents of 10–40%.
Furthermore, the addition of 1.5% SP signiﬁcantly increased
the mini-slump diameters. More speciﬁcally, the minislump diameters of fresh grouts (0–40% MFA) with 1.5% SP
were 429–455, 395–438, 375–425, and 342–403 mm when
the NC contents were 0%, 0.5%, 1.0%, and 2.0%, respectively.
Compared with fresh grouts without SP, the increasing
eﬀects of 1.5% SP on mini-slump diameters were 21.33–
37.5%, 25.14–33.90%, 26.49–32.51%, and 31.70–36.80%. The
eﬀects of NC, MFA, and SP on the spreading ability of fresh
grouts were consistent with those on ﬂuidity (apparent
viscosity and ﬂow time). The addition of MFA and SP can
enhance the spreading ability, while NC had a negative
impact on the spreading ability of fresh grouts.
3.6. Bleed Capacity. The bleed capacity is of major importance in grouting engineering because only stable grouts can
ensure that microfractures are completely ﬁlled, while unstable grouts may lead to the partial ﬁlling of rock microfractures due to high bleeding. According to EN 12715, the
fresh grout is characterized as stable when its bleed capacity
is less than 5% after 120 min from preparation. The bleed
capacity of fresh grouts with and without SP was measured,
and the test results are shown in Figure 7.
As shown in Figures 7(a) and 7(b), the bleed capacity of
fresh grouts decreased with increasing NC contents and
increased with increasing MFA contents. The results indicated that the addition of NC can remarkably enhance the
stability of fresh grouts. More speciﬁcally, when the NC
contents were 0%, 0.5%, 1.0%, and 2.0%, the bleed capacity
of fresh grouts (0–40% MFA) without SP were 2.9–3.9%,
2.5–3.5%, 2.2–3.1%, and 1.8–2.9%, respectively. However,
the addition of 1.5% SP signiﬁcantly increased the bleed
capacity of fresh grouts, and the eﬀects of SP on bleed capacity were obvious compared with those of MFA. Because
the addition of SP can destroy the ﬂocculated structure of
grouts, the water in ﬂocculated structure was released, and
the bleed capacity of grouts was increased. The bleed capacity of fresh grouts with 1.5% SP were 4.2–6.7%, 3.9–6.2%,
3.4–5.5%, and 2.6–5.3% when the NC contents were 0%,
0.5%, 1.0%, and 2.0, respectively. To obtain stable grouts, the
contents of MFA should be controlled within 30%.
3.7. Setting Time. The setting time of grouts need to be
strictly controlled in grouting engineering because a short
setting time may damage the grouting machine, while a long
setting time leads to a slow construction schedule and reduces grouting eﬃciency. According to ASTM Standard
C191, the initial and ﬁnal setting times of grouts were
measured on the sediments after water bleeding was negligible. The results of the initial and ﬁnal setting times are
presented in Figure 8.

6

Advances in Materials Science and Engineering
50

40

Flow time ( s)

Flow time ( s)

45

40

35

30
35

30

0

10

20
MFA content (%)

0% NC
0.5% NC

30

25

40

0

1.0% NC
2.0% NC

10

20
MFA content (%)

0% NC
0.5% NC

(a)

30

40

1.0% NC
2.0% NC
(b)

400

500

350

450
Mini-slump ( mm)

Mini-slump ( mm)

Figure 5: Flow times of fresh grouts with a W/S ratio of 1.2: (a) 0% SP; (b) 1.5% SP.

300

250

200

400

350

0

10

20
MFA content (%)

0% NC
0.5% NC

30

40

1.0% NC
2.0% NC
(a)

300

0

10

20
MFA content (%)

0% NC
0.5% NC

30

40

1.0% NC
2.0% NC
(b)

Figure 6: Mini-slump diameters of fresh grouts with a W/S ratio of 1.2: (a) 0% SP; (b) 1.5% SP.

As shown in Figure 8, the initial and ﬁnal setting times of
sediments decreased with increasing NC contents. When the
amounts of NC were 0%, 1.0%, and 2.0%, the initial setting
times of grouts (0–40% MFA) were 6.1–8.3, 5.2–7.9, and
4.4–7.0 h, respectively. The ﬁnal setting times of the sediments were 10.8–13.6, 9.8–12.7, and 8.6–11.6 h, respectively.
There are two probable factors that determine the eﬀect of
NC on setting time. First, NC particles have a large surface
area and require more water; hence, the setting times of the
grouts decrease. Second, the apparent viscosity might increase due to rapid depletion of the mixture water, and the
solidiﬁcation of grouts might start earlier [29]. However, the

eﬀects of MFA and SP on setting times were opposite to
those of NC. The combination of MFA and SP was found to
signiﬁcantly prolong the setting times because the pozzolanic eﬀect of MFA was slow in the early hydration process
and the absorption of SP on the surface of MC particles
slowed the early hydration process of MC, thereby prolonging the setting times.
3.8. Flexural and Compressive Strength of Hardened Grouts.
The 28-day ﬂexural strengths of hardened grouts with 0%
and 1.5% SP are presented in Figure 9 for a W/S ratio of 1.2.
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As shown in Figure 9(a), the ﬂexural strength of hardened grouts without SP increased slightly with increasing
MFA contents. Moreover, the inﬂuence of NC on ﬂexural
strength was similar to that of MFA, but the increasing eﬀect
was more signiﬁcant. When the contents of NC were 0%,
0.5%, 1.0%, and 2.0%, the ﬂexural strengths of hardened
grouts (0–40% MFA) without SP were 1.98–2.43, 2.12–2.56,
2.28–2.64, and 2.47–2.91 MPa, respectively. Figure 9(b) also
reveals that the addition of 1.5% SP obviously increased the
ﬂexural strength of hardened grouts. The ﬂexural strengths
of hardened grouts with 1.5% SP were 2.56–3.18, 2.73–3.47,

3.28–3.71, and 3.39–3.83 MPa. Correspondingly, the increase degrees of 1.5% SP on ﬂexural strength were
29.30–30.86%, 28.77–35.55%, 40.53–43.86%, and 31.62–
37.25%. This result may be attributed to the fact that 1.5% SP
had a positive eﬀect on raising the brittleness of hardened
grouts and increasing the 28-day ﬂexural strength.
Figure 10 shows the 28-day unconﬁned compressive
strength of hardened grouts with 0% and 1.5% SP.
Figure 10(a) shows that the 28-day compressive strength
of hardened grouts without SP decreased with increasing
MFA contents and increased with increasing NC contents.
This result was observed mainly because the addition of
MFA decreased the concentration of hydration minerals
such as tricalcium silicate, while the compressive strength
development provided by the hydration of cement was
greater than that provided by pozzolanic eﬀects [30].
Moreover, for hardened grouts (10–40% MFA) without NC
and SP, the decreasing degrees of compressive strength were
3.87–17.02%. However, for hardened grouts (10–40% MFA)
with 0.5%, 1.0%, and 2.0% NC, the decreasing degrees of
compressive strength were 4.37–13.05%, 4.05–12.23%, and
1.05–10.18%, respectively. Therefore, the addition of NC
weakened the decreasing eﬀect of MFA on the compressive
strength of hardened grouts, which also indicated that the
addition of NC can accelerate the hydration of MFA, which
seemed to be helpful for cement with a large content of ﬂy
ash. Figure 10(b) shows that the addition of 1.5% SP decreased the compressive strength of hardened grouts. When
the contents of NC were 0%, 0.5%, 1.0%, and 2.0%, the
compressive strengths of hardened grouts (0–40% MFA)
with 1.5% SP were 13.25–18.98, 14.31–19.87, 14.89–21.14,
and 16.48–23.21 MPa, respectively. This phenomenon can be
attributed to the fact that the addition of 1.5% SP inhibited
the hydration process of cement and reduced the strength
development of hardened grouts.
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Figure 9: 28-day ﬂexural strength of hardened grouts with a W/S ratio of 1.2: (a) 0% SP; (b) 1.5% SP.
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Figure 10: 28-day compressive strength of hardened grouts with a W/S ratio of 1.2: (a) 0% SP; (b) 1.5% SP.

4. Conclusions
Based on the results obtained in this research, the following
conclusions can be drawn:
(1) The addition of NC signiﬁcantly aﬀected the yield
stress and plastic viscosity as a viscosity modiﬁer, and
the inﬂuence of NC is more remarkable on yield
stress than on plastic viscosity. The fresh grouts with
diﬀerent NC contents in this research can be considered to behave as Bingham ﬂuids, and the correlation coeﬃcient was 0.99 in most cases.

(2) The performance of microﬁne-cement-based grouts
is closely connected to the addition of MFA, NC, and
SP. The ﬂuidity (apparent viscosity and ﬂow time)
and spreading ability (mini-slump) are improved
with increasing MFA and SP contents, while the
bleeding and setting time are increased. Moreover,
the increasing eﬀects of 1.5% SP on the mini-slump
and bleeding are more obvious than those of MFA.
(3) The addition of NC decreases the ﬂuidity and
spreading ability of fresh grouts, although it can
improve the stability and shorten the setting time.

Advances in Materials Science and Engineering
The compressive strength of hardened grouts is high
compared with the ﬂexural strength. The addition of
MFA and SP had negative eﬀects on the 28-day
compressive strength. However, the 28-day compressive strength of hardened grouts increases with
increasing NC content, probably because the seeding
eﬀect of the NC particles and the nucleation of CSH
results in the strength enhancement of hardened
grouts.
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