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Recently, the use of nanomaterials (i.e., Nano-Silica (NS) and Nano-SiC(NC)) to improve the mechanical properties and durability performances of cement-based materials has received considerable attention. This work presents the eﬀects of nanoparticles (NS), the specimen size, and the water-reducing agent on the antipullout strength between the reinforcement and cement
mortar on the basis of the laboratory antipullout tests. The mechanism is, then, validated by the microscopic analysis with
Scanning Electron Microscopy (SEM). Results show that NS can accelerate the hydration reaction of cement, produce more
Calcium Silicate Hydrate (CSH) gel, and increase the density of the cement mortar, thereby improving the microstructure and
antipullout strength. The moderate NS (1.0%) is recommended to improve antipullout between the reinforcement and cement
mortar. Besides, the specimen size and water-reducing agent have an obvious inﬂuence on the antipullout strength. These results
would provide guidance on the design or construction of the cement mortar with reinforcement.

1. Introduction
Nowadays, slope stability analysis is becoming increasingly
important in road design and construction. Regarding this
matter, bolting, being an eﬀective way of strengthening the
slope, transfers the sliding force from unstable soil to stable
surrounding rocks. However, some engineering accidents
have still occurred because of the bolt splitting out from
grouts in a bolt support system [1–3].
The use of both chemically active and inert mineral
admixtures to cement-based materials has grown during the
last few decades due to their technical advantages (increase
in strength and durability) and environmental consideration
(associated to the reduction in cement consumption) [4].
One of those is adding ﬁne Nano-Silica (NS) to improve
compatibility between two materials with diﬀerent hydrophilic

properties and to ameliorate the bonding properties between
cement and the steel-bar [5, 6]. The most reported eﬀect of NS
is its inﬂuence on the mechanical properties of concrete and
mortars. Adding NS increases density, decreases porosity, and
increases the bond between the cement matrix and aggregates
[5, 7–15]. The presence of NS also produces concrete that
exhibits higher compressive and ﬂexural strength [6, 12, 16, 17].
Cement mortar-added NS particles showed that nanoscale SiO2
behaves as a ﬁlling to improve the microstructure and as an
activator to promote the pozzolanic reaction.
In the meanwhile, to ensure that fresh concrete has
enough ﬂuidity and hardened concrete has suﬃcient
strength and durability, a certain amount of water-reducing
agents are typically added. Lacking sulfate of soluble alkali,
cement will absorb more naphthalene-based water-reducing
agent molecules, and as a result, high absorption of the
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naphthalene-based water-reducing agent leads to lower
initial slump of the mixture and more signiﬁcant timecorrelated slump loss [18, 19]. With the mixing of NS, the
dry shrinkage rate of cement concrete will increase. Also, by
adding water-reducing agents, the rheological properties of
concrete can be improved, and the shrinkage rate of NS
cement concrete can be controlled [20–24].
Based on the literatures, the improvement of the gripping force between the cement mortar and reinforcement by
adding NS has been rarely studied, especially the eﬀect of the
nanoparticle amount on the gripping force.
In this context, this paper initially presents eﬀects of NS
and the water-reducing agent and size eﬀect on the antipullout strength between the reinforcement and cement
mortar based on the laboratory antipullout tests. The
mechanism is, then, studied by the microscopic analysis with
Scanning Electron Microscopy (SEM).

2. Experimental Program
2.1. Materials Properties and Mixture Proportions.
Portland cement type is PC32.5R and the main chemical
composition are presented in Table 1. Reinforced bar is HRB
335 in a diameter of 16 mm. Tetraethoxysilane (TEOS, 98%)
is obtained from Jiaxing Sicheng Chemicals Co., Ltd.
(China). Ethanol (99.5%) and ammonia (25–28%) are from
Lanyi Chemical Co., Ltd. (China). The UNF-5 naphthalenebased water-reducing agent is compounded by the
β-naphthalene sulfonate which is obtained from Kamile-su
Chemical Co., Ltd. (China).
The synthesis of NS particles involves several steps: ﬁrst,
in a 500 ml three-necked ﬂask, 57.4 ml of TEOS is added
dropwise to 100 ml of aqueous solution under mild magnetic
stirring, which contains ethanol (34.5 ml) and ammonia
(5.74 ml). After reacting for 6 h at 30°C under a water bath,
the products are collected by centrifugation and washed with
absolute ethanol. The products are, then, dried at 120°C for
3 h, and NS particles are obtained.
Eight diﬀerent set of mixtures on the basis of an ordinary
Portland cement mortar are considered for this test, as listed
in Table 2, consisting of M1 without NS, M2 containing 0.5%
NS, M3 containing 1.0% NS, M4 containing 1.5% NS, M5
containing 1.0% water-reducing agent without NS, M6
containing 1.0% water-reducing agent and 0.5% NS, M7
containing 1.0% water-reducing agent and 1.0% NS, and M8
containing 1.0% water-reducing agent and 1.5% NS. It
should be noted that due to the low density, the NS particles
are dissolved in water containing the superplasticizer and,
then, gradually added to the mortar mixture. Besides, to
meet the requirement of workability of cement, water
consumption in the cement mixture is a little bit high: the
ratio of water to cement is 0.5. The aggregates are medium
sands (less than 2.5 mm), and the cement-sand ratio is 1.0.
The characteristics of the sand aggregates are presented in
Table 3.
2.2. Specimen Preparation. According to the common size of
mold in China, two specimen sizes are used: larger specimen
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size (SP-L): 150 mm × 150 mm × 150 mm, reinforcement
diameter: 18 mm (Figure 1(a)); smaller specimen size (SP-S):
50 mm × 50 mm × 50 mm, reinforcement diameter: 18 mm
(Figure 1(b)). Each mixture contains six specimens (SP-L × 3
and SP-S × 3).
2.3. Test Procedure. The load method of single-ended
drawing is used in the central pullout test, which is carried
out in a WAW-1000 computer-controlled electro-hydraulic
servo universal testing system. To conveniently complete the
test, specimens are placed in a particular ﬁxture, which is
composed of upper and lower steel plates and four steel
auxiliaries. Moreover, grating the ﬁxture in the upper and
lower ends would allow easier handling of the specimens. To
avoid tearing the cement matrix caused by the skew of tensile
reinforcement, there is a spherical steel hinge on the ﬁxture
plate. The test device is shown in Figure 2.
Relative slip and test load between the reinforcement and
mortar are measured in the process of the central pullout
test. The test method is as follows: to measure the relative slip
values of the free end and the loading end of the specimen, a
displacement sensor is arranged on each end. The range of
the displacement sensor at the free end is 10 mm while the
range at the loading end is 30 mm. The sensor probes are
supported on the iron, which is ﬁxed on the surface of the
specimen. The displacement sensor is connected to the data
acquisition system DH3816 and collects data every 3 s. Test
load is directly read by the tester and manually recorded
during the central pullout test, whereas the relative slip value
is collected by the DH3816 automatically. A stress control
method is used for the central pullout test during loadings,
and the loading velocity is 0.1 kN/s. The test is stopped when
the mortar splits or the relative slip value arrives 6 mm at the
free end.
In the following parts, the relative slip value at the free
end (displacement) will be analyzed with loading stress to
investigate the antipullout behaviour.

3. Results and Discussion
3.1. Antipullout Test Results. Figures 3 and 4 present, respectively, the relationship between loading stress and
displacement with larger and smaller specimens for all eight
diﬀerent set of cement mixtures. Based on the results, it can
be stated that the peak values of loading stresses, used as the
antipullout strength, are obtained quickly with a small
displacement about 1.0 mm, and then, the loading stresses
decrease gradually until a displacement of 5.5 mm where the
substrate is completely pulled out.
The added NS can obviously increase the gripping force
at a given displacement: the more the NS is added, the higher
the gripping force is obtained, particularly for the specimens
with 1.0% water-reducing agent.
Comparing Figures 3 and 4, the gripping force or the
loading stress is higher in a specimen size of
50 mm × 50 mm × 50 mm compared to the larger size of
150 mm × 150 mm × 150 mm with the same mortar mixture. It can be explained by the constraint eﬀect of ﬁxture
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Table 1: Chemical composition of cement PC32.5R.

Al2O3
6.59

CaO
63.09 (%)

SiO2
20.88

Fe2O3
2.73

SO3
2.83

MgO
2.09

TiO2
0.52

K 2O
0.09

Na2O
0.11

Loss
1.07

Table 2: Composition of the mortar mixture.
Number

Cement (kg)

Sand (kg)

Water (kg)

15.1302
15.1302
15.1302
15.1302
15.1302
15.1302
15.1302
15.1302

15.1302
15.1302
15.1302
15.1302
15.1302
15.1302
15.1302
15.1302

7.5651
7.5651
7.5651
7.5651
7.5651
7.5651
7.5651
7.5651

M1
M2
M3
M4
M5
M6
M7
M8

0.5%

Additive NS (g)
1.0%

1.5%

1.0% water-reducing agent (g)

113.4765
226.953
340.4295
113.4765
226.953
340.4295

226.953
226.953
226.953
226.953

Table 3: Characteristics of the sand aggregates.
Size (mm)
<2.5

Fineness modulus
2.3

Water content (%)
0.1

(a)

Bulk density (kg/m3)
1420

Silt content (%)
2.5

(b)

Figure 1: Mortar specimens with diﬀerent sizes: (a) SP-L; (b) SP-S.
Displacement sensor (Si)
Test specimen
Displacement
sensor (Si)
Displacement
sensor (Si)

Support
frame

Spherical
steel hinge

Reinforcement
F

Figure 2: Central pullout test device.

to the smaller size specimens. The increase of loading
stress is almost the same for two specimen sizes as increasing NS.
3.2. Antipullout Strength. As mentioned above, the peak
value of loading stress is used as the antipullout strength in
this study.
Figure 5 shows the variation of the antipullout strength
with added NS for two diﬀerent sizes. The results indicate
that the antipullout strength decreases at least 15% from a
smaller size specimen to a larger size specimen.
Besides, the antipullout strength increases with the NS
content: with 1.0% water-reducing agent, the antipullout
strength increases at most 33% with an increase in the NS
content from 0 to 1.0%. Without the water-reducing agent,
the increase in the antipullout strength is about 60% with an
increase in the NS content from 0 to 1.5%.
Figure 6 shows the variation of the antipullout strength
with added NS with and without the water-reducing agent. It
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Figure 3: Relationship between loading stress and displacement with larger specimens: (a) without the water-reducing agent; (b) with 1.0%
water-reducing agent.
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Figure 4: Relationship between loading stress and displacement with smaller specimens: (a) without the water-reducing agent; (b) with 1.0%
water-reducing agent.
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Figure 5: Variation of the antipullout strength with added NS for two diﬀerent sizes: (a) with 1.0% water-reducing agent; (b) without the
water-reducing agent.
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Figure 6: Variation of the antipullout strength with added NS with or without the water-reducing agent: (a) larger specimen size; (b) smaller
specimen size.

Figure 7: SEM image of the NS.

can be stated that the incorporation of a water-reducing
agent can increase the antipullout strength with the same
content of added NS. The increase in the antipullout strength
caused by the water-reducing agent is getting weaker with an
increasing NS content and the increase disappears, especially
when the NS content is about 1.5%.
Overall, the antipullout strength is the lowest (10.5 MPa
for a larger sample and 13.5 MPa for a smaller sample) for
the mixture without any additive. The antipullout strength is
the largest (19 MPa for a larger sample and 23.5 MPa for a
smaller sample) for the mixture with 1.0% NS and 1.0%
water-reducing agent.
The results indicate that the gripping force between the
reinforcement and mortar can be increased sharply by
adding a certain content of NS and the water-reducing agent;
thus, the properties of reinforcement and cement can be fully
utilized.
3.3. Eﬀect Mechanism
3.3.1. Theoretical Analysis. In the initial cement hydration
period, the reaction mainly occurs on the surface of

cement particles forming hydration products without any
additives. The hydration products continuously deposit
on the surface of the cement particles during the reaction.
Exchanging the ions between unhydrated cement particles
and the external solution, then, becomes diﬃcult, thereby
preventing the hydration reaction and the formation of
Calcium Silicate Hydrate (CSH) [25].
Generally, the performances of strength and durability of cement materials depend on the content of CSH
and the porosity of the cement structure. The performance can be improved from the following aspects: (1)
The porosity of the cement structure can be reduced by
the incorporation of NS. (2) The CSH content can be
increased by the reaction of NS and Calcium Hydroxide
(CH), ﬁlling the space between the cement particles and
making the microstructure more close-grained to improve the performance of the hardened cement paste
[26–28]. (3) The speed of hydration reaction can be
promoted [29], whereas the NS is in the induction of
hydration products, thereby promoting the growth of
CSH gel and ﬁlling the gaps between aggregates. (4) As
the high activity, NS can react with calcium hydroxide
producing secondary hydration products and reducing
the porosity of the cement mortar. Therefore, the mechanical properties and the friction force between reinforcement and the hardened cement paste can be
improved, and then, the antipullout capacity increases
[12, 13]. (5) Besides, silica fume size distribution is a key
factor regarding the compressive strength development.
The silica fume with high ﬁneness is a suitable pozzolanic
material to be used in producing a better high-performance concrete. The addition of ﬁne silica fume to
Portland cements has been shown to give rise to physical
(i.e., ﬁller) and chemical (i.e., pozzolanic) eﬀects on the
microstructure of hardened pastes, leading to improved
macroproperties of mortars and concretes, such as
higher strength and lower permeability, among others
[30].
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(a)

(b)

(c)

(d)

(e)

Figure 8: SEM images of cement mortar specimens with diﬀerent blending proportions: (a) no additive, (b) 1.0% water-reducing agent, (c)
0.5%NS + 1.0% water-reducing agent, (d) 1.0%NS + 1.0% water-reducing agent, and (e) 1.5%NS + 1.0% water-reducing agent.

In the following part, the calcium hydroxide (Ca(OH)2)
in the hardened cement paste with diﬀerent cement mixture
will be investigated by SEM to validate the eﬀects of additives
(NS and water-reducing agent).
3.3.2. Microscopic Analysis. SEM images of NS are obtained
ﬁrstly with a Hitachi S-4800 ﬁeld emission scanning electron
microscope (http://www.hitachi-hightech.com) using the
aqueous dispersion of NS placed on the SEM specimen
support (aluminium), subsequently evaporated at room
temperature and coated with Au. After the pullout test, the
center section of the broken specimen is rubbed to the size of

8 mm × 8 mm × 1 mm, and the microstructure is, then, immediately investigated by SEM.
Figure 7 shows the SEM image of the NS. It can be
observed that the size of the prepared NS particle is about
500 nm in diameter. The high ﬁneness of the NS is a key
factor regarding the mortar compressive strength development, which can give rise to physical and chemical eﬀects on
the microstructure of hardened pastes [30].
Figure 8 shows the microstructures of cement mortar
specimens with diﬀerent mixture proportions observed in
SEM. It is found that CSH in the microstructure of cement
mortar specimens without NS is loosely arranged, whose
surface existed a lot of Ca(OH)2 crystals. In particular,
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Figure 8(a) presents that the content of Ca(OH)2 in a
specimen with no additives is signiﬁcantly higher than that
in the following four specimens with NS and the waterreducing agent. The content of Ca(OH)2 shown in
Figure 4(b) is reduced by about 10% compared to
Figure 4(a). This result indicates that the water-reducing
agent plays a certain promoting role in the formation of
CSH.
Figures 8(c)–8(e) show, respectively, the microstructures
as the NS content increases (from 0.5% to 1.5%) with 1.0%
water-reducing agent. Based on the results, it can be stated
that the content of Ca(OH)2 and the mortar porosity decrease gradually with an increase in the NS content from 0 to
1.0%. The very few Ca(OH)2 crystals can be founded when
the content of added NS is about 1%.
However, increasing NS content to 1.5%, the Ca(OH)2
crystals become obvious again, as shown in Figure 8(e). It can
be explained as the viscosity of the mortar increases with the
addition of NS and the locked air can prevent the hydration
reaction. Thus, the content of Ca(OH)2 crystal increases.
Generally, the SEM results conﬁrm that
(1) The water-reducing agent can promote the formation of CSH.
(2) By promoting the dissolution and self-hydration of
cement particles to generate granular hydration
products, which are cement hydration crystal nucleus, NS can promote the crystallization of hydration products, thereby promoting cement hydration
[15, 31].
(3) A moderate amount of NS (1.0%) can improve the
microstructure and macroscopic properties of cement to have more superior mechanical properties
and enhanced durability. It can also validate and
explain the antipullout test results.

4. Conclusions and Discussion
The eﬀects of nanoparticles, the water-reducing agent, and
the specimen size on the antipullout strength between the
reinforcement and cement mortar are evaluated in this
study. Based on the discussion above, the following primary
conclusions can be obtained:
(1) The gripping force is larger with a smaller specimen
size, and it can be explained by constraint eﬀect of
ﬁxtures. There is no obvious eﬀect of specimen size
on the mechanism of incorporation of NS.
(2) The water-reducing agent can promote the formation
of CSH and, thus, increase the antipullout strength.
(3) The cement antipullout strength can be improved by
the incorporation of NS and achieves the largest
value with an optimal content of NS (1.0%). The
microscopic analysis with SEM also validates this
result: NS can accelerate the hydration reaction of
cement, produce more CSH gel, and increase the
density of the cement mortar, thereby improving the
microstructure and macroscopic mechanical
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properties. With the optimal content of NS (1.0%),
specimen has the most close-grained structure, and
very few Ca(OH)2 crystals can be founded, thereby
leading to the highest antipullout strength.
These results would provide guidance on the design or
construction of a cement mortar with reinforcement.
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