DE GRUYTER

Nanotechnology Reviews 2022; 11: 2742-2756

Research Article

Yaoqun Xu, Juan Wang*, Peng Zhang, Jinjun Guo, and Shaowei Hu

Effect of micron-scale pores increased by nano-
Si0, sol modification on the strength of cement

mortar

https://doi.org/10.1515/ntrev-2022-0139
received December 31, 2021; accepted June 7, 2022

Abstract: A study was conducted through quantitative
calculations on the correlation between the micron-scale
pores and the strength of nano-SiO, (NS) sol reinforced
cement mortar. The strength, pore structure, and micro-
structure of NS sol modified mortar were investigated,
and the mortars were made equivalent to a two-phase
material comprised of pores and mortar matrix; the model
was applied to conduct a quantitative analysis of the cor-
relation between pores and the strength. According to the
research results, the modification made to the mortar
using the NS sol led to significantly increased early
strength and the level of porosity was also increased.
Furthermore, the addition of NS caused a change to
the C-S-H gel morphology of cement hydration pro-
ducts. As revealed by the results of quantitative ana-
lysis, the addition of 1.5 and 3% NS improved the mortar
matrix strength by 29.3 and 56.6%, respectively. Moreover,
the ratio between the mortar strength (f.) and matrix
strength index (K) exhibited a nonlinear correlation with
the porosity negatively. It was thus inferred that the
increase in mortar porosity inhibited the improvement of
mortar strength under the influence of NS sol.
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1 Introduction

Admixtures and fibers can be added to cementitious
materials to achieve high performances and long life-
times [1-3]. The use of nanomaterials has been proven
to be one of the most effective methods for reinforcing
cementitious materials [4-6]. Incorporating a small
amount of nanoparticles in concrete can modify the
nano-structure of cementitious materials, and thus pro-
cure high durability [7].

Nano-SiO, (NS) is the most extensively used nanoma-
terial for cementitious materials [8,9]. Many researchers
have focused on the effects of NS modification on the var-
ious characteristics of cementitious materials. Xu et al. [10]
found that NS enhanced the elastic modulus ratio of the
interfacial transition zone to cement paste increases from
approximately 50 to 80%. And the strength of the cement
paste was enhanced by 20-28% at an age of 28 days [11],
and the strength of mortar with 12% NS particles was
enhanced by 77% at an age of 7 days [12]. In relation to
durability, NS can enhance the sulfate resistance of con-
crete [13]. In the study of Zhang and Li [14], the chloride
permeability coefficient of NS-modified concrete was
significantly reduced. In a test of the scanning electron
microscope (SEM), the microstructure compactness of
cement composites is improved by NS [15,16]. In addi-
tion, the frost resistance of the NS-modified concrete
was improved [17,18], and the concrete water absorption
rate could be decreased by the NS modification [19].
Zhang et al. [20] found that NS could greatly improve
the impact resistance of steel fiber concrete. In the study
of Li et al. [21], the service lives of coated concrete
against chloride attack can be lengthened by 7.1 times
0.5% NS are added into the coating.

Although NS can improve the overall performance of
cementitious materials, the excellent performance pro-
vided by NS modification is not fully utilized when the
NS particles form aggregates in the cement matrix [22,23].
New industrial sols have been stable for long periods,
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which has significantly promoted the extensive applica-
tion of nanomaterials [24,25]. Attempts have been made
to use an NS sol to solve the issue of silica nanoparticle
dispersion in cement [26,27]. The mortar strength increases
with the increase in the amount of NS sol. However, when
it exceeds a certain amount, the growth effect is not
obvious and there is a downward trend [28].

The pore structure has important effects on the prop-
erties of cement mortar and concrete and is especially
closely related to the strength and transmission pro-
perties [29-31]. In the study of Han et al. [32], it was
concluded that the correlation between the pore micro-
structural characteristics and mechanical properties was
very strong. Porosity reduction and refinement of the
pores in a cement paste increase the strength [33]. It is
feasible to predict the performance of a cementitious
material based on its pore structure characteristics [34].

Most of the studies intended to analyze the pore
structure of cement-based materials by visual inspection,
SEM, mercury intrusion porosimetry [33], 3D X-ray com-
puted tomography (CT) [35], nuclear magnetic resonance
(NMR) [36] and nitrogen adsorption—desorption mea-
surement [37]. However, these methods have some short-
comings, for example, NMR and CT testing are complex
and expensive [38], and each method has its own app-
licability. The measurement of pore structure analyzer
(PSA) is a panoramic pore structure analysis method
based on the optical microscope, and it is a widely recog-
nized method for pore structure analysis. The collection
of pores in the whole concrete cross-section by PSA is
more suitable for the establishment of a strength quanti-
tative model [42].

The improvement of pore structure in the microstruc-
ture by NS is one of the mechanisms for enhancing
cement materials. In the result of Huang et al. [13], the
incorporation of NS refined the pores and reduced the
pore connectivity, which led to the improved sulfate
resistance of cement mortars under partial immersion
conditions. Feng et al. [23] found that NS particles suc-
cessfully densify the pore structure, particularly leading
to the reduction of large capillary pores. In the literature
[39], the pore volume with a pore diameter greater than
10 um accounts for the largest proportion, and the macro-
pore was considered to be caused by the presence of
entrapped air in the fresh paste during processing, which
has not caused concern.

A review of all of the research conducted so far indi-
cates that the effect of NS on the increase of micron-scale
pores has not received attention. However, the increase
in meso-porosity obviously has a great influence on the
mechanical properties and durability of cement-based
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materials [40,41], which is an obstacle to the application
of NS-modified cement-based materials.

To discuss the issues mentioned above, this article
analyzes and models the effect of increased micropores
encountered in the application of NS-modified cement-
based materials, while building a bridge between the
pores and strength. And this study aims to provide some
information in terms of the research challenges encoun-
tered thus far. In particular, the correlation between
mortar strength and micro-pore structure under the
influence of NS sol was discussed by calculating the
mortar matrix strength index.

2 Experimental

2.1 Raw materials

The NS sol, reference cement, natural river sand, and
polycarboxylate superplasticizer (PS) were used as the
raw materials. The NS sol was prepared using a simple
silicon colloidal sol method, and the NS sol was directly
mixed into the cement mortar as an admixture, the
agglomeration of NS particles in cement was avoided
because NS sol has favorable dispersion stability [42].
The SEM image of the NS particles in the NS sol is shown
in Figure 1. The properties of the NS sol are shown in
Table 1. Reference cement P.I 42.5 was used, and its
main properties are listed in Table 2. Natural river sand
was used as fine aggregate for the mortar. Its apparent
density was 2,744 kg/m3, and its fineness modulus was
2.94. PS was provided by Sobute New Materials Co., Ltd.
(Jiangsu, China), white powder.

I T R T P O O T
1.00um

SU8020 15.0kV 9.7mm x50.0k SE(TUL)

Figure 1: SEM image of NS particles precipitated by NS sol.
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Table 1: Properties of NS sol
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Appearance Particle size Content pH Solvent Specific gravity Specific surface area Viscosity
(nm) (cm?/g) (mPas)

Translucent liquid 30 30% 7.9 Water 1.202 250 + 30 3.39

Table 2: Properties of reference cement

Chemical Si0, AlL,O0; Fe,0; Ca0O MgO Na,O SO; Losson Specific Specific surface Bulk density

composition ignition gravity (cm?/g) (g/cm3)

Composition (%) 20.46 4.7 3.13 62,66 2.47 0.69 2.85 3.04 3.1 3520 1.75

2.2 Sample preparation

Three series of samples were prepared, including those
with the NS contents of 1.5 and 3% of the cement by mass
(S1 and S2) for the NS-modified mortar, and a control
mortar (SO) for comparison. These samples used the
same water/cement ratio of 0.5, as well as the same
amounts of sand, cement, and PS. The mixed proportions
of the different specimens are listed in Table 3. The
sample preparation and strength examination of cement
mortar tested were based on GB/T 17671-2020 (ISO 679)
[43]. In three samples as a group, for each group of each
series, the weight of the sand used was 1,350 g, the
weight of the cement used was 450 g, the water consump-
tion was 225g, and the amount of PS was 1% of the
cement. In addition, the NS content of the NS sol was
30%. Therefore, the NS sol consumption values for S1
and S2 groups were 22.5 and 45 g, respectively.

Four groups of mortars were made for each series,
which were used for testing at the four ages of 3, 7, 14
and 28 days. Mortar prism specimens (40 mm x 40 mm X
160 mm) were used to test the compressive and flexural
strengths. First, water was mixed with NS sol and PS,
added to the cement, and stirred for 30s. Then, sand
was added to the cement slurry, and stirring was con-
tinued for 210s. After mixing and conducting a mortar

Table 3: Mix proportions of different specimens

Series Sand (g) Cement (g) Water/cement Admixture (g)
NS sol PS
SO 1,350 450 0.5 0 4.5
S1 1,350 450 0.5 22.5 4.5
S2 1,350 450 0.5 45 4.5

fluidity test, the fresh mortar was cast in molds, and a
vibrator was used for compaction. The initial curing of
the specimens was carried out in a standard curing
chamber for concrete at a temperature of about 20°C
and a relative humidity of about 95%. The mortar prism
specimens were demolded after 48 h, placed in water,
and cured in a standard curing room until tested.

2.3 Testing procedures
2.3.1 Mortar fluidity test

The fluidity test of the fresh mortar was performed in
accordance with the standard “Test method of fluidity
of cement mortar” (GB/T2419-2005) [44]. The newly mixed
mortar was divided into two layers in a truncated cone
round mold, and the mold sleeve was removed after
tamping and pressing. After scraping off the excess mortar
and smoothing it, the circular mold was lifted vertically
from the truncated cone, and the mortar fluidity tester was
turned on. After the tamping was completed, the max-
imum diffusion diameter of the bottom surface and its
vertical diameter were measured with calipers, and the
average value was calculated with an accuracy of 1 mm,
which was the mortar fluidity.

2.3.2 Strength examination

The compressive and flexural strengths of the NS sol-
modified and control mortars at 3, 7, 14 and 28 days
were tested. For each group, three samples were tested
each time. The flexural strength was first tested using
three-point loading, with a span of 120 mm and a loading
rate of 0.06 mm/min. The broken mortar from the flexural
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strength examination was used in the compressive strength
examination. The compression loading area was 40 x 40 mm?,
and the loading rate was 0.12mm/min. A microcomputer-
controlled universal tester was used for the compressive
and flexural tests. It had a maximum load of 300 kN, and
the error was +1%. It is worth noting that the strain rate
of the compressive test is 5 x 10 s7!, and the strain rate
of the flexural test is 2.5 x 107°s™%. Under this quasi-static
loading test, the mortar strength obtained is relatively
low [45].

2.3.3 Pore structure analysis

Pore structure analysis of the mortar was performed in
accordance with the standard “Test code for hydraulic
concrete” (SL/T 352-2020)[46]. A pore structure analyzer
(PSA, Shanghai Lrel Instrument Co., Ltd, RapidAir) was
used to determine the pore structure of the mortar. The
linear traverse method was used. The test samples for
the pore structure measurement were slices from the
mortar broken in the flexural test at 28 days. The slice
thickness was 15-20 mm. For each group, three center
slices and three edge slices were used for the measure-
ments. The observation area for the pore structure was a
30 mm x 30 mm square in the middle of the slice. These
mortar slices were ground and buffed using a burnisher
before the pore structure measurements. The rotary
speed of the burnisher was 50-60 rpm. The grinding
time was 20 min, and the buffing time was 10 min.

Flexural fracture section

Center slice

Grind, buff, etc.

Edge slice
Broken mortar

Figure 2: Pore structure measurement.
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Afterward, the slices were dried at 45°C for 3 h. A marker
was used to color the surface of the mortar slices black,
and white barium sulfate powder was dusted over the
surface. After removing the excess powder, the mortar
slices were placed in the PSA to observe the pores.
Finally, the porosity and pore size distribution were cal-
culated using a scanned binary image, with the pore
structure values calculated according to the literature
[47]. The process used in the pore structure measure-
ment test is shown in Figure 2.

2.3.4 Microstructure observation

To understand and explain the NS modification mech-
anism, the microstructure of the NS-modified cement
hydration products was determined using SEM. An ultra-
high-resolution field SEM (ZEIZZ EVO, Carl Zeiss AG,
Germany) was used to analyze the microstructure of the
samples. A mortar specimen was broken to obtain pieces
with a volume of <1 cm?, as shown in Figure 3, which were
placed in alcohol as SEM observation samples. Small
fractured samples at every hydration age were soaked
in anhydrous ethanol to stop hydration and dried at
50°C for 12 h. Before the SEM observations, the mortar
specimens were dried at 45°C, and the surface was
sprayed with gold powder using sputtering.

A general overview of the experimental program is
shown in Figure 4; the key parameters of all tests and the
type and number of specimens are provided.

Observation area:
30 mm x 30 mm

Recorded image of
observation area

Binary image

Pore size distribution and porosity
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Figure 3: SEM micro-samples.

3 Theoretical relationship model
between pore structure and
strength

The porosity and pore size distribution significantly affect
the capabilities of numerous materials. In particular, they
are closely related to the strength of cement mortar [48].
Many scholars have established equations for quantita-
tively researching the pore structure and strength [49-51].
In this study, cement mortar consists of fine aggregate,
cement paste and pores. The proportion of aggregate
in the mortar is very large, in order to avoid a huge
amount of calculation aggregate; aggregate and cement
paste are unified into a mortar matrix. The cement
mortar was equivalent to a two-phase composite com-
posed of the mortar matrix and pores. The mortar matrix
strength index values of mortar specimens SO, S1 and
S2 were derived based on the strength test and pore
structure measurement results for the NS sol-modified
mortar. The calculation method reported by Luping [51]
and Jin et al. [52] was referenced.

The parallel porous body model was used to research
the pore structure and strength quantitatively, and to
determine the effect of the pore size distribution. In

Mixed and cast in mold
20°C water curing after demold
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addition, the pores were simplified to round shapes in
the two-dimensional model. The equivalent relationship
between the two models is shown in Figure 5. The two-
phase model is equivalent to a calculation model com-
posed of n porous bodies. In each porous body, the pores
are considered to have a consistent size, where r, is the
pore size of the nth porous body, and the nth porous body
is represented by B,,.

For the two-phase model, the relationship between
porosity v and effective area ratio A,, can be calculated
using equation (1). According to Griffith’s theory, the cri-
tical stress, 0., when the porous body fractures can be
expressed as equation (2), where K indicates the strength
of the mortar matrix. The deduction of K is based on
references [51,52]. It is defined as the matrix strength
index in this article.

2/3
A =1- n1/3(%v) , (1)

KAm|[r. )

For the parallel model, during the compressive loading
of the mortar, the force of each porous body gradually
increases, and the effective area of B; with the largest
radius r; has the smallest value. When B; is destroyed,
there is a correlation between nominal stress o, load P,
and matrix strength index K, as shown in equation (3),
and the effective area ratio would increase from A,
to A equation (4). Moreover, the steps are repeated
until all the porous bodies are damaged, and theore-
tical strength f. can be calculated according to equa-
tion (5).

0= P/Am > JKAm/n, 3

174
Ay = Aml(l _ 71), @)

Compressive strength test Strength tests are
performed in

the loading rate was
3d, 7d, 14d and 28d

0.12 mm/min

Water: Cement: Sand = | - Fl_exural strength test BT aCt o alTsis e
1:2: 6 with 2 SP Ao ofl20 the observation area was a 30 | were dried at
NS sol/Water = Mortar specimen and loading raFe 0f 0.06 0 s qnare 45°C for 3 h.
0(S0), 0.1(S1), 0.2(S2) (40mmx40mmx 160mm) mm/min
Three samples as a group

‘ Mortar fluidity test ‘

Figure 4: General overview of the experimental program.

The specimens
were dried at 45 °C
after soaking in
alcohol

Microstructure observation,
Ultra-high resolution field
f SEM was used, ZEIZZ EVO
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Figure 5: Equivalence of two-phase round pore model and parallel porous body model [48].

fc =0= P[An, > \/KAmn/rn- (5)

Matrix strength index K is difficult to obtain through
experiments. In this study, experimental data and a com-
puter program were used to determine K. Furthermore, a
quantitative study of the pore structure and strength of
the NS sol-modified mortar was performed based on the
test results and calculation results.

4 Results and discussion

4.1 Mortar fluidity

Each group of mortar fluidity values of SO, S1 and S2
are shown in Figure 6. These results indicated that the
mortar fluidity decreased as the NS content increased.
At NS contents of 1.5 and 3%, the mortar fluidity was
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Figure 6: Mortar fluidity test results.

considerably reduced. Relative to SO, the mortar fluidity
was reduced by 16.3 and 36.9% with NS contents of 1.5
and 3%, respectively. Clearly, the addition of NS sol was
detrimental to the workability of the mortar.

The negative impact of NS on the workability of
cementitious materials has been recognized [53,54]. It is
due to the fact that the surfaces of NS particles have a
powerful attraction and high specific surface area, which
allow them to adsorb water molecules in the mixing
water on their surfaces. Thus, the reduced free water
in the fresh cement mortar leads to reduced mortar
fluidity [23].

4.2 Mortar strength

The compressive strengths of the NS-modified mortar (S1
and S2) and control mortar (SO) are shown in Figure 7.

55

| —=— SO without NS

sod —®—Slwith1.5%NS

| ——S2 with 3% NS

Compressive strength / MPa

Age / days

Figure 7: Development of compressive strength.
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The compressive strength test results indicated that
mixing NS sol into the mortar increased its compressive
strength. Compared to SO, the compressive strength of
S1 was increased by 47.6% at 3 days, 32.8% at 7 days,
21.7% at 14 days, and 16.1% at 28 days. The compressive
strength of S2 was increased by 60.2% at 3 days, 48.8%
at 7 days, 35.1% at 14 days, and 28.6% at 28 days. The
compressive strength of the mortar mixed with NS sol
was significantly improved.

The flexural strengths of the NS-modified mortars (S1
and S2) and control mortar (SO) are shown in Figure 8.
Consistent with the compressive strength test results, the
flexural strength increased when the NS sol was mixed
into the mortar. Compared to SO, the flexural strength of
S1 was increased by 22.6% at 3 days, 19.3% at 7 days,
12.8% at 14 days, and 6.5% at 28 days. The flexural
strength of S2 was increased by 32.5% at 3 days, 27.8%
at 7 days, 15.9% at 14 days, and 10.7% at 28 days. Likewise,
when the NS sol dosage was increased, the improvement
in the flexural strength was more obvious.

As the age increased, the compressive and flexural
strength enhancement effects decreased. Clearly, the NS
sol had a greater effect on the early compressive strength
of the mortar. At 3 days, the compressive strength enhance-
ment effect of 3% NS was more than 60%, and the effect
of 1.5% NS was more than 45%. In addition, the NS
modification had a smaller enhancement effect on the
flexural strength than on the compressive strength. This
showed that NS had no significant enhancement effect
on the mortar toughness.

The test results for the mortar mechanical properties
indicated that the cement mortar strength was enhanced
by the modification with the NS sol, with a more significant

| —®— S0 without NS
—&—S1 with 1.5% NS
~—&— S2 with 3% NS 85T

Flexural strength / MPa

3 T T T T
3 7 14 28

Age / days

Figure 8: Development of flexural strength.
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enhancement effect on the early (3 and 7 days) strength.
NS has greater pozzolanic activity than silica fume [12],
which meanwhile promotes the hydration process inside
the cement matrix. Therefore, the NS had an excellent
enhancement effect on the early strength of the mortar.
Moreover, the microstructure of the cement matrix could
be enhanced by the filling effect, where nanoscale silica
particles in the NS sol filled the micro-nano-pores in the
cementitious material. Thus, the microstructure of the NS-
modified cementitious material was denser, and the per-
formance was excellent.

4.3 Pore structure

Binary images of the pore distributions of samples SO, S1,
and S2 are shown as Figure 9, in which the white areas
indicate the pores, and the black area is the mortar
matrix. It is obvious that the shape and distribution of
the pores in the edge and center slices are consistent, and
the number of pores increases with an increase in the NS
sol dosage.

The porosity values were calculated for center and edge
slices of SO, S1, and S2, which are shown in Figure 10. A
comparison of the porosities of the center and edge slices
of SO and S1 shows that there is not much difference. The
porosities of S2 were 11.92% (center slice) and 10.35%
(edge slice). Thus, the porosity of the center slice was
15% greater than that of the edge slice. Based on the
average porosity of the center and edge slice, the poros-
ities of S1 and S2 were 26.5 and 72.3% greater than that
of SO, respectively. Undoubtedly, as the NS content
increased, the mortar porosity increased.

The pore size distributions and corresponding poros-
ities are shown in Figure 11(a) and (b). These results indi-
cate that the pore size distribution trends for all samples
were almost identical. In the pore radius range of 1-50 um,
as the pore size increases, the corresponding porosity
increases. The corresponding porosity fluctuates in the
pore radius range of 50-300 um. The corresponding
porosity finally peaks in the pore radius range of
300-1,000 pm. The peak porosity of the center slice
was 1.75-2%, and the peak porosity of the edge slice
was 1.75-3%. S2 edge slices had the highest peak por-
osity of 2.9%. In addition, the radii of the pores tested
in the SO and S2 slices hardly exceeded 1,000 pm,
whereas the radii of some pores in the S2 center and
edge slices tested were larger than 1,000 pm.

The cumulative porosity curves of the six test slices
are shown in Figure 12(a)—(c). For samples SO and S1, the
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Figure 9: Binary images of sample pore distributions.
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Figure 10: Total porosity of hardened mortar.

trends for the curves of the edge and center slices are
consistent, whereas the curves of the edge and center
slices of sample S2 are very different. In Figure 12(a),
the cumulative porosity percentage of the 100 pm pores
is approximately 10%, whereas, in Figure 12(b), the
cumulative porosity percentage of the 100 um pores is
approximately 30%. These results show that the number
of micropores (1-100 pm) in sample S1 was greater than
those in SO. In Figure 12(c), at the 100 pm pore size, the
cumulative porosity percentage of the S2 center slice
is approximately 30%, and that of the S2 edge slice is
approximately 18%. In addition, the total porosity of S2 is
10-12%, which indicates that there was a greater number
of micropores (1-100 um) and macropores (>100 pm) in
the S2 sample.

Effect of cement micro-pores increased by NS sol =— 2749

S1 with 1.5% NS S2 with 3% NS

In summary, the porosity increased with the NS
sol dosage. This result was consistent with the results
reported by Feng et al. [23]. When the content of large
capillary pores (0.05-10 um) in an NS sample was higher
than expected, they suggested that the density of NS
hydration products led to their diffusion being hindered,
which produced more pore structures [55]. The porosity
and pore distribution were investigated using the linear
traverse method. Compared with the reference sample,
there was an increase in the number of micropores with
radii of 1-100 pm in the mortar sample with a dosage of
1.5% NS, whereas both the micropores (1-100 pm) and
macropores (>100 pm) increased in the mortar sample
with the dosage of 3% NS. The pore structure has signifi-
cant effects on the mechanical properties of mortar and
other cementitious materials [56]. In this study, the rela-
tionship between the pore structure and strength of the
NS sol-modified cement mortar was investigated using
theoretical calculations.

4.4 SEM results

Figure 13 shows microstructure images of three hardened
mortar samples. The microstructure of the C-S-H gel
of the three group specimens is critically different,
and the difference in compactness is resulting from
the shape and size of the particles. In the control
mortar, Figure 13(a) and (b), hydrated cement paste is
an accumulation composed of angular particles typi-
cally in the size range from 50 to 200 nm. It can be
seen that the reference sample has a relatively loose
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Figure 11: Pore size distributions: (a) center slice and (b) edge slice.

microstructure with a number of large voids as marked
in the image.

In the microstructure of S1, Figure 13(c) and (d), there
are spherical particles with a size of 100—200 nm distrib-
uted on the hardened cement paste, and the cement paste
is composed of some dense layered structures; C-S—-H
spherical particles were formed on the surface of hydra-
tion products. In the microstructure of S2, Figure 13(e)
and (f), hardened cement paste is almost entirely com-
posed of layered structures, and there is a reticular net-
work shape. As shown in images (d) and (f), both the S1
and S2 were able to densify the microstructure and the
proportion of capillary pores is significantly reduced, as
indicated by the yellow circles. It is obvious that the
influence of the higher dosage of NS on the microscopic
morphology of C-S—H is significant, the effect of NS on
the crystal morphology of C-S-H causes the refinement
of interlayer pores, which is the key to improving the
strength of mortar. These results were close to those
reported by Feng et al. [23] and Hou et al. [26,55]. In addi-
tion, the setting time of NS concrete is shortened, the
slump is reduced, and the shrinkage is improved owing
to the high activity and nucleation of NS [57]. In summary,
the incorporation of NS significantly improved the micro-
scopic properties of NS-modified cement mortar.

4.5 Calculation and result analysis

Because of the high specific surface ratio, the free dis-
persed water in the mixture existing among the particles
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of cement and NS will be decreased by the high specific
surface ratio of the nanoparticle. As a result, the addition
of NS into the mortar can greatly change the properties of
the fresh mortar [15], this change will lead to the increase
of mesoscopic pores (micron-scale pores) [23]. Although
NS enhances the strength of mortar, the increase in
micron porosity may be a critical issue in the application
of NS-modified mortar. Therefore, the quantitative rela-
tionship between micron porosity and strength under the
influence of NS is calculated, and this research reveals
the effect of NS limited by micropores on the strength of
mortar

The strength, porosity, and pore size distribution of
the NS sol-modified and control mortars were measured
in the previously discussed experiments. In the cal-
culation, the measured pores were subdivided into six
size ranges according to the pore radii: <50, 50-100,
100-200, 200-500, 500-1,000, and >1,000 pm. In addi-
tion, because the pore structure distribution results
were from six mortar slices, the relationship between
the pore structure and strength in each of the three
mortar groups was calculated using the center and
edge slices. The parameters used for the quantitative
calculations for the six mortar slices are listed in Table 4,
where r; is the average pore size, V; is the porosity, V is
the total porosity, and f. is the compressive strength.
The matrix strength index, K, values of the NS sol-mod-
ified mortar and control mortar were calculated using
equations (1)—(5), the compiled computer program, and
the calculation parameters from the strength test and
pore structure measurement. The K value has been
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Figure 12: Cumulative porosity ratio of test samples: (a) SO without NS, (b) S1 with 1.5% NS, and (c) S2 S1 with 3% NS.

repeatedly calculated, and the results show that K is a
constant related to pore distribution and strength.

In the calculation, the preliminary range of K was
determined through a trial calculation, where K was an
integer from 1 to 7. Then, the corresponding compressive
strength was calculated. The K-compressive strength
correlation curves of the six mortar slices were obtained
and are shown in Figure 14 (a) and (b). The compressive
strength had an obvious positive linear correlation with
matrix strength index K. In general, the linear intercepts
of all the K-compressive strength correlation curves
were in the range of 0.3-0.5, which showed that there

was little difference. Thus, the linear intercept was
ignored in this study. The slope of the K-compressive
strength correlation curve was used to represent the
ratio of compressive strength f, to matrix strength index
K. For many materials, there is a curvilinear relationship
between a and the porosity. The relationship between
the f./K and total porosity values of the tested slices is
shown in Figure 15. The primary issue can be summarized
as follows: when the porosity increases, the curve slopes
decrease. It was obvious that an increase in porosity
decreased the strength of the mortar. In addition, the
trend for the NS sol-modification effect was a curvilinear
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Figure 13: Microstructure images of three mortar samples. (a) S0 20,000x, (b) SO 50,000x, (c) S120,000x, (d) S150,000x, (e) S2 20,000x,
and (f) S2 50,000x.

Table 4: Parameters for quantitative calculations

Size range S0-center S0-edge Si-center Sl-edge S2-center S2-edge
r; Vi r; Vi r; Vi r; Vi r; Vi r; Vi

(pm) (pm) (%) (pm) (%) (pm) (%) (pm) (%) (pm) (%) (pm) (%)
<50 19.6 0.16 16.5 0.10 26.4 0.57 24.1 0.79 23.6 1.29 21.4 0.53
50-100 74.3 0.77 76.2 0.57 75.6 1.56 70.6 1.71 68.6 2.36 70.4 1.13
100-200 146.1 1.29 142.9 0.90 152.3 1.53 141.3 1.62 138.7 2.56 143.8 1.57
200-500 344.6 3.89 268.5 1.86 365.7 1.91 345.7 3.91 263.8 2.65 270.3 2.23
500-1,000 866.4 0.58 569.4 2.64 863.2 2.35 849.7 0.38 573.8 2.78 608.3 4.10
>1,000 None 1194.7 0.16 None None 1514.9 0.27 1471.0 0.79
V (%) 6.69 6.22 7.92 8.42 11.91 10.35

f. (MPa) 40.9 47.5 52.6
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Figure 14: Relationship between K and compressive strength. (a) Center slice and (b) edge slice.

relationship, which indicated that the strength of the
NS-modified mortar would be greater if the porosity of
the three groups was consistent.

The measured compression strengths of mortar spe-
cimens SO, S1, and S2 were 40.9, 47.5, and 52.6 MPa,
respectively. In addition to the K-compressive strength
curves, the values of the matrix strength index SO, Si,
and S2 were 3.52-3.85, 4.66—4.87, and 5.75-5.79, respec-
tively. This study further showed that the effect of the NS
sol on the mortar matrix strength became more signifi-
cant when the amount of NS sol increased.
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Figure 15: Trend of mortar/matrix strength ratio.

The trends for the total porosity, compressive strength,
and matrix strength index K are shown in Figure 16. It was
found that the total porosity, compressive strength, and
matrix strength increased with an increase in the NS
sol dosage. In general, the porosity and strength of solid
materials have an inverse relationship, and the strength
depends on the solid part of the material. Hu et al. [48]
studied the porosity and strength of carbon nanotube-
modified mortar and found that a large increase in por-
osity led to a decrease in mortar strength. In this study, it
was obvious that the increase in porosity was not sufficient

60 14 65
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Figure 16: Trend curves of compressive strength, total porosity, and
matrix strength index K.
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to affect the mortar strength negatively. By contrast, with
NS contents of 1.5 and 3%, the compressive strength was
enhanced by 16.1 and 28.6%, respectively, and K increased
by 29.3 and 56.6%, respectively. The results suggested that
the increase in the strength of the NS-modified mortar was
limited by the increase in porosity.

5 Conclusion

This study focused on the quantitative relationship between

the pore structure and strength of this NS sol-modified

mortar. The pore structure distribution is analyzed using

PSA, and the microstructure of the modified mortar was

investigated using SEM; the fluidity and strength of

mortar are also studied. Based on the above tests, a

theoretical calculation of the relationship between the

strength and pore structure was performed. The main con-
clusions of the research can be summarized as follows:

1) It was found that NS sol increased the porous struc-
ture in the modified mortar. Relative to the control
mortar, with NS contents of 1.5 and 3%, the porosity
was increased by 26.5 and 72.3%, respectively. The
micropores (1-100 pm) in the mortar sample with
the 1.5% NS dosage were increased, while the micro-
pores (1-100 pm) and macropores (>100 pm) of the
mortar sample with the 3% NS dosage were both
increased.

2) The morphology of the hydration products of mortar
cement changes with the increase of NS sol content. In
the NS sol-modified mortar, C-S—H spherical particles
were formed on the surface of hydration products, and
the effect of NS on the crystal morphology of C-S-H
causes the refinement of pores, which reflects the
influence of the high pozzolanic activity and filling
effect of NS in the process of cement hydration. The
effect of NS on the microstructure of cement mortar is
the mechanism of strength improvement.

3) NS significantly improved the matrix strength of the
mortar, and the ratio of the mortar strength to matrix
strength showed a negative correlation with the increase
in porosity. The mortar matrix strength index, K, was
calculated using a simplified theoretical model. The
slope of the K-compressive strength curve decreased
with increasing porosity, which meant that the ratio
of the compressive strength to the mortar matrix
strength was affected by the porosity. With NS con-
tents of 1.5 and 3%, K was increased by 29.3 and
56.6%), respectively.

DE GRUYTER

4) The relationship between the strength and pore struc-
ture was discussed. This research showed that the
mechanical properties, matrix strength, and porosity of
the NS sol-modified mortar were improved. Calculation
results showed that the increase in porosity was unfa-
vorable for an increase in the mortar strength, and
the enhancement effect of NS on the mortar matrix is
greater than the reduction effect of increasing por-
osity on the strength.

In summary, the quantitative relationship between
the micron-scale pores and strength of NS sol-modified
mortar was studied and discussed. More research studies
should be conducted on the pore size distribution for
digging into the durability evolution mechanism.
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