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+emicromechanical properties of the steel-fiber-reinforced cementitious composites with different water-binder ratios and silica
fume contents were studied by nanoindentation. +e elastic modulus, indentation hardness, total input energy, and ratio of the
elastic deformation energy to the total input energy were analyzed in the interfacial transition zone (ITZ) and the cement matrix.
+e results show that with the reduction of water-binder ratio in the range of 0.18–0.24, the elastic modulus, indentation hardness,
elastic deformation capacity, and energy dissipation capacity increased in the ITZ and cement matrix, and the increase of the ITZ
was greater than that of the matrix, yet the ITZ did not disappear. With the increase of silica fume content in the range of 0–30%,
the weak ITZ was gradually strengthened or even disappeared. In terms of obtaining the stronger ITZ, adding silica fume is more
effective than reducing the water-binder ratio. When the water-binder ratio was high at 0.24, large silica fume contents (30%) had
significant effects on enhancing the micromechanical properties of the ITZ and matrix. At a low water-binder ratio of 0.18, large
silica fume contents (30%) enhanced the micromechanical properties of the ITZ while degrading those of the cement matrix.

1. Introduction

With the development of industry and infrastructure con-
struction, steel-fiber-reinforced cementitious composites,
with excellent mechanical properties and durabilities, are
gradually becoming one of the most widely used materials in
civil engineering [1]. In these composites, due to the “wall”
effect from the packing of cement particles against the
relatively smooth steel-fiber surface, fewer cement particles
are present and more water accumulates in the areas sur-
rounding the steel fiber, resulting in relatively loose struc-
tures in these areas after hydration of the cement.+is area is
called the interfacial transition zone (ITZ) [1], and its width
is affected by many factors, such as mix proportion, curing
age, and regime, and is typically several tens of microns [1].
+e ITZ is an important part of steel-fiber-reinforced ce-
mentitious composites, but its effects on the mechanical
properties, transmission properties, and durabilities of the
cementitious composites have not been clearly established.
Studies have shown that the ITZ is the weakest link between

the cement matrix and reinforcement (aggregate or fiber).
+us, the ITZ plays an important role in determining the
properties of the cementitious composites [2–5]. It has been
reported that the properties of the ITZ may have a moderate
negative influence on the mechanical properties of concrete
but not a drastic one [6, 7]. +e lack of conclusive evidence
on the properties of the ITZ is mainly due to the complexity
of the cementitious composites and lack of appropriate
testing techniques at the microscale.

During the last ten years, nanoindentation has been
applied to study the mechanical properties and failure
mechanisms of cementitious composites on the micro- and
nanoscales. Using nanoindentation, Mondal et al. [8]
studied the micromechanical properties of the interface area
between cement matrix and sand in mortar with a water-
binder ratio of 0.5. +ey reported that the elastic modulus
decreased near the edge of the sand grains and increased
with the increase of the distance between the testing points
and sand surface. Furthermore, the mechanical properties of
the ITZ were about 85% of those of the cement matrix,
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determined by statistical analysis. A study of the elastic
modulus of the steel-fiber-cement matrix interfacial zones in
high-performance concrete (HPC) was performed by Sorelli
et al. [9] using nanoindentation, which showed that the elastic
moduli of ITZs with widths of 30–40μm were higher than
those of the cement matrix. Wang et al. [10] studied the
mechanical properties of the ITZ in steel-fiber-reinforced
mortar with different water-binder ratios and silica fume
contents using nanoindentation and scanning electron mi-
croscopy (SEM). +e mechanical properties of the steel-fiber-
matrix interfacial zones were higher than those of the cement
matrix in specimens with water-binder ratios of 0.3 and no
silica fume but were relatively poor in specimens with water-
binder ratios of 0.5.+e results also showed that when the ratio
of water to binder was 0.3, the properties of the ITZs decreased
with the addition of silica fume. Xu et al. [11] performed
nanoindentation testing to study the nanomechanical prop-
erties of the ITZs in steel-fiber-reinforced cementitious com-
posites with water-binder ratios of 0.35, 0.40, and 0.45. +ey
reported that the widths of the ITZs in all the samples were
about 40μm, and the test points with the lowest elastic moduli
and indentation hardnesses were about 20μm away from the
steel-fiber surface in the ITZs. When the positions of the test
points were fixed, higher water-binder ratios yielded smaller
values of the elastic modulus and indentation hardness.

In recent years, in HPC, such as reactive powder concrete
(RPC), a low water-binder ratio (<0.30) is often used to obtain
high strength, silica fume is often added as a mineral admixture
to improve the densification and optimize the microstructure,
and steel fiber is added to improve the toughness and ductility of
the HPC. Previous studies mainly focused on the micro-
mechanical properties of the HPC under the influence of the
above factors, but the micromechanical properties, especially
the mechanical properties of the ITZ, have been studied less. In
the present study, samples with low water-binder ratios (0.18,
0.21, and 0.24) and different silica fume contents were prepared.
+e effects of the water-cement ratios and silica fume contents
on the micromechanical properties of the steel-fiber-matrix
interfacial zones in the samples were studied using nano-
indentation testing. +ese results can provide guidance for
designingHPC and establishing amultiscale constitutivemodel.

2. Experimental Program

2.1. Raw Materials. Ordinary Portland cement (P.O 42.5)
was used, and its chemical composition (% by mass) is
shown in Table 1. +e properties of silica fume are shown in
Table 2. Quartz sand, with particle sizes of 150–600 μm and
an SiO2 content of 99.8%, was used as the fine aggregate.
Straight steel fibers with lengths of 1 cm, diameters of 1mm,
and tensile strengths of 2600MPa were used.

2.2. Mixture Proportions. Water-binder ratios of 0.18, 0.21,
and 0.24 and a sand-binder ratio of 0.84 were used in this
study. Silica fume contents of 0%, 10%, 20%, and 30% (by
mass) were used as a cement replacement to maintain a
constant total mass of the binder. +e content of JSM-1
polycarboxylate superplasticizer was 2% of the total mass of

the binder.+e samples were identified with a combination of
letters and numbers: WB18, WB21, and WB24 indicating
three water-binder ratios, respectively, and SF00, SF10, SF20,
and SF30 indicating four silica fume contents, respectively.
For example, WB18SF10 indicates that the water-binder ratio
of the sample was 0.18 and the silica fume content was 10%.

2.3. Sample Preparation for Nanoindentation Testing.
Cubic samples with 20mm side lengths were prepared for
the nanoindentation testing. +e mixing procedure of the
cement paste was as follows: the Portland cement, silica
fume, and quartz sand were initially mixed for 1min. Next,
water and superplasticizer were added and remixed for
3–5min to achieve the desired workability and homoge-
neity.+emixture was poured into a mold and vibrated for 2
minutes using a vibrating table. Finally, lay the steel fiber
horizontally on the surface of the mixture and press slightly
into the mixture and continue to vibrate it for 1 minute. +e
sample was demolded and numbered after 24 h and cured
for 28 d in the standard curing room.

In the nanoindentation tests, extremely smooth sample
surfaces are critical for the reliable determination of the
mechanical properties of the ITZs [12, 13]. First, the surfaces
of the cured samples were ground with diamond wheels with
grit sizes of 400#, 600#, 800#, 1200#, 1500#, 2000#, 2500#,
and 3000# sequentially until the fiber cross-sections were
exposed. Subsequently, the surfaces were polished with
polishing pastes containing 2.5 and 0.5 μm abrasives to
obtain smooth and clean observation surfaces. Finally, the
polished samples were cleaned by ultrasonication for 15min
to remove impurity particles adsorbed on the surfaces.

2.4. Nanoindentation Test. +e G200 nanoindenter made by
Hysitron Inc. was used in the test. According to the China
standard GB/T22458-2008 [14], the test procedure was as
follows: the indenter was pressed into the sample at a
constant displacement rate of 0.1m/s until the depth reached
1000 nm, after which the load was held for 5 s before
unloading at the same constant rate. A load-depth curve was
obtained by continuously recording the indentation load
and depth values in this process, as shown in Figure 1, where
hmax is the maximum indentation depth, hf is the final depth
of contact impression after unloading, and Pmax is the peak
indentation load.

According to the principle of Oliver–Pharr [15], the
indentation hardness H and modulus M of each test point
can be determined using the information obtained during
unloading region of the load-depth curve (as shown in
Figure 1) as follows:

H �
Pmax

Ac
,

M �

��
π

√
S

2β
���
Ac

 ,

(1)

where Ac is the contact area at the maximum load, S is the
slope at the beginning of the unloading curve, and β is the
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correction coefficient of the indenter, where β� 1.012 for the
pyramid Berkovich indenter used in the present test [14].

Assuming that the cement matrix is isotropic, the elastic
modulus E of a sample can be calculated as follows:

E � 1 − ]2 
1

M
−

1 − ]2i( 

Ei

 

− 1

, (2)

where v is the Poisson ratio of the sample, which is generally
0.25 for the cement material, and Ei and vi are the elastic
modulus and the Poisson ratio of the indenter, respectively.
For the diamond Berkovich indenter used in the present test,
the elastic modulus was Ei � 1140GPa and the Poisson ratio
was vi � 0.07 [16].

To obtain sufficient data for analysis, 50 test points
arranged in 5 rows and 10 columns on the surface of each
sample were selected for the nanoindentation tests. +e
horizontal and vertical distances between two adjacent test
points were 10 μm. +e distribution of these test points is
shown in Figure 2.

3. Nanoindentation Test Result Analysis

3.1. Load-Depth Curves. +e load-depth curves of 10 test
points on the steel-fiber section are shown in Figure 3(a).
+ese smooth curves almost coincided, and their peak loads
were all approximately 105mN. +e deviations between the
test points on the steel-fiber section were very small, which
indicates that nanoindenter measurements were reliable. For
samples with different water-binder ratios and without silica

fume, typical load-depth curves of the test points on the
cement matrix 60 μm away from the steel-fiber surface are
shown in Figure 3(b). +e peak indentation load decreased
significantly from 67mN to nearly 32mN with the increase
of water-cement ratio. +is indicates that the microstructure
and mechanical properties of the cement matrix were sig-
nificantly different due to the different water-cement ratios.

It should also be noted that some of the measured load-
depth curves exhibited displacement jumps in the loading
phase, as shown in Figure 3(c), which could be due to the
presence of large voids or cracking of the cement matrix.
+ese irregular curves should be discarded in the calculation
of the indentation hardness H and elastic modulus E [17].

3.2. Elastic Modulus E and Indentation Hardness H. +e
elastic modulus is one of the important mechanical
properties of concrete for measuring the concrete’s re-
sistance to being deformed elastically, and it is an im-
portant parameter for calculating structural deformation
and for stress and crack control. Indentation hardness
measures the resistance of solid materials to permanent
shape changes due to a compressive load from a sharp
object [17]. +e elastic moduli and indentation hard-
nesses at all 50 test points are shown in Figures 4(a) and
4(b). +e mean values of the elastic modulus and hardness
for 5 points with the same distances from the steel-fiber
surface were fitted with interpolation function using a
B-spline curve in Origin9.0, as shown in Figure 4. +e
elastic modulus and indentation hardness decreased
dramatically at first, after which they increased and
gradually stabilized with the increase of the distance from
the steel-fiber surface. +e obvious valley in the curve
corresponds to the ITZ, which is the weakest part of
cementitious composites, as shown between the two
dashed lines in Figure 4.

3.3. 2e Total Input Energy and Ratio of the Released Elastic
Energy to the Total Input Energy. +e total input energy can
be determined by calculating the area under the loading
section in the load-depth curve, expressed as follows:

Wt � 
hmax

0
Pdh. (3)

+e elastic deformation energy can be determined by the
area under the unloading curve, expressed as follows:

Table 1: Chemical composition of ordinary Portland cement.

CaO (%) SiO2 (%) Al2O3 (%) SO3 (%) MgO (%) Fe2O3 (%)
62.9 20.7 4.84 3.56 2.15 3.18

Table 2: Properties of silica fume.

SiO2/(%) Al2O3/(%) Fe2O3/(%) CaO+MgO/(%) K2O+Na2O/(%) Specific surface/(m2·g−1)
≥97 1.2 1.2 1.4 0.2 15–20

Loading

Unloading

Pmax

hmaxhf

Lo
ad

 P

0

S = (dP/dh)

Figure 1: A typical load-depth curve.
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Figure 2: Test point distribution for nanoindentation tests.
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Figure 3: Load-depth curves of test points. (a) Load-depth curves of the test points in steel fiber. (b) Load-depth curves of test points in
matrix 60 μm away from the steel-fiber surface. (c) Irregular load-depth curve.
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We � 
hmax

hf

Pdh. (4)

+e dissipated energy can be calculated as follows:

Wp � Wt − We. (5)

+e ratio of the elastic deformation energy to the total
input energy, η, was defined as follows:

η �
We

Wt
. (6)

For sample WB18SF00, the Wt, We, Wp, and η values of
each test point were calculated according to Equations
(3)–(6). +e values for test points located in the steel fiber,
ITZ, and matrix were averaged and are listed in Table 3.

+e total input energy Wt is the sum of the elastic
deformation and dissipation energies when a compres-
sive force is applied. +e index η can be used to determine
whether elastic deformation or permanent deformation is
dominant during the loading process. A smaller value of η
indicates that the stored elastic deformation energy is
lower and the dissipation energy is higher [18, 19]. It can
be seen from Table 3 that the elastic deformation and
dissipation energies of the test points in different regions
from high to low were as follows: steel fiber > cement
matrix > ITZ, which indicates that the elastic deformation
and energy dissipation capacities of steel fiber were the
highest, and those of the cement matrix were higher than
those of the ITZ. +e ratio η of the elastic deformation
energy to the total input energy was only 20–30% for all
test points, indicating that permanent deformation was
dominant during the loading process. Moreover, the ratio
of the dissipation energy to the total input energy was the
highest for the test points in steel fiber, and that in the ITZ
was higher than that in the cement matrix.

4. Discussion

4.1. Effect of Water-Binder Ratio on Elastic Modulus and
Indentation Hardness. +e water-binder ratio has a signif-
icant influence on the cement hydration degree and density
of the cement microstructure, and thus, it is an important
factor that affects the elastic modulus and indentation
hardness. Figures 5(a) and 5(b) show the elastic modulus
and indentation hardness values of the test points for the
samples with different water-binder ratios and silica fume
contents of 0%. +ere were significant differences in the
elastic moduli and indentation hardnesses of the steel fiber,
ITZ, and cement matrix. With the decrease of the water-
binder ratio, the increase of elastic modulus of the cement
matrix and ITZ indicates the improvement of the elastic
deformation capacity, and the increase of the indentation
hardnesses indicates the improvement of the resistance to
permanent deformation. +e ITZ is the region between two
dashed lines in Figure 5. +e ITZ width decreased with the
decrease of the water-binder ratio, indicating that the ITZ
was strengthened but not eliminated.

+e elastic moduli and indentation hardnesses of the ITZ
and cement matrix under different water-binder ratios are
listed in Table 4. +e results indicate that the micro-
mechanical property indexes of the ITZ and cement matrix
increased significantly by decreasing the water-binder ratio,
and the increase of the ITZ was greater than that of cement
matrix.

4.2. Effect of Silica Fume Content on Elastic Modulus and
Indentation Hardness. Figures 6 and 7 show the elastic
modulus and indentation hardness values at different distances
from the steel-fiber surface under different silica fume contents
and water-cement ratio.When the silica fume content was 10%,
the variation ranges of the elastic moduli and indentation
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Figure 4: Test indices versus distance from the steel-fiber surface. (a) Elastic modulus. (b) Indentation hardness.
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hardnesses of the samples with three water-cement ratios were
very large, and the valleys in the curves, corresponding to the
ITZ, were very obvious.When the silica fume content increased
from 20 to 30%, the elastic moduli of the interface area and the
matrix were nearly the same, as were the hardnesses. Fur-
thermore, the valleys in the curves disappeared. +is indicates
that with the increase of silica fume content, the micro-
mechanical properties of the ITZ improved, and the weak ITZ
was gradually strengthened or even disappeared. +e ITZ was
strengthened but did not disappear with the decrease of water-
binder ratio (see Section 4.1), indicating that adding silica fume
is more effective than reducing the water-binder ratio in terms
of obtaining the stronger ITZ.

However, the amount of silica fume cannot be in-
creased indefinitely to improve the ITZ and matrix
micromechanical properties. +e lines labeled ① and ②
in Figure 6 represent the elastic modulus of the ITZ and
cement matrix, respectively. As shown in Figures 6(a)–
6(c), the lengths of lines ① increased, and the lengths of
the lines ② decreased with the increase of silica fume
content. +is indicates that adding silica fume can

enhance the properties of the ITZ but degrade the
properties of the cement matrix. +erefore, caution
should be taken when adding a large amount of silica
fume to eliminate the ITZ.

4.3. 2e Combined Effect of Water-Binder Ratio and Silica
Fume Content on Elastic Modulus and Indentation Hardness.
As shown in Figures 8(a) and 9(a), when the water-
binder ratio was relatively low at 0.18, the ITZ and ce-
ment matrix properties first increased and subsequently
decreased with the increase of silica fume content.
Adding excessive silica fume (30%) reduced the amount
of improvement to the ITZ properties, and the cement
matrix properties were reduced to minimum values or to
values lower than those without silica fume. +erefore,
the silica fume content should not be too high at a low
water-binder ratio (0.18).

As shown in Figures 8(c) and 9(c), when the water-binder
ratio was relatively high at 0.24, the elastic moduli and in-
dentation hardnesses of the ITZ properties gradually increased

Table 3: Results of the energy indices of sample WB18SF00.

Test points position Wt (10−9 J) We (10−9 J) Wp (10−9 J) η�We/Wt (%) Wp/Wt � 1−η (%)
Steel fiber 40.66 8.30 32.36 20.41 79.59
ITZ 9.79 2.09 7.69 23.51 76.49
Cement matrix 18.86 5.41 13.45 29.11 70.88
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Figure 5: Test indices versus distance from the steel-fiber surface under different water-cement ratios. (a) Elastic modulus. (b) Indentation
hardness.

Table 4: Test indices of ITZ and cement matrix under different water-binder ratios.

Sample
ITZ Cement matrix

Elastic modulus Indentation hardness Elastic modulus Indentation hardness
WB24SF00 7.8 0.3 27.5 1.32
WB18SF00 13.5 0.79 42.5 2.03
Increased range 73.1% 163% 54.5% 53.4%
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with the increase of silica fume content and reached maximum
values when the silica fume content was 30%. +e cement
matrix properties first increased and subsequently decreased
with the increase of silica fume content. When the silica fume
content was 30%, the cement matrix properties were not the
highest observed in this study, but they were higher than those
without silica fume.+is indicates that, with a highwater-binder
ratio (0.24), a large silica fume content has a more significant
effect on enhancing the micromechanical properties of the
cement matrix. In addition, the improvement of the ITZ
properties was greater than that of the cement matrix when a
large amount of silica fume was added at a high water-binder
ratio (0.24).

In conclusion, the silica fume content should not be
too high but should match the water-binder ratio, and a
moderate silica fume content can increase the overall
properties of cementitious composites to a maximum
extent.

4.4. 2e Total Input Energy Wt and the Ratio η of the Elastic
Deformation Energy to the Total Input Energy

4.4.1. 2e Effect of Water-Binder Ratio on Wt and η. +eWt
and η values with different water-binder ratios and a silica fume
content of 0% are shown in Table 5. With the decrease of the
water-binder ratio, the total input energy Wt of the ITZ and
cement matrix increased, and the elastic deformation and
energy dissipation capacities were improved. With the reduc-
tion of the water-binder ratio, the η values of the ITZ and
cement matrix increased, indicating that the increase of the
elastic deformation energy was larger than that of dissipation
energy.

Furthermore, at the same water-binder ratios, the total
input energy Wt of the ITZ was less than that of the cement
matrix, and the elastic deformation and energy dissipation
capacities of the ITZ were lower than those of the cement
matrix. +e η value of the ITZ was higher than that of the
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Figure 6: Elastic modulus with distance from the steel-fiber surface for different silica fume contents. (a) Silica fume content of 10%. (b) Silica fume
content of 20%. (c) Silica fume content of 30%.
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cement matrix, indicating that the proportion of the dissipated
energy of the ITZ was higher than that of the cement matrix.

4.4.2. 2e Combined Effect of Water-Binder Ratio and Silica
Fume Content on Wt and η. +e Wt and η of the test points
with different water-binder ratios and silica fume contents are
listed in Table 6. Under the combined influence of the two
factors (silica fume and water-binder ratio), the changes of
micromechanical properties of cementitious composites did not
show discernable trends, and the total input energyWt and the
ratio η were basically random. However, the following trends
can be found in Table 6:

(1) For the samples with low water-binder ratios (0.18)
and large silica fume contents (30%), the total input
energy Wt and the ratio η of the elastic deformation
energy relative to the total input energy were rela-
tively low for all test points in the cement matrix,
indicating that adding excessive silica fume can

reduce the mechanical properties of the cement
matrix when the water-binder ratio is relatively low
(0.18).

(2) When the silica fume content was 30%, the values of
η of the cement matrix and ITZ were relatively low,
indicating that large silica fume contents lead to a
decline in the elastic deformation capacities of the
cement matrix and ITZ.

4.5. Profile Characteristics of ElasticModulus and Indentation
Hardness. A variety of elastic moduli and indentation hard-
ness profiles have been reported for the ITZ [20–23]. In all
these test results, the elastic modulus and indentation hardness
were found to be different in the ITZ but relatively constant in
the cementmatrix. According to hydration degree and bonding
strength of the ITZ, the trend of elastic modulus and inden-
tation hardness in the ITZ was classified into four types [24], as
shown in Figure 10(a). However, the elastic modulus and
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Figure 7: Indentation hardness with distance from the steel-fiber surface for different silica fume contents. (a) Silica fume content of 10%.
(b) Silica fume content of 20%. (c) Silica fume content of 30%.
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Figure 8: Elastic modulus with distance from the steel-fiber surface for different silica fume contents and water-binder ratios. (a) Water-
binder ratio of 0.18. (b) Water-binder ratio of 0.21. (c) Water-binder ratio of 0.24.
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Figure 9: Continued.
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Figure 9: Indentation hardness with distance from the steel-fiber surface at different silica fume contents and water-binder ratios. (a)Water-binder
ratio of 0.18. (b) Water-binder ratio of 0.21. (c) Water-binder ratio of 0.24.

Table 5: Wt and η at different water-binder ratios when silica fume content was 0%.

Sample
Wt (10−9 J) We (10−9 J) Wp (10−9 J) η�We/Wt (%)

ITZ Cement matrix ITZ Cement matrix ITZ Cement matrix ITZ Cement matrix
WB24SF00 8.08 12.41 1.70 2.98 6.38 9.43 20.99 24.02
WB21SF00 9.53 13.74 2.03 3.58 7.50 10.16 21.35 26.05
WB18SF00 9.79 18.86 2.30 5.49 7.49 13.37 23.51 29.12

Table 6: Wt and η for different water-binder ratios and silica fume contents.

Water-binder ratio Silica fume content (%)
ITZ Cement matrix

Wt (10−9 J) η�We/Wt (%) Wt (10−9 J) η�We/Wt (%)

0.18

0 9.79 23.51 18.86 29.12
10 7.25 24.16 17.12 27.76
20 10.01 26.08 18.01 24.23
30 8.47 20.96 9.76 20.72

0.24

0 8.08 20.99 12.41 24.02
10 8.85 23.48 10.78 24.39
20 8.06 25.82 11.51 25.53
30 8.71 18.27 12.81 22.92
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Figure 10: Continued.
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indentation hardness profiles with different water-binder ratios
and silica fume contents were examined in the current study,
and the curves depicted in Figure 10(a) do not account for the
changes of the cement matrix properties as the ITZ properties
change. In previous studies, it was not concluded that the
macroscopic mechanical properties of concrete depend on the
ITZ or the cementmatrix.+erefore, in addition to the effect of
ITZ on the mechanical properties of concrete, the concrete
matrix must also be considered. It is necessary to summarize
the profile characteristics of the elastic modulus and inden-
tation hardness of the samples with different water-binder
ratios and silica fume contents.

In this experiment, the profile characteristics of the elastic
modulus and indentation hardness under different water-
binder ratios are shown in Figure 10(b). As water-binder ratio
decreased (type III⟶II⟶I), the elastic moduli and inden-
tation hardnesses increased in the ITZ and cement matrix.
Furthermore, the ITZ did not disappear, which is different
from the four types depicted in Figure 10(a).

For a higher water-binder ratio of 0.24, the profile
characteristics of the elastic modulus and indentation
hardness for different silica fume contents are shown in
Figure 10(c). With the increase of silica fume content (type
III⟶II⟶I), the elastic moduli and indentation hard-
nesses of the ITZ increased gradually, and the ITZ dis-
appeared when the silica fume content was 30%. However,
the elastic modulus and indentation hardness of the cement
matrix first increased and subsequently decreased.

For a higher water-binder ratio of 0.18, the profile
characteristics of the elastic moduli and indentation
hardnesses of the ITZ with different silica fume contents
are shown in Figure 10(d). With the increase of silica
fume content (type I⟶II⟶III), the elastic modulus
and indentation hardness of the ITZ first increased and
subsequently decreased, and the ITZ disappeared when

the silica fume content was 20 or 30%. However, the
elastic modulus and indentation hardnesses of the cement
matrix decreased gradually and were not constant.

5. Conclusions

(1) With the reduction of water-binder ratio in the range
of 0.18–0.24, the elastic modulus and indentation
hardness of the ITZ and cement matrix increased,
and the increase of the ITZ properties was greater
than that of the cement matrix, yet the ITZ did not
disappear.

(2) With the decrease of water-binder ratio, the total
input energies Wt of the ITZ and the cement matrix
increased, and the elastic deformation and energy
dissipation capacities increased. With the decrease of
the water-binder ratio, the ratio η of the elastic
deformation energy to the total input energy in-
creased, which indicates the greater increase of the
elastic deformation capacity than that of energy
dissipation capacity. Under the same water-binder
ratio, the elastic deformation and energy dissipation
capacities of the cement matrix were higher than
those of the ITZ, and the ratio of dissipation energy
to the total input energy in the ITZ was higher than
that in the cement matrix.

(3) With the increase of silica fume content in range of
0–30%, the weak ITZ gradually strengthened or
disappeared. In terms of obtaining the stronger ITZ,
adding silica fume was more effective than reducing
the water-binder ratio.

(4) When the water-binder ratio was high at 0.24, a large
silica fume content (30%) resulted in obvious in-
crease to the micromechanical properties of the ITZ
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Figure 10: Profile characteristics of elastic modulus and indentation hardness in the ITZ. (a) Profile characteristics from the literature [20].
(b) Profile characteristics with different water-binder ratios and a silica fume content of 0%. (c) Profile characteristics with water-binder
ratio of 0.24 (d) Profile characteristics with water-binder ratio of 0.18.
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and matrix, and the effect on the properties of ITZ
was greater than that of the cement matrix.When the
water-binder ratio was low at 0.18, a large silica fume
content (30%) enhanced the micromechanical
properties of the ITZ while degrading those of the
cement matrix. +erefore, the silica fume content
should not be too large for samples with a low water-
binder ratio (0.18).
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