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A B S T R A C T   

Despite the enhancement of amorphous silica on Ultra-High Performance Concrete (UHPC), the influence of 
amorphous silicas on the mechanical contribution of coarse aggregates (CA) in UHPC from the perspective of 
multiscale is still unclear. Herein, the mechanical contribution of CA owing to the incorporation of silica with 
different morphology (i.e. nano-silica and silica fume) is studied from micromechanics to mesoscale fracture and 
macroscopic strength. The results show that, on the premise of guarantee flowability, silica fume generates more 
C–S–H but more microcracks owing to the higher content, while nano-silica results in a higher percentage of 
high-density C–S–H. The fracture across CA in pure tensile cracking is controlled by the competition between 
high-density C–S–H content and microcracks, whereas, the fracture across CA in pure shear cracking is governed 
by microstructure compactness. That is, the high-density C–S–H benefits more the fracture of CA in the case of 
tensile condition, while the microstructure compactness benefits more the fracture of CA in the case of shear 
condition. Consequently, in terms of the macroscopic strength, silica fume benefits more the mechanical 
contribution of CA in compressive loading because of the denser microstructure, while nano-silica is more 
beneficial to that in flexural loading owing to the higher content of high-density C–S–H.   

1. Introduction 

In spite of ultra-high strength, excellent ductility, and good dura-
bility, Ultra-High Performance Concrete (UHPC) exhibits a low sus-
tainability, poor economic efficiency and high shrinkage cracking risk 
due to low water to binder ratio and high cement content [1–3]. To 
address these problems, researchers have proposed various kinds of 
methods [4–7], among which incorporating coarse aggregate (CA) into 
UHPC system to replace certain amount of cement has been proven to be 
an effective way [8–10]. According to the previous studies, the 
replacement of cement by CA not only improves the sustainability but 
also leads to a better volumetric stability and a higher elastic modulus 
[11–13]. Moreover, thanks to denser microstructure of UHPC-CA owing 
to low water/binder ratio, the fracture percentage of CA in UHPC-CA 
shows a higher level compared with normal concrete [14], suggesting 
the important role of CA in the mechanical performance of UHPC-CA. 
Given that CA is the hardest part in UHPC-CA [15,16], an in-depth 

understanding of the mechanical contribution of CA is essential to the 
design and optimization of UHPC-CA. 

Due to the “wall effect”, CA disturbs the grain distribution in UHPC- 
CA, resulting in a weak zone, i.e., interfacial transition zone (ITZ) [17, 
18], leading to a heterogenous micromechanics. Our previous study 
indicates that, even though the microscale property of ITZ in UHPC is 
much better than that of normal concrete, ITZ is still the weakest part in 
UHPC-CA [18,19]. Because of the intrinsic weak characteristics, the 
appearance of ITZ aggravates the invasion risk of harmful substances 
[20,21]. To improve the micromechanical property of ITZ, amorphous 
silicas, such as nano-silica and silica fume, have been widely incorpo-
rated into UHPC, thanks to their pozzolanic effect and filler effect 
[22–24]. In the case of pozzolanic reaction effect, amorphous silica 
consumes portlandite and generates new calcium silicate hydrate 
(C–S–H) filling the microstructure [25–27]. Moreover, owing to the 
smaller size, nano-silica and silica fume not only fill the void space be-
tween cement particles, but also act as the nucleation surface of C–S–H, 
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promoting cement hydration reaction [28,29]. Combining the above 
advantages, the micromechanics of ITZ and matrix of UHPC-CA can be 
effectively improved simultaneously, thereby, improving the fracture 
proportion of CA, i.e., the mechanical contribution of CA in UHPC-CA. 

Nevertheless, the cost of amorphous silica, especially nano-silica, is 
significantly higher than that of the rest raw materials of UHPC-CA. So, 
elucidating the role of amorphous silica on the improvement of me-
chanical contribution of CA in UHPC-CA and determining the proper 
dosage of amorphous silica are of great importance for the design and 
optimization of UHPC-CA. Many previous researches have been carried 
out to clarity the role of amorphous silica on the mechanical perfor-
mance of UHPC without CA [30,31]. In terms of hydration reaction 
enhancement, some previous results suggest that nano-silica, with a 
higher surface area and a higher silanol content, exhibits a higher 
pozzolanic reactivity, while silica fume shows more obvious filler effect 
rather than pozzolanic effect [22,32]. In addition, compared to silica 
fume, the addition of nano-silica results in higher volume fraction of 
high-density C–S–H [33]. On the other hand, the incorporation of 
nano-silica and silica fume would also increase the autogenous 
shrinkage deformation of UHPC matrix, leading to a higher cracking risk 
of matrix [34–37]. Hence, it can be concluded that the incorporation of 
different kinds of amorphous silica would lead to different volume of 
cementation phase and microstructure, which is expected to alter the 
mechanical contribution of CA. In addition, owing to the spheric shape 
and lower specific surface area, a certain amount of silica fume shows 
positive effect to the flowability of UHPC [38]. In contrast, nano-silica 
has negative influence on the flowability of UHPC [39]. A worse flow-
ability is expected to incorporate more air pore into UHPC matrix, which 
worsens the mechanical performance of UHPC-CA. Thus, flowability is a 
non-negligible parameter when determining the dosage of amorphous 
silica. Yet, the influence of different dosage of amorphous silica on the 
mechanical contribution of CA in UHPC-CA has not been well 
understood. 

From the multiscale view, the macroscopic mechanical contribution 
of CA in UHPC-CA is resulted from the mesoscale fracture of CA, which is 
governed by the micromechanical property of UHPC-CA. Considering 
the different intrinsically different physical and chemical characteristics 
of nano-silica and silica fume, it is essential to understand micro-
mechanical property, altered by the addition of nano-silica and silica 
fume, on the mechanical contribution of CA in UHPC-CA. From the 
perspective of fracture mechanics, the failure of concrete under 
compressive loading is mainly governed by shear cracking, while that 
under flexural loading is mainly governed by the tensile cracking [40, 
41]. Both denser microstructure and higher high-density C–S–H content 
are expected to enhance the mechanical contribution of CA in UHPC-CA 
[42,43]. Nonetheless, the influence of microstructure compactness and 
high-density C–S–H content on the shear fracture and tensile fracture of 
UHPC-CA has not been discussed separately. Moreover, microcracks due 
to the autogenous shrinkage could act as the weak part, providing the 
propagation path for the newly generated cracks [44]. That is, micro-
cracks play a different role against denser microstructure and higher 
high-density C–S–H content. Hence, clarifying the influence of micro-
structure compactness, high-density C–S–H content and microcracks on 
the mechanical contribution of CA in UHPC-CA is of vital importance to 
the introducing of amorphous silicas into UHPC-CA. However, to date, 
the influence of the incorporation of amorphous silica on UHPC-CA, 
from micromechanics to mesoscale fracture and macroscopic strength, 
has not been well understood. 

This study intends to clarify the influence of nano-silica and silica 
fume on the mechanical contribution of CA in UHPC-CA from a multi-
scale view. Firstly, the content of nano-silica and silica fume was 
determined based on the workability. The hydration products were 
characterized by TG and XRD, whereas microstructure compactness, 
high-density C–S–H content and microcracks were quantitatively ana-
lysed with the aid of scanning electron microscopy (SEM) and nano- 
indentation. Then, the mesoscale fracture characteristics of UHPC-CA 

under pure tensile and pure shear fracture loading conditions were 
characterized quantitatively. The influence of micromechanical prop-
erty on the mechanical contribution of CA in UHPC-CA was studied by 
comparing the macroscopic mechanical strength of UHPC-CA and 
UHPC. Finally, the transition of the mechanical contribution of CA in 
UHPC-CA because of the altered micromechanics by amorphous silica 
was discussed and the influencing mechanism of micromechanical dis-
tribution on the mechanical contribution of CA was revealed. 

2. Materials and methods 

2.1. Raw materials 

Two kinds of amorphous silica, i.e., colloid nano-silica and silica 
fume, were used in this study. The Tecnai 20 microscope transmission 
electron microscope (TEM) was used to analyse the particle shape and 
particle size distribution of amorphous silica. As shown in Fig. 1(a) and 
(b), nano-silica particles show rough surface, whereas most of silica 
fume particles are spheric. Combining TEM and Image J, the particle size 
distribution of nano-silica and silica fume was quantified. As shown in 
Fig. 1(c), the particle size of nano-silica ranges from 0.005 to 0.02 μm, 
with a D50 of 0.01 μm, whereas that of silica fume ranges from 0.02 to 
50 μm, with a D50 of 0.2 μm. In addition, the BET surface area of silica 
fume and nano-silica is 18.4 m2/g and 160 m2/g, respectively. The 
silanol content in nano-silica is 4–5 OH/nm2, while that in silica fume is 
less than 1 OH/nm2. The detailed chemical and physical properties of 
nano-silica and silica fume are presented in Table 1. 

The other raw materials used in this study included Portland cement 
CEM I 52.5R, fine quartz sand 0–0.2 mm, normal sand 0–2 mm, basalt 
aggregate 2–5 mm and 5–8 mm, tap water (W), and polycarboxylate- 
type superplasticizer containing solid content of 35% (SP). The chemi-
cal and physical properties of Portland cement is shown in Table 1. The 
particle size distribution of the raw materials is presented in Fig. 2. 
Herein, to eliminate the influence of steel fiber on the mechanical per-
formance of UHPC-CA, the steel fiber was not incorporated in UHPC-CA 
system. 

2.2. Mix design of UHPC and UHPC-CA 

In this study, to investigate the mechanical contribution of CA, both 
UHPC and UHPC-CA were designed. The recipe of reference sample, 
including UHPC and UHPC-CA, is presented in Table 2. 30% volume 
content of CA was used in UHPC-CA. The water to binder ratio (w/b) 
was set as 0.2. To study the influence of amorphous silica on the 
workability of UHPC, based on the preliminary study, the cement was 
substituted by 1%, 2%, 3%, 4%, 5% of nano-silica and 5%, 10%, 15%, 
20% and 25% of silica fume, respectively. Noting that the nano-silica 
used in this study is firstly dispersed in a solution to avoid 
agglomeration. 

Due to that the high surface area of amorphous silica absorbs high 
amount of water, flowability of UHPC is worsened in the case of 
excessive amorphous silica. It would entrap extra air into the fresh 
mixture, resulting in a higher porosity due to the reduced flowability 
and increased viscosity [38,39]. Thus, considering the workability, a 
proper content of amorphous silica should be determined. To determine 
the proper substitution of cement by nano-silica and silica fume, the 
mini slump flow method was used to characterize the influence of 
amorphous silica on the flowability of UHPC mortar. More detailed in-
formation of the measurement procedure can be found in Ref. [45]. The 
contents of water and superplasticizer were kept constant. 

2.3. Specimen preparation 

All the samples were cured in water and the temperature was kept as 
25 ◦C. The total curing age was set as 28 days. More detailed information 
about casting and curing procedure can be found in Refs. [9,46]. Three 
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different kinds of samples were produced for mechanical test. In addi-
tion, cylinder sample with a diameter of 100 mm and height of 200 mm 
was used for producing sample for fracture test, while cubic sample with 
50 × 50 × 50 mm3 was used for compressive strength and prism sample 
with 40 × 40 × 160 mm3 was used for flexural strength. The dimensions 
of all samples are at least 5 times of the maximum size of CA. 

To analyse the influence of amorphous silica on the mesoscale frac-
ture of UHPC-CA under different stress condition, the fracture tests of 
UHPC-CA under pure I and II fracture conditions, i.e., pure tensile 

fracture and pure shear fracture, were carried out. Instead of the tradi-
tional short, which can’t get the pure shear fracture condition, half- 
circular disk specimen with a straight notch was used for the fracture 
test. As shown in Fig. 3, the notch with an inclination angle of 0◦ was 
used for pure I, whereas the notch with an inclination angle of 54◦ was 
used for pure II fracture [47]. The crack length is 17 mm. 

2.4. Methodology 

2.4.1. Hydration products analysis 
To analyse the influence of amorphous silica on the hydration 

products, the X-ray diffraction (XRD) and thermal gravity (TG) analysis 
of paste sample with 28 days curing age were carried out. All the sam-
ples for hydration products analysis were firstly broken into small pieces 
and immersed into isopropanol to terminate hydration. Then, the sam-
ples were dried in a vacuum oven at 60 ◦C for 24 h and grounded into 
powder with the size less than 80 μm. XRD analysis was carried out by a 
Bruker D4 phaser instrument. The parameters were set as time 0.6 s, 
with the increment of 0.02, scanning range from 10◦ to 70◦. The TG 
analysis was conducted using a STA 449C F1 instrument. The heating 
rate during this measurement was 10 ◦C/min, from 20 ◦C to 1000 ◦C 
under nitrogen flow. 

2.4.2. Quantitative characterization of microstructure 
To quantitatively characterize the influence of amorphous silica on 

Fig. 1. TEM images and particle size distribution of nano-silica and silica fume. (a) TEM image of nano-silica; (b) TEM image of silica fume; (c) Particle size dis-
tribution of nano-silica and silica fume. 

Table 1 
Chemical and physical properties of PC, SF and NS.  

Substituent (%) PC SF NS 

CaO 64.60 0.90 0.089 
SiO2 20.08 93.06 98.68 
Al2O3 4.98 ─ 0.367 
Fe2O3 3.24 2.06 0.004 
K2O 0.53 1.15 0.354 
Na2O 0.27 0.63 0.315 
SO3 3.13 1.28 ─ 
MgO 1.98 0.70 ─ 
TiO2 0.30 ─ 0.007 
MnO 0.10 0.07 ─ 
LOI (1000 ◦C) 0.51 0.88 ─ 
BET surface area (m2/g) 1.004 18.4 160 
Specific density (g/cm3) 3.15 2.20 2.2  
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the microstructure of UHPC-CA, the combination of SEM equipped with 
a backscattered electron (BSEM) and quantitative image process method 
was used in this study. To ensure the statistical significance, 5 samples 
were prepared and 10 areas were observed randomly in each sample. 
Concentric expansion method was used for the quantitative analysis of 
porosity of the zone along CA boundary [48,49]. Considering that the 
width of ITZ is around 40 μm–50 μm [18], 7 successive strips with a 
spacing 10 μm, which can cover the whole ITZ, was analysed. 

Meanwhile, to quantify the microcracks in UHPC-CA, an image 
process based on the gray of image was used. The processing procedure 

includes filtering, segmentation, skeletonization and microcracks length 
calculation. Noting that the gray threshold of microcracks or micropores 
is determined based on the tangent-slope method. More information 
concerning the image process method can be found in our previous study 
[50]. The lengths of microcracks are determined based on the gray 
distribution of the BSEM images. To quantify the microcracks distribu-
tion, the cracks density was calculated as follows: 

ρ= L
A

(1)  

where L is the total length of microcracks and A is the area of the 
observation region. 

2.4.3. Quantitative characterization of micromechanical property 
To analyse the influence of amorphous silica on the micromechanical 

property of UHPC-CA. Nano-indentation test in the area along the 
boundary of CA was carried out. A Hysitron Ti950 Triboindenter and a 
Berkovich indenter were used in the test, in which a trapezoidal loading 
style was utilized. More detailed information of the loading condition 
can be found in Ref. [51]. As shown in Fig. 4, a 10 × 10 indentation grid 
with indent spacing of 10 μm was used to get enough data to fulfil the 

Fig. 2. Particle size of raw materials for UHPC-CA.  

Table 2 
Mix design of UHPC and UHPC-CA.   

CEM 
(kg/ 
m3) 

Fine 
sand 
(kg/m3) 

Sand 
(kg/ 
m3) 

CA 
2–5 
(kg/ 
m3) 

CA 
5–8 
(kg/ 
m3) 

Water 
(kg/ 
m3) 

SP 
(kg/ 
m3) 

UHPC 820.82 145.24 831.65 0 0 141.29 35.18 
UHPC- 

CA 
615.62 108.93 623.74 400 200 105.97 26.38  

Fig. 3. The schematic diagram of notched half disk specimen used for fracture test. (a) Pure I fracture; (b) Pure II fracture.  
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statistical significance. The elastic modulus E was calculated based on 
the Oliver-Pharr method [52]. To further quantify the hydration prod-
ucts owing to the addition of amorphous silica, the data from 
nano-indentation test were deconvoluted based on the gaussian func-
tion. The percentage of each phase in ITZ along CA was calculated based 
on probability density function from deconvolution process [53,54]. 

2.4.4. Quantitative characterization of mesoscale fracture of UHPC-CA 
To analyse the mesoscale fracture characteristics of UHPC-CA, three 

points bending test was selected as the loading type, where the span (2S) 
is 50 mm. The fracture energy was calculated based on the loading force- 
deflection curve. The fracture percentage of CA, ITZ and matrix of 
UHPC-CA, was quantified, respectively. Herein, an image processing 
method proposed by the authors was used. In this method, a CA grain is 
assumed to be fractured if a “mirrored” CA grain appears in the same 
position on the two fracture surfaces. More detailed information of this 
method can be found in the previous research [14,19]. 

2.4.5. Compressive strength and flexural strength 
The compressive strength and flexural strength of UHPC-CA were 

tested after 28 days curing age. The cubic sample with size of 50 mm ×
50 mm × 50 mm was used for compressive test, whereas the prism 
sample with size of 40 mm × 40 mm × 160 mm was used for flexural 
test. The loading rate of the compressive test is 5 kN/s, whereas the that 
of the flexural test is 0.2 mm/min. The average strength values were 
obtained from three parallel samples. 

3. Results and discussion 

3.1. Flowability of fresh UHPC 

The mini slump flowability of fresh UHPC mortar was measured to 
determine the proper addition of nano-silica and silica fume. As shown 
in Fig. 5 (a), the rest results indicate that the flowability decreases with 
the increase of nano-silica addition, especially, there is an obvious 
decrease of flowability as the nano-silica addition is higher than 3%. It 
could be attributed to the high surface area of nano-silica, resulting in 
that more water is needed to achieve a good workability with the 
addition of nano-silica [39]. However, as shown in Fig. 5 (b), in the case 
of silica fume, there is a turning point in the case of 5% addition of silica 
fume, lower than which the incorporation of silica fume has a positive 

effect on the flowability, in contrast, higher than which the flowability 
decreases with the increase of silica fume. The turning phenomenon is 
consistent with the previous study [38]. The improvement effect of silica 
fume has been assigned to its sphere shape, which shows the lubrication 
effect [38,55]. On the other hand, the worse flow in the case of too high 
addition silica can be related to the high surface area of silica fume, 
which has been reported in the previous study [56]. Normally, the 
entrapped air increases with the increase of viscosity due to the low 
workability. According to the previous study [39], the optimal silica 
amount should be controlled as the flowability is higher than 250 mm. 
Otherwise, the positive effect of amorphous silica would be compro-
mised significantly by the increased porosity assigned to the entrapped 
air. Hence, in this study, the maximum addition of nano-silica was 
recommended as 3%, while that of silica fume was recommended as 
15%. 

3.2. Hydration products 

Both the pozzolanic reaction and filler effect of amorphous silica 
promote the generation of C–S–H, which is primarily responsible for the 
strength of UHPC. As shown in Fig. 6 (a) and Fig. 6 (b), portlandite can 
still be observed in the sample with 15% silica fume, which implies that 
not all the amorphous silica is consumed for pozzolanic reaction, which 
is consistent with the previous researches [22,57]. To quantitatively 
analyse the influence of different amorphous silica on the hydration 
products of UHPC, the water content in C–S–H is calculated. As shown in 
Fig. 6 (c), compared with the reference sample, the bound water in 
C–S–H increases with the increased content of both nano silica and silica 
fume. It is noteworthy that the bound water in the sample with 3% 
nano-silica, i.e. 7.9%, is lower than that in the sample with 15% silica 
fume i.e. 8.2%. This could be attributed to the high volume of silica 
fume, part of which act as seeding surface [22], even though some of 
silica fume does not react with portlandite due to the low pozzolanic 
reactivity. However, the bound water in the sample with 3% nano-silica 
is higher than that in sample with 5% silica fume. This confirms that the 
hydration promotion effect of nano-silica is better than silica fume, 
which is in line with the previous research [58–60]. 

3.3. Microscale characteristics 

3.3.1. Microstructure 
To investigate the influence of amorphous silica on the microstruc-

ture of UHPC-CA, the BSEM images of UHPC-CA are presented. As 
shown in Fig. 7, the microstructure of UHPC-CA with nano-silica and 
silica fume is denser than that of the sample without amorphous silica, in 
which some obvious defects can be found. The denser microstructure 
could be attributed to the combination of pozzolanic and filler effect of 
amorphous silica, which generate more C–S–H filling the initial defects. 
In addition, owing to the higher content of silica fume, the microstruc-
ture of sample with 15% silica fume is better than that of the sample with 
3% nano-silica, which is consistent with the TG results. However, 
compared with the sample containing 3% nano-silica, more microcracks 
with aperture less than 1 μm can be observed in the sample with 15% 
silica fume. The higher content of microcracks could be related to the 
higher content of silica fume, which is capable of refining the capillary 
pores and intensifying the relative humidity decrease, thereby 
increasing the autogenous shrinkage deformation [61–63]. 

To quantitively analyse the influence of amorphous silica on the 
microstructure of UHPC-CA, the porosity along CA is presented in Fig. 8. 
As shown in the result of the sample without amorphous silica, the 
porosity decreases with the increase of distance from CA boundary till to 
about 20~30 μm, suggesting the existence and range of ITZ, which has 
been assigned to the so-called “wall” effect disrupting the packing of 
cement grains against the CA [64]. Noteworthy, the width of the ITZ in 
reference sample is obviously less than that of normal concrete, which is 
normally around 40 ~50 μm [18]. It should be related to the low water Fig. 4. Indentation grid of nanoindentation test.  
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to cement ratio in UHPC-CA, which densifies the microstructure of ITZ 
[65,66]. With the addition of nano-silica and silica fume, the porosity 
shows a decreasing trend, which can be attributed to the higher C–S–H 
content in the case of amorphous silica. It further confirms the positive 
effect of amorphous silica on densifying microstructure of UHCP-CA. 

To further quantify the influence of amorphous silica on the micro-
structure of UHPC-CA matrix, the size of pores and porosity of matrix of 
UHPC-CA are shown in Fig. 8 (c) and (d). As shown in Fig. 8 (c), with the 
addition of amorphous silica, the diameter of pores in UHPC matrix 
tends to be smaller, which suggests that nano-silica and silica fume can 
optimize pore structure. Moreover, the pore size in UHPC-CA containing 
silica fume is smaller than that in UHPC-CA containing nano-silica. In 
addition, as shown in Fig. 8 (d), the porosity of the sample with 3% 
nano-silica is higher than that of the sample with 15% silica fume. These 
suggest the greater contribution to densify the microstructure from silica 
fume. This could be attributed to the higher content of silica fume, which 

fills the initial defects of UHPC-CA. However, the porosity of the sample 
with 3% nano-silica is lower than that of the sample with 5% silica fume. 
This indicates that nano-silica has higher reactivity than silica fume, 
which is consistent with the previous studies [22,33]. 

Considering the increasing shrinkage deformation due to the addi-
tion of amorphous silica, the average length of microcracks in UHPC-CA 
and the linear crack density of sample with amorphous silica is pre-
sented in Fig. 9 to clarify the influence of amorphous silica on the 
microcracks in UHPC-CA. As shown in Fig. 9 (a), with the addition of 
amorphous silica, the average length of microcracks in UHPC-CA shows 
an increasing tendency. Meanwhile, as shown in Fig. 9 (b) and (c), the 
linear crack density of the sample without amorphous silica is 0.024 μm/ 
μm2, which shows a higher level with the addition of amorphous silica. It 
can be attributed to the higher shrinkage deformation due to the addi-
tion of amorphous silica [36]. Specifically, the linear crack density in-
creases to 0.028, 0.031 and 0.038 μm/μm2 in the case of the nano-silica 

Fig. 5. The mini slump flow of fresh UHPC with different amorphous silica. (a) Nano-silica; (b) Silica fume.  

Fig. 6. The hydration products of UHPC with different amorphous silica. (a) XRD pattern; (b) TG-mass; (c) Bond water in C–S–H. (REF: sample without amorphous 
silica; NS: sample with nano-silica; SF: sample with silica fume.) 
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addition of 1%, 2% and 3%, respectively. Meanwhile, the linear crack 
density increases to 0.032, 0.044 and 0.087 μm/μm2 in the case of the 
silica fume addition of 5%, 10% and 15%, respectively. It is noteworthy 
that the sample with silica fume contains more microcracks than that 
with nano-silica. This could be attributed to two reasons: the first one is 
that a higher content of silica fume results in a larger humidity decrease, 
and the second one is that a denser microstructure, owing to the filling 
effect of silica fume, leads to a higher capillary force [67]. The combi-
nation of these two factors results in a higher shrinkage deformation, 
consequently, more potential microcracks. 

3.3.2. Micromechanics property 
To analyse the influence of amorphous silica on the micromechanical 

property of UHPC-CA, the elastic modulus along the boundary of CA is 
characterized. The contour map of the elastic modulus of UHPC-CA is 
presented in Fig. 10 (a). It is observed that the CA part shows the highest 
elastic modulus, which suggests that the fracture of CA would contribute 
to more mechanical strength of UHPC-CA [14]. Meanwhile, the part 
without CA exhibits obvious heterogeneity, which can be attributed to 
the content of low density C–S–H, high density C–S–H, portlandite, 
ultra-high density C–S–H and un-hydrated cement particles. It is 

Fig. 7. Microstructure of UHPC-CA containing amorphous silica. (a) Sample without amorphous silica; (b) Sample with 3% nano-silica; (c) Sample with 15% sil-
ica fume. 

Fig. 8. Porosity of UHPC-CA containing amorphous silica. (a) UHPC-CA with nano-silica; (b) UHPC-CA with silica fume; (c) Average diameter of porosity in UHPC 
matrix; (d) Porosity of UHPC matrix. (REF: sample without amorphous silica; NS: sample with nano-silica; SF: sample with silica fume.) 
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noteworthy that, although both nano-silica and silica fume exhibit 
pozzolanic reaction and filling effect, the elastic modulus along the 
boundary of CA is the lowest, which is in line with our previous obser-
vation [19]. It is attributed to the “wall effect” of CA, resulting in a weak 
zone, i.e., ITZ. Although the defects in ITZ can be filled by the pozzolanic 
reaction between portlandite and amorphous silica, the elastic modulus 
of the generated C–S–H is lower compared to the C–S–H resulted from 
the cement hydration [68]. 

To quantify the percentage of different phases along CA, the elastic 
modulus frequency distribution of the zone within the distance of 70 μm 
from CA boundary is analysed using the deconvolution method. The 
represented frequency distribution of elastic modulus of UHPC matrix is 
shown in Fig. 10 (b). It can be seen that the proportion of defects, i.e., 
micropores and microcracks, are almost negligible owing to the dense 

microstructure of UHPC-CA. Besides, given that the portlandite is not 
consumed totally, the third peak is related to the combination of ultra- 
high density C–S–H and portlandite [69–71]. Hence, the percentage of 
ultra-high density C–S–H can’t be precisely quantified based on the 
result in this study. Therefore, just low density C–S–H and high density 
C–S–H are quantified based on the deconvolution method. In the further 
research, some method could be proposed to decouple the ultra-high 
density C–S–H from portlandite be combining the results of 
nano-indentation and TG. Given that the result of nano-indentation is 
based on the area, while that of TG is based on the gravity, the key point 
is getting the precious value of ultra-high density C–S–H density. 

To quantitatively analyse the influence of amorphous silica on the 
type of C–S–H, the percentage of low density C–S–H and high density 
C–S–H is presented. As shown in Fig. 11 (a) and (b), thanks to the 

Fig. 9. Microcracks of UHPC-CA containing amorphous silica. (a) Average length of microcracks in UHPC-CA; (b) UHPC-CA with nano-silica; (c) UHPC-CA with 
silica fume. 

Fig. 10. Micromechanics property of UHPC-CA. (a) Contour map of elastic modulus of UHPC-CA; (b) Probability of elastic modulus. (LD C–S–H: low density C–S–H; 
HD C–S–H: high density C–S–H; CH: portlandite.) 

S. Li et al.                                                                                                                                                                                                                                        



Cement and Concrete Composites 142 (2023) 105225

9

pozzolanic reaction and seeding effect, both nano-silica and silica fume 
have positive effect on the total content of C–S–H, including low density 
C–S–H and high density C–S–H. For example, the total C–S–H content, 
including low density C–S–H and high density C–S–H, in the reference 
sample is 42.2%, whereas that of sample with 3% nano-silica and silica 
fume is 59.3% and 63.5%, respectively. However, the C–S–H in the 
sample with 3% nano-silica, i.e. 60%, is higher than that of sample with 
5% silica fume, i.e. 50%, suggesting a higher reactivity of nano-silica 
compared to silica fume. It is noted that the above results agree well 
with the TG results. A higher content of C–S–H is expected to result in a 
denser microstructure, which can be confirmed by the quantitative 
microstructure result from SEM. In addition, as shown in Fig. 11 (c), the 
relative proportion of high density C–S–H in the sample with 1%, 2% 
and 3% nano-silica is higher than that in the sample with 5%, 10% and 
15% silica fume, respectively. It could be attributed to the high surface 
area of nano-silica, which provides more seeding point for C–S–H [33]. 

3.4. Fracture characteristics of UHPC-CA 

The fracture energy of UHPC and UHPC-CA are presented in Fig. 12 
to analyse the influence of amorphous silica on the fracture performance 
of UHPC and UHPC-CA. In the case of the sample without amorphous 
silica, the pure tensile fracture energy of UHPC-CA is lower than that of 
UHPC. In contrast, the pure shear fracture energy of UHPC-CA is higher 
than that of UHPC. It is suggested that the role of CA in UHPC-CA 
changes with the loading condition. Moreover, the influence of amor-
phous silica on the pure tensile fracture energy of UHPC-CA evolves with 
the silica type and content. For example, as shown in Fig. 12 (a), in the 
case of nano-silica, the pure tensile fracture energy of UHPC is larger 
than that of UHPC-CA as the content is lower than 2%, whereas the pure 
tensile facture energy of UHPC becomes lower than that of UHPC-CA as 
the content reaches to 3%. However, as shown in Fig. 12 (c), in the case 

of silica fume, the pure tensile fracture energy of UHPC remains higher 
than that of UHPC-CA. In addition, as shown in Fig. 12 (b) and (d), 
despite the type and content of amorphous silica, the pure shear fracture 
energy of UHPC-CA is higher than that of UHPC, which suggests the 
positive contribution of CA on the fracture performance of UHPC-CA. 
Given the different microstructure and micromechanics of UHPC-CA 
owing to the contain of amorphous silica, the role of CA in the frac-
ture energy of UHPC-CA could be related to the microscale property and 
the loading condition. 

3.5. Mesoscale fracture characteristics of UHPC-CA 

To analyse the influence of amorphous silica on the mesoscale frac-
ture characteristics of UHPC-CA, the fracture percentage of matrix, ITZ 
and CA was quantified based on the image process method. As shown in 
Fig. 13, despite the loading condition and the amorphous silica content, 
the fracture across CA can be found, indicating the mechanical contri-
bution potential from CA. It is different with the normal concrete, in 
which the mechanical contribution from CA can be barely found due to 
the weaker ITZ compared to UHPC [72–74]. Besides, in the case of the 
pure tensile fracture loading condition, i.e., the pure tensile cracking, 
the fracture across CA increases with nano-silica content, from 1% to 
3%. In contrast, the fracture across CA shows the highest value as silica 
fume addition is 10%, which then decreases as the silica fume addition 
further increases. It could be related to the microstructure and micro-
mechanical property altered by the addition nano-silica and silica fume. 

In addition, in the case of the pure shear fracture loading condition, 
the fracture across CA increases with increasing amorphous silica 
addition, regardless of the type of amorphous silica. In addition, 
compared with fracture percentage of CA in the pure tensile fracture 
loading condition, it can be observed that the fracture across CA in the 
pure shear fracture loading condition shows a higher level, suggesting a 

Fig. 11. Quantification of low density C–S–H and high density C–S–H in UHPC. (a) Sample with nano-silica; (b) Sample with silica fume; (c) The proportion of high 
density C–S–H in the total C–S–H. (REF: sample without amorphous silica; NS: sample with nano-silica; SF: sample with silica fume.) 
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higher mechanical contribution of CA in shear fracture condition. It 
could be attributed to the more important role of interlock from CA in 
the shear fracture loading condition, which leads to a higher stress 
concentration around CA, in consequence, a higher fracture percentage 
of CA. The evolution of fracture percentage of CA suggests that the 
mechanical contribution from CA is not only controlled by the micro-
mechanical property of UHPC, but also varies with the cracking 
condition. 

3.6. Compressive strength and flexural strength 

The compressive strength and flexural strength of UHPC and UHPC- 
CA are presented in Fig. 14 to analyse the influence of amorphous silica 
on the macroscopic mechanical contribution of CA in UHPC-CA. In the 
case of the sample without amorphous silica, the compressive strength 
of UHPC-CA is higher than that of UHPC. In contrast, the flexural 
strength of UHPC-CA is lower than that of UHPC, which is in line with 
the previous studies [15,75]. This implies that CA plays very different 
roles in UHPC-CA under different loading conditions, which could be 
attributed to that different loading conditions result in different stress 
conditions around CA. The difference could be related to the presence of 
ITZ, which is the weakest part in UHPC-CA as shown in Fig. 10, owing to 
the incorporation of CA. 

Despite of the type and content of amorphous silica, the compressive 
strength of UHPC-CA is higher than that of UHPC, which means that the 
mechanical contribution of CA is positive in the case of the compressive 
loading condition. However, the flexural strength of UHPC-CA is higher 
than that of UHPC when the nano-silica content is higher than 1%, 
whereas, in the case of silica fume, the flexural strength of UHPC-CA is 
constantly lower than that of UHPC despite of the content of silica fume. 
It could be assigned to that the nano-silica results in a higher content of 

high-density C–S–H, which is more beneficial to the bonding property of 
CA. It is suggested that the microstructure and micromechanical prop-
erties govern the mechanical contribution of CA in the macroscopic 
mechanical strength of UHPC-CA. Noting that both of the flexural 
strengths of UHPC and UHPC-CA show no obvious variation as the silica 
fume increases from 10% to 15%, which could be attributed to the in-
crease of microcracks related to the higher autogenous shrinkage 
deformation, as shown in Fig. 7 (c). 

4. Discussion 

From the perspective of multiscale, the failure of concrete under 
compressive loading can be attributed to the shear cracking, whereas 
that under flexural loading is related to the tensile cracking. To clarify 
the influence of amorphous silica on the mechanical contribution of CA 
in UHPC-CA, the governing mechanism of microstructure compactness, 
percentage of high-density C–S–H and microcracks on the fracture of 
UHPC-CA under tensile and shear cracking should be elucidated. Thus, 
the influence of amorphous silica on the micromechanical characteris-
tics, i.e., microstructure compactness, percentage of high-density C–S–H 
and microcracks, of UHPC-CA is firstly discussed based on the hydration 
products, BSEM and nano-indentation results. Then, the effect of 
micromechanics on the mesoscale fracture of UHPC-CA is clarified to 
deepen our understanding on the influence of amorphous silica on the 
macroscopic mechanical contribution of CA in UHPC-CA. 

4.1. Influence of amorphous silica on the micromechanics of UHPC-CA 

It has been widely acknowledged that the hydration enhancement of 
silica fume is weaker than that of nano-silica. It can also be confirmed by 
that the C–S–H content of sample with 3% nano-silica is higher than that 

Fig. 12. Fracture energy of UHPC and UHPC-CA. (a) Sample containing nano-silica under fracture I; (b) Sample containing nano-silica under fracture II; (c) Sample 
containing silica fume under fracture I; (d) Sample containing silica fume under fracture II. 
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of the sample with 5% silica fume. However, owing to the spherical 
shape and the lower specific surface area, the content of silica fume is 
higher than that of nano-silica considering the flowability of UHPC. 
Most of the research just discussed the hydration products and micro-
structure of UHPC containing same amorphous silica. In contrast, in this 
study, the silica fume content is higher than that of nano-silica. Due to 
the higher maximum content of silica fume, the bound water in C–S–H of 
the sample with 3% nano-silica is lower than that of the sample with 
15% silica fume. Consequently, the microstructure of sample with 15% 
silica fume is denser than that of sample with 3% nano-silica. 

The sample with silica fume exhibits a higher pozzolanic reaction, 
which can be proved by the lower portlandite content and higher C–S–H 
content in the sample with 15% silica fume compared to that with 3% 
nano-silica. The previous study suggests that the pozzolanic effect re-
sults in a higher chemical volume reduction, which is expected to in-
crease the autogenous shrinkage deformation [34]. In addition, as the 
sample with silica fume shows a denser microstructure, a given chemical 
shrinkage would lead to a more vigorous self-desiccation in a finer pore 
than in a coarser pore. Meanwhile, as the high density C–S–H content in 
sample with nano-silica is higher than that in sample with silica fume, 
the higher autogenous shrinkage is expected to result in more micro-
cracks. To further clarify the influence of nano-silica and silica fume on 
the micromechanical property of UHPC-CA, a schematic diagram of 
UHPC-CA containing amorphous silica is presented in Fig. 15. 

As shown in Fig. 15 (a), due to the so called “wall” effect, there is a 
transition zone along CA, which is the weakest part of UHPC-CA. Nor-
mally, the width of ITZ is around 40 μm–50 μm in normal concrete [18]. 
Owing to the ultra-low water to cement ratio in this study, i.e. 0.2, the 
ITZ is significantly reduced, to less than 10 μm, even without amorphous 
silica. This has also been observed in our previous study [19]. Thanks to 

that both of the particle size of nano-silica and silica fume are smaller 
than that of cement particle, ITZ can be refined by nano-silica and silica 
fume. In addition, the portlandite can be consumed by pozzolanic re-
action, which results in more C–S–H filling the pores along CA boundary. 
Combining the filler effect and pozzolanic effect of nano-silica and silica 
fume, the microstructure of ITZ is densified. Hence, in the case of the 
sample containing 3% nano-silica and 15% silica fume, the ITZ is almost 
negligible, as shown in Fig. 15 (b) and (c). Due to the higher maximum 
content of silica fume, the microstructure of sample with 15% silica 
fume, as shown in Fig. 15 (c), is denser than that of sample with 3% 
nano-silica, as shown in Fig. 15 (b). Moreover, since the surface area and 
silanol content of nano-silica is higher than that of silica fume, the 
proportion of high-density C–S–H, which is not accessible for N2, in 
sample with 3% nano-silica is higher than that of silica fume [76], as 
shown in Fig. 11. It is beneficial for the improvement of the bonding 
property between CA and ITZ in the sample with nano-silica. 

It can be concluded that, thanks to the higher content, silica fume 
generates more C–S–H, resulting in a denser microstructure despite of 
the lower hydration improvement compared to nano-silica. However, 
the higher content of silica fume leads to a higher shrinkage induced 
microcracks in UHPC matrix. Hence, besides the flowability, it should be 
kept in mind that the incorporation of silica fume should be controlled in 
practical engineering, which has a higher sensitivity of microcracks, 
such as, bridge and underwater structures. Some shrinkage mitigation 
strategies need to be taken to minimize the microcracks in UHPC matrix. 
In addition, compared to the sample with silica fume, the sample with 
nano-silica results in a higher relative proportion of high density C–S–H 
that is demonstrated to enhance the bonding property of UHPC matrix, 
which is beneficial for the improvement of bonding property of UHPC 
matrix in engineering applications. 

Fig. 13. Mesoscale fracture percentage of matrix, ITZ and CA. (a) UHPC-CA containing nano-silica under fracture I; (b) UHPC-CA containing nano-silica under 
fracture II; (c) UHPC-CA containing silica fume under fracture I; (d) UHPC-CA containing silica fume under fracture II. 
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Fig. 14. Compressive strength and flexural strength of UHPC-CA containing nano-silica and silica fume. (a) Compressive strength of UHPC and UHPC-CA containing 
nano-silica; (b) Flexural strength of UHPC and UHPC-CA containing nano-silica; (c) Compressive strength of UHPC and UHPC-CA containing silica fume; (d) Flexural 
strength of UHPC and UHPC-CA containing nano-silica. 

Fig. 15. Schematic of micromechanics of UHPC-CA containing amorphous silica. (a) Sample without amorphous silica; (b) Sample with 3% nano-silica; (c) Sample 
with 15% silica fume. 
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4.2. Influence of micromechanics on the mesoscale fracture of UHPC-CA 

From a mesoscale perspective, the failure of UHPC-CA can be 
assigned to the fracture of matrix, ITZ and CA. Hence, the fracture 
percentage of CA governs the mechanical contribution of CA in UHPC- 
CA, which in turn determines if the mechanical strength of UHPC-CA 
is higher or lower than that of UHPC. To elucidate the influence of 
micromechanics on the mechanical contribution of CA, the fracture of 
CA in UHPC-CA is firstly analysed based on the above results. 

The fracture percentage of CA in the shear cracking condition is 
higher than that in the tensile cracking condition, as shown in Fig. 13. 
Besides, it can be seen that the compactness of UHPC increases the 
fracture percentage of CA under pure shear cracking condition. Never-
theless, it is noteworthy that the fracture of CA under pure tensile 
cracking shows an obviously different pattern. For example, even 
though there are more microcracks appeared in the sample with 15% 
silica, the fracture across CA under shear fracture is the highest, which 
suggests that the fracture of CA under shear cracking condition is mainly 
affected by the compactness of UHPC-CA. In contrast, the fracture across 
CA decreases from 16.4% to 14.7% as silica fume content increases from 
10% to 15%, which implies that the microcracks have a vital influence 
on the fracture of CA in the case of tensile cracking. On the other hand, 
the fracture across CA in the case of the sample with 3% is the highest, i. 

e. 18.5%, which in turn suggests that the content of high density C–S–H 
is of great importance to the fracture of CA under tensile cracking 
condition. From the mesoscale fracture quantification, it is suggested 
that the shear cracking is mainly governed by the microstructure 
compactness, while the tensile cracking is mainly governed by the high- 
density C–S–H. Moreover, the fracture of CA under tensile cracking is 
sensitive to microcracks, whereas, that under shear cracking is insensi-
tive to microcracks. 

Based on the results of mesoscale fracture characteristics of UHPC- 
CA under tensile fracture and shear fracture, a schematic mechanism 
of cracks propagation in UHPC-CA is proposed. As shown in Fig. 16 (a) to 
(c), under the tensile cracking condition, the fracture across CA is 
affected by the content of high-density C–S–H and microcracks in UHPC 
matrix. Microcracks act as the propagation routine for the newly 
generated crack, which minimizes the facture across CA. As presented in 
Fig. 16 (d)–(f), in the case of shear cracking, despite the amount of 
microcracks, the newly generated crack across CA increases with the 
increased microstructure compactness of UHPC matrix. It is noted that 
the schematic diagram in Fig. 15 is used to present the influence of 
microstructure compactness and content of high-density C–S–H on the 
cracking path and mesoscale failure characteristics. However, the 
cracking pattern shown in Fig. 15 is a statistical result, which cannot be 
totally in accordance with the experimental images. 

Fig. 16. Schematic diagram of crack propagation in UHPC-CA with different microscale characteristics. (a) ~ (c) UHPC-CA under tensile cracking; (d) ~ (f) UHPC- 
CA under shear cracking. 
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4.3. Influence of micromechanics on the mechanical contribution of CA in 
UHPC-CA 

According to the previous study, the failure of concrete under 
compressive loading can be mainly attributed to the shearing cracking 
[40], whereas that under flexural loading is related to the tensile 
cracking [77,78]. Therefore, combining the microscale property and 
mesoscale fracture, it can be expected that the compressive strength of 
UHPC-CA is mainly governed by the microstructure compactness of the 
UHPC matrix, while the flexural strength of UHPC-CA is controlled by 
the high-density C–S–H and microcracks in UHPC matrix. Based on this, 
it can be deduced that, compared with the sample incorporated with 
silica fume, the flexural strength of the sample with nano-silica shows 
higher level. Meanwhile, the compressive strength improvement by the 
higher content of silica fume is more obvious than nano-silica. Due to the 
increased content of microcracks, the flexural strength of UHPC and 
UHPC-CA shows no obvious increase as the silica fume content increases 
from 10% to 15%. Moreover, as crack propagates along the existing 
microcracks, the fracture across matrix and ITZ increases, which in turn 
decreases the fracture across CA. That is, the mechanical contribution of 
CA decreases as long as high level of microcracks appear in ITZ and 
matrix. 

To quantify the mechanical contribution of CA, the relative strength 
contribution is calculated as follows: 

Sc =
SUHPC− CA − SUHPC

SUHPC
× 100% (2)  

where SUHPC− CA is the strength of UHPC-CA, SUHPC is the strength of 
UHPC, and Sc is the relative strength contribution. 

The relative strength of CA in UHPC-CA is shown in Fig. 17. It is 
obvious that, despite the kind of amorphous silica, CA has positive 
contribution on the compressive strength of UHPC-CA, i.e., the strength 
of UHPC-CA is higher than that of UHPC. Nano-silica and silica fume 
have obviously different mechanical contribution on the flexural 
strength of UHPC-CA. Regardless of the content, silica fume has a 
negative influence on the flexural strength of UHPC-CA. Nevertheless, 
the negative effect decreases with the increase of silica fume content, 
which could be attributed to the increase of C–S–H content, as shown in 
Fig. 6, which provides a better bonding property. In addition, it is 
noteworthy that there is a turning point regarding the mechanical 
contribution of CA on the flexural strength of UHPC-CA. For example, 
the strength contribution of CA on the flexural strength of UHPC-CA is 
− 0.5% in the case of 1% nano-silica, whereas it becomes 2.3% in the 
case of 2% nano-silica. This could be explained by the addition of nano- 
silica results in the increase of the total C–S–H content and the high- 
density C–S–H proportion, and, less microcracks compared to the sam-
ple with silica fume. 

It is suggested that silica fume is more beneficial to the mechanical 

contribution of CA in compressive strength. However, it must be noted 
that too much silica fume generates more microcracks, which would 
compromise the mechanical contribution of CA in flexural strength. On 
the other hand, nano-silica can bring more mechanical contribution 
from CA in the case of flexural loading even though the applied content 
of nano-silica is significantly lower than silica fume. Thus, nano-silica 
can be used for the improvement of mechanical contribution of CA in 
the case of flexural loading condition, whereas silica fume is recom-
mended to improve the mechanical contribution of CA in the case of 
compressive loading condition. However, the fracture percentage of CA 
in the case of compressive and flexural loading should be quantified, 
which is helpful to further clarify the mechanical contribution of CA. 
Furthermore, a model based on the mesoscale fracture mechanics is 
needed to link the microscopic properties and macroscopic strength. 
However, due to the irregular shape of CA and the heterogenous prop-
erty of ITZ, the relationship between micromechanics and macroscopic 
strength cannot be built directly. 

5. Conclusions 

In this study, the influence of amorphous silica on the mechanical 
contribution of CA in UHPC-CA is clarified from the perspective of 
multiscale. The optimal addition of amorphous silica (i.e. nano-silica 
and silica fume) are firstly determined based on the flowability. The 
influence of nano-silica and silica fume on the micromechanics, meso-
scale fracture and macroscopic mechanical strength of UHPC-CA are 
analysed. Based on the obtained results, the main conclusions can be 
drawn as follows:  

• Considering the workability, the dosage of silica fume can be 
significantly higher than that of nano-silica thanks to the spherical 
shape and lower surface area. The maximum addition of silica fume 
is set as 15%, while that of nano-silica is set as 3%.  

• Silica fume results in a denser microstructure along with more 
microcracks because of the higher content, whereas, nano-silica 
benefits more the generation of high density C–S–H. In the case of 
the sample with 15% silica fume, the porosity of matrix decreases to 
be 1.8%, which is lower that of the sample with 3% nano-silica. The 
proportion of high density C–S–H in sample with 3% nano-silica is 
46%.  

• The influence of amorphous silica on the fracture energy of UHPC-CA 
evolves with the silica type and content. In the case of nano-silica, 
the pure tensile fracture energy of UHPC is larger than that of 
UHPC-CA as the content is lower than 2%. While, in the case of silica 
fume, the pure tensile fracture energy of UHPC remains higher than 
that of UHPC-CA. However, despite the type and content of amor-
phous silica, the pure shear fracture energy of UHPC-CA is higher 
than that of UHPC. 

Fig. 17. Relative strength contribution of CA in UHPC-CA. (a) Sample with nano-silica; (b) Sample with silica fume.  
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• In the case of pure tensile cracking, the fracture across CA is 
controlled by the competition between the high-density C–S–H 
content and microcracks. In the case of pure shear cracking, the 
fracture across CA is more sensible to the compactness of micro-
structure. In addition, the fracture across CA in the pure shear frac-
ture shows a higher level compared with the pure tensile fracture.  

• Despite the kind of amorphous silica, CA has positive contribution on 
the compressive strength of UHPC-CA owing to the higher amount of 
fracture across CA in the case of shear cracking. Hence, CA is more 
recommended in the shear loading condition.  

• Even though the C–S–H content increases with the increase of silica 
fume content, silica fume has negative influence on the flexural 
strength of UHPC-CA due to the increase of microcracks. For nano- 
silica, because of the higher content of high density C–S–H and less 
microcracks, there is a turning point, i.e., 2% nano-silica content, 
where the mechanical contribution of CA on the flexural strength of 
UHPC-CA changes from negative to positive, i.e., from − 0.5% to 
2.3%. Nano-silica is more suitable for the improvement of flexural 
strength of UHPC-CA on the premise of workability. 
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