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Abstract: Based on the urban shantytown renovation project in Hongguang Town, Helan
County, Ningxia, in Northwest China, the influence of fly ash and silica fume admixture on
the mechanical properties of Self-compacting Concrete (SCC) was tested and analyzed in this work.
The experimental tests including compressive strength, splitting strength, triaxial strength and an
ultrasonic nondestructive test. Furthermore, the Back Propagation (BP) neural network algorithms
were established. The results show that there is an obvious difference between the development law
of compressive strength of SCC and that of ordinary concrete. The splitting pressure ratio of SCC
is 1/10 to 1/8, while that of ordinary concrete is 1/13 to 1/10. Moreover, the peak strain, peak stress
and initial stiffness of SCC increase with the increase of the confining pressure when compressed
from three directions. In addition, the ultrasonic amplitude of SCC can reflect the changing laws
of its compressive strength. As a conclusion, the addition of fly ash and silica fume increases the
splitting pressure ratio of SCC. More importantly, the compressive strength formula for SCC with
silica fume and a low content of fly ash is proposed, and the model equation between the amplitude
and compressive strength is given. This study provides a reference for the mixture ratio of fly ash
and silica fume in the application of SCC.

Keywords: self-compacting concrete; mineral admixture; mechanical properties; ultrasonic testing;
model equation

1. Introduction

As a major coal producer, China uses coal as its primary fuel for electricity production.
During recent decades, the rapid development of the power industry has led to an increase in
the total amount of fly ash, which is expected to reach 400 million tons by 2020 [1]. Fly ash and silica
fume were once considered industrial wastes, which not only harm the environment but also cause
secondary pollution such as land occupation [2]. Golewski considers that using fly ashes cement
binder causes a lot of benefits—both from the point of view of ecology and sustainable construction [3].
With the in-depth research of reactive powder concrete (RPC), the RPC has been well-developed
and has been promoted in different applications, such as municipal works, roads and bridges [3–16].
However, limited research on adding reactive powder to self-compacting concrete has been done.
Self-compacting concrete refers to a kind of concrete with a high fluidity, uniformity and stability,
which can flow under its deadweight and fill space without external vibration during pouring [17,18].

Energies 2019, 12, 2187; doi:10.3390/en12112187 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/1996-1073/12/11/2187?type=check_update&version=1
http://dx.doi.org/10.3390/en12112187
http://www.mdpi.com/journal/energies


Energies 2019, 12, 2187 2 of 15

Compared with ordinary concrete, SCC has better properties in terms of realizing labor-saving concrete
pouring to improve the quality and speed of construction, and in terms of upgrading the living
environment of surrounding residents with reduced noises. Moreover, it also helps solve the steel tube
vibration problem during construction [18–20]. Previous research [21–25] studied the effects of different
amounts of steel fibers and polypropylene fibers on the mechanical properties of self-compacting
reactive powder concrete. In particular, fewer examples of conventional triaxial testing on SCC mixed
with fly ash and silica fume were reported. For instance, Farnam [26] studied the mechanical properties
of 4 kinds of mortar-impregnated concrete specimens with varied steel fiber contents (0%, 2%, 5%,
and 10%) under 4 sorts of confining pressures, and Giorgio proposed a micromorphic, non-linear 3D
model [27]. In addition, the implementation of the national capacity-reduction policy and the clean
utilization of coal make fly ash a prominent resource at present. Therefore, there is still large space
for the research on SCC with fly ash and silica fume. Based on the urban shantytown renovation
project in Hongguang Town, Ningxia, we used fly ash as an admixture for SCC in this work. There are
many non-destructive methods used for analysing the concrete structure, such as the Digital Image
Correlation (DIC) method [28] and the Ultrasound method. The amplitude was measured by ultrasonic
wave, and the relationship between amplitude and compressive strength was established in this
work. Furthermore, the relationship between the fly ash and silica fume content and the mechanical
properties of SCC were studied in this work.

2. Materials and Mix Proportion

2.1. Materials

10 groups of C40 SCC were prepared with fly ash as the main parameter according to the Technical
specification for application of self-compacting concrete. The materials that were used for concrete are
as follows:

1. Cement: P•O 42.5R Ordinary Portland Cement from Ningxia Horse Racing India Cements
Limited. The performance of measured cement is shown in Table 1. Table 4 shows the chemical
compositions of P•O 42.5R Ordinary Portland Cement.

2. Fly ash: The Grade II fly ash was produced by Yinchuan Xixia Thermal Power Plant. Various
performance tests of the fly ash are shown in Table 2. Table 5 shows the chemical compositions of
Grade II fly ash.

3. Silica fume: Local silica fume in Yinchuan was used, and its chemical composition and physical
properties are shown in Table 3.

4. Stone: Continuously graded Helan Mountain crushed stone in Yinchuan was adopted.
5. Sand: Well graded local medium sand, with a fineness module 2.6, apparent density 2678 kg/m3,

and bulk density 1680 kg/m3, was adopted.
6. Water reducer: Polycarboxylic acid high-efficiency retarding water reducer with a water reducing

rate of 30% was used, and its performance conforms to the provisions of GB8076-2008 Concrete
Admixture. The chemical formula is shown in Figure 1.

7. Water: Tap water.

Table 1. Physical indexes of cement.

Setting Time (min) Flexural Strength (MPa) Compressive Strength (MPa) Water Consumption for
Normal Consistency (%)Initial Setting Final Setting 3d 28d 3d 28d

200 245 5.64 8.71 25.48 42.67 27.73

Table 2. Physical indexes of fly ash.

Projects Fineness (%) Moisture Content (%) Loss on Ignition (%) Water Demand Ratio (%) 28d Activity Index (%)

Estimated value 17.90 0.32 2.08 100.00 72.50
Standard value ≤25.00 ≤1.00 ≤8.00 ≤105.00 -
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Table 3. Chemical composition and physical indexes of silica fume.

Chemical Composition (%)
Fineness (m2/kg) 28d Activity Index (%)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O

92.00 0.30 0.80 0.40 0.30 0.90 0.20 18,000.00 95.00
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Figure 1. The molecular formula of polycarboxylic acid.

Table 4. Chemical composition of Cement.

Composition SiO2 Al2O3 CaO Fe2O3 MgO SO3 P2O5 Na2O K2O

Content (%) 22.46 7.60 57.15 5.00 1.54 2.96 0.105 0.31 0.86

Table 5. Chemical composition of fly ash.

Composition SiO2 Al2O3 CaO Fe2O3 MgO SO3 TiO2 K2O

Content (%) 40.9 23.7 9.4 11.3 4.16 3.27 0.105 2.8

2.2. Mix Proportion

The test coordination is shown in Table 6, and the expansion degree is shown in Figure 2.

Table 6. Mix Proportion of Self-compacting Concrete (SCC) (kg/m3).

Mix Code Cement Fly Ash Silica Fume Stone Sand Water Reducer Water

GFSCC0 540.36 0.00 13.55 867.20 790.19 2.33 198.41
GFSCC10 486.32 54.04 13.55 867.20 790.19 2.33 198.41
GFSCC20 432.29 108.07 13.55 867.20 790.19 2.33 198.41
GFSCC30 378.41 162.01 13.55 867.20 790.19 2.33 198.41
GFSCC40 324.22 216.15 13.55 867.20 790.19 2.33 198.41

FSCC0 553.91 0.00 0.00 867.20 790.19 2.33 198.41
FSCC10 499.87 54.04 0.00 867.20 790.19 2.33 198.41
FSCC20 445.84 108.07 0.00 867.20 790.19 2.33 198.41
FSCC30 391.96 162.01 0.00 867.20 790.19 2.33 198.41
FSCC40 337.77 216.15 0.00 867.20 790.19 2.33 198.41
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3. Results and Discussion

3.1. The Fluidity Analysis of SCC

As shown in Table 7, the fluidity of SCC shows a trend of increasing before decreasing with the
increase of the fly ash content. The proposed main reasons could be: First, the activity of fly ash is low,
and it is considered to be inert material in the early stage of hydration. Since the particle size of fly ash
is smaller than that of cement, it can fill the space in cement, resulting in the release of more free water
and achieving the effect of a water reduction. Second, with a high potential on the surface, fly ash can
adsorb water reducer, generating a self-repulsion effect, which not only reduces the number of flocs,
but also releases free water wrapped in the flocculation structure at the same time, thus improving
the fluidity of slurry. Third, the fly ash plays a ball effect in the form of spherical glass with a smooth
surface. Those spherical balls can be filled among cement particles, thus improving the fluidity of
SCC [29]. However, when the content of fly ash reaches 40%, the fluidity of concrete decreases, which
is mainly caused by the decrease of the filling water volume and the increase of water on the surface.
As a consequence, the viscosity of the cement paste increased. This phenomenon can be illustrated by
the Bingham fluid Equation (1) [30]:

τ = τ0 + ηp
dγ
dt

(1)

where τ is the concrete shear stress Pa; τ0 is the yield shear stress Pa; ηp is the plastic viscosity coefficient

Pa s; and dγ
dt is the shear deformation rate.

Table 7. Performance indexes of self-compacting concrete.

Mix Code Slump (mm) T500 (s) Extent (mm)

GFSCC0 255 5 561
GFSCC10 260 5 575
GFSCC20 265 4 592
GFSCC30 270 4 615
GFSCC40 260 5 572

FSCC0 255 5 553
FSCC10 260 4 561
FSCC20 265 4 576
FSCC30 270 5 604
FSCC40 265 4 555

According to rheological principle, only with a suitable viscosity can concrete obtain a better
homogeneity, achieve a better flow speed and expansion degree. However, the fluidity of concrete will
decrease with an exorbitant viscosity and yield stress [31]. Therefore, the fluidity of concrete is best
when the content of fly ash is at 30%.

3.2. Compressive Strength Test of SCC

The test was completed on a 1000 kN Microcomputer controlled electro-hydraulic servo universal
testing machine (SHT4106, Jinan, China). Ten different mix proportions were used in the test, including
five double-adding ones with 4% silica fume and 0%, 10%, 20%, 30%, and 40% fly ash respectively in
weight, and five single-adding ones with 0%, 10%, 20%, 30%, and 40% fly ash respectively. Each group
had three test pieces with sizes of 100 mm × 100 mm × 100 mm, and the obtained compressive strength
and growth rate are shown in Figure 3. According to the result, the 3d compressive strengths of the
double-adding and single-adding SCC test pieces are weaker than that of normal concrete (FSCC0) in a
standard curing condition. The 7d compressive strength of the double-adding concrete exceeded that
of the normal concrete in a standard curing condition. When the content of fly ash reached 30%, the
compressive strength of the concrete increased the most, rising to 55.58 MPa. Generally, the strength of
SCC increased first and then decreased with an increasing fly ash content. Owing to the relatively
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low strength of fly ash and the slow pozzolanic reaction rate in the early stage, its secondary reaction
lagged behind that of cement and silica fume, resulting in a slower concrete setting. Due to the great
pozzolanic activity of the amorphous SiO2, the addition of silica fume significantly improved the
strength of SCC. On the one hand, the pozzolanic reaction made the cementitious phase of C–S–H grow
rapidly, improving the strength of cement-based materials; on the other hand, the silica fume promoted
the conversion of CH crystals into C–S–H gels. The obtained structure of cement stone were filled with
gels, and the unreacted CH layered crystals grew alternately among the C–S–H gels. The chemical
filling significantly improved the compactness of the cement stone structure, thus improving the
mechanical properties of the cement-based materials. That is:

xCa(OH)2 + SiO2 + (n−1)H2O = xCaO · SiO2 · nH2OxCa(OH)2 + Al2O2 + (n−1)H2O (2)
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As shown in Figure 3, the strength of SCC mixed with the mineral additions of 7d and 28d is
different from the ordinary concrete, which decreases with the addition of fly ash. The strength of
SCC reaches the maximum and exhibits the best performance when the fly ash content of SCC is 30%.
With the increase of the fly ash content, the performance of SCC is not obviously improved, indicating
that excessive fly ash will lead to a reduction of the SCC strength. In Figure 4, MATLAB was used to fit
the strength formula of double-adding silica fume-fly ash at different ages.

Figure 4a is compressive strength fitting equation of 3d. Figure 4b is compressive strength fitting
equation of 7d. The compressive strength of 28d SCC in Figure 4c was predicted by BP neural network
algorithms. The nonlinear relationship between the age and compressive strength was described by
a two-layer BP network structure, as shown in Figure 5. As shown in Figure 5, the substitution rate
of the fly ash and cement quantity are set as X, which is the input value of the variable BP neural
network algorithms, and the 28d strength is set as the output T of the network. The calculated and
predicted values were shown in Table 8. All of the obtained error values are under 5%, indicating that
the formula can describe the compressive strength of 28d SCC well.
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Table 8. Forecast results.

Content of Fly
Ash

28d Strength (MPa) Maximum
Absolute Error

Maximum
Relative ErrorPredicted Value Calculated Value

5% 51.96 51.10 0.86 1.68%
15% 53.05 51.90 1.15 2.22%
25% 54.09 54.50 0.41 0.75%

Absolute error maximum = calculated value-corresponding predicted value; Relative error maximum = (calculated
value-corresponding predicted value)/calculated value.

Due to the unique development of the compressive strength of SCC, the regular formula
of the ordinary concrete strength with age development f n = f 28lgn/lg28 is no longer applicable.
The development law of the compressive strength formula proposed by the European Code is:

fcu(t) = fcu,28e
s(1−

√
28

t/t1
)

(3)
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where t1 refers to 1 day; S refers to the type constant of cement, 0.2 for early strength cement, 0.25
for ordinary cement, and 0.38 for slow hard cement; f cu, 28 refers to the compressive strength of
28d concrete.

According to the results of the compressive strength test, the preliminary compression map of
the compressive strength of SCC was first illustrated based on the improved formula of the European
code. The result is shown in Figure 6.

fcu(t) = fcu,28ea(1−
√

28
t ) (4)
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From the regression curve in Figure 6, the regression coefficient a in the SCC with a low content of
fly ash and silica fume has a certain relationship with its compressive strength. Figure 7 shows the
regression analysis carried out by using the data in Table 9.

Table 9. Relationship between the coefficient a and the compressive strength.

No. GFSCC10 GFSCC20 GFSCC30

f cu,28/MPa 51.83 53.65 55.58
Coefficient a 0.22 0.24 0.30
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As a result, Equation (5) was obtained from Figure 7:

a = −0.7233 + 0.01819 f cu,28 (5)

Substituting Equation (5) into Equation (4), the equation for calculating the compressive strength
with the age of SCC containing silica fume and fly ash was obtained as below:

fcu(t) = fcu,28e(−0.7233+0.01819 fcu,28)(1−
√

28
t ) (6)

3.3. Splitting Tensile Strength Analysis of SCC

The test was completed on a 1000 kN Microcomputer controlled electro-hydraulic servo universal
testing machine (SHT4106, Jinan, China). As shown in Figure 8, the splitting tensile strength, growth
rate, and the changing trend of the splitting tensile strength are similar to its compressive strength
property, as discussed above.
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Since the compressive strength is usually used as the most basic strength index value, the
relationship between the splitting tensile strength and compressive strength also attracts attention.
At present, the commonly used formula for the splitting tensile strength of ordinary concrete in China
is as follows (7):

ft,s = 0.19( fcu)
3/4 (7)



Energies 2019, 12, 2187 9 of 15

The relationship between the splitting tensile strength and compressive strength of SCC is shown
in Figure 9.
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The experimental data was regressed according to the linear function and the power
function respectively.

ft,s = 0.008724( fcu)
1.05938 R2 = 0.96741 (8)

ft,s = −0.20081 + 0.11388 fcu R2 = 0.9663 (9)

The linear function and power function have good statistical results. Equations (8) and (9) are
recommended for SCC to predict its splitting tensile strength at different ages in order to guide the
production and construction of SCC.

The splitting pressure ratio is the ratio of the splitting tensile strength to the compressive strength.
As shown in Table 10, the splitting tensile strength of SCC increases with the increase of its compressive
strength. The splitting pressure ratio of SCC is 1/8–1/10, while that of ordinary concrete is about
1/10–1/13. Therefore, the splitting tensile strength of SCC is higher than that of ordinary concrete.
The reason for this is that a mineral admixture is added into SCC, and the adhesion between the section
of cement stone and hydrated calcium silicate is enhanced after the vitreous hydration.

Table 10. The splitting pressure ratio.

No. Compressive Strength (MPa) Splitting Strength (MPa) Splitting Pressure Ratio

GFSCC0 50.82 5.33 1/9.54
GFSCC10 51.83 5.60 1/9.25
GFSCC20 53.65 5.87 1/8.82
GFSCC30 55.58 6.57 1/8.46
GFSCC40 46.67 5.42 1/8.94

3.4. Routine Triaxial Test of SCC

In order to analyze the ductility of SCC, triaxial tests were carried out. The test was completed on
a rock triaxial (creep) tester (YY-RBSZ-1000, Jiangsu, China), as shown in Figure 10. Each group had
three test pieces with sizes of ϕ50 mm × 100 mm. The actual stress in the pressure chamber is formed
by the superposition of the stress difference q exerted by the plunger and the confining pressure p.
Suppose the load measured by the load sensor is F and the section area of the sample is A, the stress
difference is q = F/A. The axial compressive stress on the sample is recorded as σ1, and the two lateral
pressures as σ2 and σ3, respectively. The test loading path is shown in Figure 11, and the test can be
divided into 5 stages:

(1) In the preloading stage, the loading table is manually controlled to apply a load of about 0.5 MPa
on the pressure chamber to adjust the angle between the upper and lower pressure heads.
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(2) In the stage of increasing the confining pressure, the confining pressure is increased to the design
value at a speed of 0.1 MPa/s.

(3) Keep the confining pressure unchanged until the deformation is stable. The purpose is to release
the viscoplastic deformation between the heat shrinkable tube and the test piece, to prevent the
inclusion of this deformation into the later measurement results.

(4) Keep the confining pressure stable and then apply an axial compressive with a loading
displacement rate of 0.002 mm/s, and a sampling frequency of 3 Hz.

(5) The unloading starts after the curve has a descending section.

In the test, the confining pressure values are 0, 5, 10 and 15 MPa, respectively.Energies 2019, 12, x FOR PEER  10 of 15 

 

 
Figure 10. Rock triaxial (creep) tester. 

 
Figure 11. Test loading path. 

(1) In the preloading stage, the loading table is manually controlled to apply a load of about 0.5 MPa 
on the pressure chamber to adjust the angle between the upper and lower pressure heads. 

(2) In the stage of increasing the confining pressure, the confining pressure is increased to the design 
value at a speed of 0.1 MPa/s. 

(3) Keep the confining pressure unchanged until the deformation is stable. The purpose is to release 
the viscoplastic deformation between the heat shrinkable tube and the test piece, to prevent the 
inclusion of this deformation into the later measurement results. 

(4) Keep the confining pressure stable and then apply an axial compressive with a loading 
displacement rate of 0.002 mm/s, and a sampling frequency of 3 Hz. 

(5) The unloading starts after the curve has a descending section. 

In the test, the confining pressure values are 0, 5, 10 and 15 MPa, respectively. 

3.4.1. Failure Mode Test of SCC 

The test shows that the failure mode of the specimen is related to the confining pressure value. 
As shown in Figure 12, under uniaxial compression (σ2 = σ3 = 0), a vertical crack parallel to the loading 
direction appears in the middle of the specimen. With the increasing of the loading, one or several 
main cracks penetrated and destroyed the specimen. When the confining pressure values are changed 
to σ2 = σ3 = 5 MPa and σ2 = σ3 = 10 MPa, the initial crack is no longer a vertical crack but an inclined 
one at 25 degrees to the vertical loading direction, and the failure surface is mainly the shear failure 
of the cement mortar. When the confining pressure value is σ2 = σ3 = 15 MPa, the middle part of the 
specimen slightly bulged, and the oblique cracks penetrated through the whole specimen with an 

0

σ1

σ1=p+q

σ2=σ3=p

σ2=σ3=p

Load
control

Displacement control

target p

q

Figure 10. Rock triaxial (creep) tester.

Energies 2019, 12, x FOR PEER  10 of 15 

 

 
Figure 10. Rock triaxial (creep) tester. 

 
Figure 11. Test loading path. 

(1) In the preloading stage, the loading table is manually controlled to apply a load of about 0.5 MPa 
on the pressure chamber to adjust the angle between the upper and lower pressure heads. 

(2) In the stage of increasing the confining pressure, the confining pressure is increased to the design 
value at a speed of 0.1 MPa/s. 

(3) Keep the confining pressure unchanged until the deformation is stable. The purpose is to release 
the viscoplastic deformation between the heat shrinkable tube and the test piece, to prevent the 
inclusion of this deformation into the later measurement results. 

(4) Keep the confining pressure stable and then apply an axial compressive with a loading 
displacement rate of 0.002 mm/s, and a sampling frequency of 3 Hz. 

(5) The unloading starts after the curve has a descending section. 

In the test, the confining pressure values are 0, 5, 10 and 15 MPa, respectively. 

3.4.1. Failure Mode Test of SCC 

The test shows that the failure mode of the specimen is related to the confining pressure value. 
As shown in Figure 12, under uniaxial compression (σ2 = σ3 = 0), a vertical crack parallel to the loading 
direction appears in the middle of the specimen. With the increasing of the loading, one or several 
main cracks penetrated and destroyed the specimen. When the confining pressure values are changed 
to σ2 = σ3 = 5 MPa and σ2 = σ3 = 10 MPa, the initial crack is no longer a vertical crack but an inclined 
one at 25 degrees to the vertical loading direction, and the failure surface is mainly the shear failure 
of the cement mortar. When the confining pressure value is σ2 = σ3 = 15 MPa, the middle part of the 
specimen slightly bulged, and the oblique cracks penetrated through the whole specimen with an 

0

σ1

σ1=p+q

σ2=σ3=p

σ2=σ3=p

Load
control

Displacement control

target p

q

Figure 11. Test loading path.

3.4.1. Failure Mode Test of SCC

The test shows that the failure mode of the specimen is related to the confining pressure value.
As shown in Figure 12, under uniaxial compression (σ2 = σ3 = 0), a vertical crack parallel to the loading
direction appears in the middle of the specimen. With the increasing of the loading, one or several
main cracks penetrated and destroyed the specimen. When the confining pressure values are changed
to σ2 = σ3 = 5 MPa and σ2 = σ3 = 10 MPa, the initial crack is no longer a vertical crack but an inclined
one at 25 degrees to the vertical loading direction, and the failure surface is mainly the shear failure of
the cement mortar. When the confining pressure value is σ2 = σ3 = 15 MPa, the middle part of the
specimen slightly bulged, and the oblique cracks penetrated through the whole specimen with an
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oblique crack angle of about 45 degrees. The coarse aggregate on the shear flour was sheared, and the
crushed cement mortar powder was found on the failure surface.
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Figure 12. (a) σ2 = σ3 = 0 MPa; (b) σ2 = σ3 = 5 MPa; (c) σ2 = σ3 = 10 MPa; and (d) σ2 = σ3 = 15 MPa.

Figure 13 shows the full-scale curve of the stress-strain curve for a fly ash replacement rate of
30% and a silica fume replacement rate of 4%. It can be seen from the figure that under the triaxial
load, the stress-strain curve of SCC changes significantly with the different confining pressure values:
when the confining pressure value is σ2 = σ3 = 0, the peak strain, peak stress and initial stiffness of the
SCC stress-strain curve are all smaller than those of the specimens under the triaxial compression, and
the curve drops steeply after reaching the peak stress. While the confining pressure value is above
0, the peak strain, peak stress and initial stiffness of the specimen increase with the increasing of the
confining pressure value, and the curve decreases gently after reaching the peak stress, exhibiting a
good ductility.
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Figure 13. Stress-strain curve of SCC.

3.4.2. Compressive Strength Criteria

The Mohr-Coulomb compressive strength criterion is used to describe the compressive strength
law of the SCC samples.

The Mohr-Coulomb criterion can be expressed as:

f ′3c/ f ′c = 1 + Kσ3/ f ′c (10)
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In this formula, f ′c represents the uniaxial compressive strength; f ′3c represents the triaxial
compressive strength, and the K value of ordinary concrete with different strengths is obtained through
previous research [32]; it ranges from 2.6 to 5.3. The K value of SCC is 6.23, which is different from that
of ordinary concrete, and the revised Mohr-Coulomb criterion is shown in Figure 14.
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3.5. Ultrasonic Testing

The ultrasonic test of concrete was carried out on a NM-4A nonmetallic ultrasonic testing analyzer
that was manufactured by a Concrete Company in Beijing. Five measuring points are arranged on
each side during the ultrasonic test, as shown in Figure 15. During the detection, the coupling agent
should be evenly coated on the probe, and the probe should be centered on the measuring point.
In addition, the transmitting and receiving transducers need to be kept on the same line, and the
measuring points of the test block should take the average value of 10 groups. The spectrum-amplitude
diagram obtained by performing a Fast Fourier Transform is based on the measured sound wave
which is shown in Figure 16. It can be seen from the spectrogram that, as the SCC intensity increases,
the obtained amplitude conversion is higher. As a result, the relationship between the intensity and
amplitude was obtained, providing reliable guidance for engineering applications. The fitting curve is
shown in Figure 17.

y = −104.1135 + 4.1639x R2 = 0.94 (11)
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Figure 16. The diagram of GFSCC. (a) The spectrum-amplitude diagram of GFSCC0; (b) The
spectrum-amplitude diagram of GFSCC10; (c) The spectrum-amplitude diagram of GFSCC20; (d) The
spectrum-amplitude diagram of GFSCC30; and (e) The spectrum-amplitude diagram of GFSCC40.
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4. Conclusions

In this work, the compressive strength, splitting strength, triaxial compressive strength and
ultrasonic nondestructive testing of SCC were tested, respectively. From the obtained results, the
conclusions can be summarized as follows:
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(1) The fluidity of double-adding SCC with silica fume and fly ash is better than that of single-adding
with fly ash, and the optimal doping amount is 4% of silica fume and 30% of fly ash.

(2) The development law of the compressive strength of SCC is different from that of ordinary
concrete. The compressive strength formula of SCC applicable for double-adding with silica fume
and a low content of fly ash is given in this paper.

(3) The ratio of the splitting tensile strength to the cube compressive strength of SCC is about 1/8–1/10,
while that of ordinary concrete is about 1/10–1/13, indicating that SCC has a higher splitting
tensile strength than ordinary concrete.

(4) Based on the test data, the failure criterion of Mohr-Coulomb, applicable for SCC with silica fume
and fly ash, is given.

(5) The amplitude of an ultrasonic wave can reflect the strength of concrete. The model equation
between the amplitude and the compressive strength is established in this work.
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