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Abstract. Due to the high viscosity of the slurry during the preparation process
of UHPC, a large number of bubbles will be introduced after mixing, reducing
the compactness of the concrete and thus affecting the development of UHPC
strength. In order to investigate the influence of internal bubbles on the perfor-
mance of UHPC, this paper experimentally studied the influence of internal bub-
ble parameters and hardened concrete strength of UHPC with different ratios.
The results showed that the average chord length of bubbles affects the strength
of UHPC, and the shorter the average chord length of bubbles, the greater the
strength of UHPC; at a certain gas content, the smaller the bubble size, the smaller
the spacing coefficient; the size distribution of bubbles in the No. 2 ratio is more
uniform, as small and uniform bubble distribution can enhance the frost re-
sistance and overall performance of the specimen, bubbles can act as buffer
spaces, allowing crystallization expansion without damaging the concrete struc-
ture, and more effectively dispersing stress; the highest air content is found in the
bubbles of the No. 3 ratio, which is due to the maximum porosity in the bubbles.
The bubbles should be evenly distributed throughout the entire volume of con-
crete to ensure consistency in its performance.

Keywords: Chord length; Porosity; Spacing coefficient

1 Introduction

In recent years, Ultra High Performance Concrete (UHPC) has attracted the attention
of many scholars at home and abroad due to its ultra-high strength, high toughness, and
high durability. UHPC is a new type of concrete material with extremely high strength
and durability, and has been partially applied in engineering fields such as bridges,
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components to achieve lighter, more durable designs, while possessing excellent load-
bearing and seismic capabilities.

In the preparation process of UHPC, due to the high viscosity of its slurry, a large
number of bubbles will be introduced after mixing, which will affect the development
of concrete strength ). In UHPC, the presence and characteristics of bubbles are par-
ticularly important as they directly affect the microstructure and macroscopic properties
of concrete; Although the presence of bubbles can reduce the density and strength of
concrete, optimizing the distribution and size of bubbles can minimize this negative
impact while maintaining the durability and corrosion resistance of concrete; By finely
controlling and optimizing these bubble parameters, the performance of UHPC can be
significantly improved, enabling it to maintain excellent mechanical and durability
characteristics under extreme conditions [**!. The main measures to reduce internal bub-
bles in UHPC can start from multiple aspects such as material selection, mixing pro-
cess, pouring and vibration, and curing, in order to improve the compactness and overall
performance of UHPC. This article experimentally studied the influence of internal
bubble parameters and hardened concrete strength of UHPC with different ratios, ana-
lyzed the corresponding relationship between bubble parameters and strength, and pro-
vided experimental data and theoretical support for further improving the mechanical
properties of UHPC.

2 Experimental Design

2.1 Test Mix Ratio

(1). Test Materials. No.1 and No.2 proportioning adopts P.0O42.5 ordinary silicate ce-
ment of different origins; No.3 proportioning adopts P.052.5 ordinary silicate cement.
Sand adopts natural medium sand; Fly ash is first grade low calcium ash; Specific sur-
face area of silica fume is 20000m2/kg; Water reducing agent adopts high-performance
polycarboxylic acid water reducing agent; Steel fiber adopts copper-plated steel fiber
with a length of 12mm.

(2). Test Mix Ratio. Test mix ratios, see Table 1.

Table 1. Test mix ratio

Ratio Cement S.i lica Fly ash Sand Additives Water  Fiber
fume

1 0.125 0.125 1.25 0.025 0.206 0.02

2 1 0.125 0.125 1.25 20 0.213 0.02

1 0.125 0.125 1.25 20 0.206 0.02
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2.2  Test Equipment

HJW60 concrete testing mixer is used, and the mixing situation is shown in Fig. 1; The
bubble spacing coefficient analyzer for hardened concrete is shown in Fig. 2.

Fig. 1. Mixing process

Fig. 2. Bubble spacing coefficient analyzer

2.3  Test Method

(1) UHPC Mixing Process. First add the dry material and mix for 2 minutes, then add
the additive and water and mix for 2 minutes (the additive is added in batches), while
stirring, add steel fibers, and stir for an additional 6 minutes.

(2) Test Method. The compressive strength test, axial compressive strength test, and
elastic modulus test of ultra-high performance concrete are all conducted in accordance
with the test methods in the "Basic Properties and Test Methods of Ultra High Perfor-
mance Concrete".

The characteristic parameters of concrete bubbles were tested using a hardened con-
crete bubble spacing coefficient analyzer, as shown in Figure 3. The steel fibers need
to be removed from the test specimen, and only the UHPC matrix part needs to be
studied. In order to test the content and size distribution of bubbles in hardened con-
crete, the selected specimens were cut, roughly ground, and finely ground in sequence
to produce 20mm thick concrete specimens, with one side mirror polished; Place the
concrete specimen in an ultrasonic cleaning machine for cleaning, dye and fill with
powder, and install the specimen on a moving platform with the dyeing surface facing
upwards. Set the test origin to start the experiment and analyze the bubble characteris-
tics of the specimen cross-section.
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(a) Bubble parameter testing process (b) UHPC Bubble Test Sample
Fig. 3. Bubble parameter testing

3 Test Results and Analysis

3.1 Basic Mechanical Properties

Test Results. The compressive strengths of the ratios under different curing methods
are shown in Table 2.

Table 2. Basic mechanical properties

Ratio Compressive Axial compressive Modulus of elastic-
strength/MPa strength/MPa ity/GPa

No.1 137.1 108.5 42.4

No.2 148.3 133.6 43.5

No.3 142.8 130.4 50.6

Experimental Phenomenon.
(1) Cube compression specimen
The failure mode of the compression test specimen is shown in Figure 4.

Fig. 4. Failure mode diagram of cube compression specimen
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As shown in Fig.4, the compression specimens were not fractured. When the load
approached the ultimate load, the specimens would make a squeaking sound of steel
fibers and concrete squeezing and pulling. When the load reached its maximum, a crisp
sound would be emitted, and the specimens would be damaged. However, the surface
integrity of the specimens was good, with many cracks and peeling phenomena, and
there were flaky fragments raised at the edges.

(2)Axial compression test piece

The failure mode diagram of axial compression specimens with different ratios is
shown in Fig.5.

Fig. 5. Failure mode diagram of axial compression specimen

As shown in Figure 5, the failure situation of the specimen is consistent with that of
the cubic compressive specimen. When the specimen fails, it still maintains the original
shape of the prism, and most of it fails along the height of the specimen with oblique
cracks. There is some expansion at the failure site. Due to the interface bonding and
tensile force of the steel fibers inside the specimen, it basically does not break.

Analysis of Experimental Results. The comparison of compressive strength and elas-
tic modulus of each ratio is shown in Fig. 6.
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Fig. 6. Compressive strength and elastic modulus
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From Fig. 6, it can be seen that the compressive strength of UHPC using No. 2 ce-
ment is higher than that of No. 1 cement, and under the same ratio, the compressive
strength slightly increases with the increase of fiber content, but not significantly. With
the increase of cement strength, the axial compressive strength of UHPC increases by
39%. Under the same ratio, the axial compressive strength of UHPC using No. 2 cement
is 53% higher than that of No. 1 cement; The addition of steel fibers has no significant
effect on the axial compressive strength of UHPC. With the increase of cement strength,
the elastic modulus increases by 19%; Under the same ratio, there is no significant
change in the elastic modulus of UHPC between cement type and steel fiber content.
This indicates that improving cement strength contributes more to the elastic modulus
of UHPC.

3.2 UHPC Bubble Test

UHPC Bubble Gap Parameters. The bubble gap parameters for each ratio are shown
in Table 3.

Table 3. Bubble gap parameters

Ratio
Bubble gap parameters No. 1 No.2 No.3
Number of bubbles (pcs) 222 243 671
Total bubble length (mm) 124.02 78.7 250.05
Air content (%) 4.96 3.15 10
Average chord length (mm) 0.559 0.324 0.373
Slurry to air ratio 6.05 9.53 3
Specific surface area (mm™) 7.16 12.35 10.73
Porosity (mm™) 0.089 0.097 0.268
Pitch coefficient (mm) 0.706 0.503 0.28

As can be seen from Table 3, the average chord length of bubbles: ratio No. 1 > No.
3 > No. 2, indicating that the average chord length of bubbles affects the strength of
UHPC, and the shorter the average chord length of bubbles, the greater the strength of
UHPC. The small and uniform bubble distribution can enhance the frost resistance and
overall performance of the specimen and disperse the stress more effectively.

Experimental Analysis Results.

(1) Porosity and spacing coefficient.

As shown in Fig.7, the porosity of the third ratio is the highest, much higher than
that of the first and second ratios. This is because the third ratio has the highest number
of bubbles and the longest total bubble length; At a certain gas content, the smaller the
bubble size, the smaller the spacing coefficient. A lower bubble spacing coefficient
means a denser distribution of bubbles, which can better resist the damage of freeze-
thaw cycles. This is because there is enough space for ice crystals to expand without
damaging the concrete structure.



Porosity/mm-!

Experimental Study on Bubble Parameters of UHPC

—@— Porosity —@— Pitch coefficient

0.8
0.6
0.4

0.2

2 3
Fitting ratio

Fig. 7. Porosity and spacing coefficient

(2) Bubble distribution and air content distribution.

As shown in Fig. 8, the bubble size distribution of the No. 2 ratio is more uniform.
This is because a small and uniform bubble distribution can enhance the frost resistance
and overall performance of the specimen, and more effectively disperse stress; An ap-
propriate amount of bubbles can improve the frost resistance of concrete. Bubbles can
act as buffer spaces, allowing for crystal expansion without damaging the concrete
structure. The highest air content is found in the bubbles of the No. 3 ratio, which is
due to the maximum porosity in the bubbles. The bubbles should be evenly distributed
throughout the entire volume of concrete to ensure consistency in its performance.
Moderate air bubbles can improve the workability of freshly mixed concrete, making it
easier to pour and vibrate, and contribute to the compactness and uniformity of the

concrete structure.
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Mechanism of Hydration Reaction

Mechanism
The role of cement in UHPC is the same as that of concrete, which is to bond the ag-

gregate into a solid whole through the hardening of cement slurry. Due to the high water

4
4.1
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requirement for C3A hydration reaction in cement, it is recommended to use cement
with low C3A content. Previous literature suggests controlling the C3A content in ce-
ment within 8%. The hydration reaction of UHPC and ordinary concrete is not funda-
mentally different, only the difference in material mix ratio leads to different reaction
amounts. The low water consumption has resulted in a large amount of cement materi-
als in UHPC materials that have not undergone hydration reactions; The volcanic ash
reaction of the active material is incomplete, resulting in extremely low production of
calcium hydroxide, thereby improving the durability of the material.

4.2  Mechanism of Bubble Action

Bubbles can provide additional space, allowing the volume expansion of water inside
the concrete when it freezes, thereby reducing or avoiding damage caused by freeze-
thaw cycles; Moderate air bubbles can improve the compactness of concrete, reduce
porosity, and thus enhance the ability of concrete to resist chemical erosion and physical
wear; The presence and distribution of bubbles affect the strength and elastic modulus
of concrete. Excessive or uneven distribution of bubbles can lead to a decrease in local
strength; Moderate air bubbles can improve the fluidity of concrete, facilitate pouring
and forming, and also help improve the pumpability of concrete.

5 Conclusion

Through the basic mechanical performance tests and bubble tests of ultra-high perfor-
mance concrete, the following conclusions can be drawn:

(1) Under the same ratio, with the increase of fiber content, the compressive strength
slightly increases, but not significantly. With the increase of cement strength, the axial
compressive strength increases by 39% and the elastic modulus increases by 19%; un-
der the same ratio, there is no significant change in the elastic modulus of UHPC be-
tween cement type and steel fiber content. This indicates that improving cement
strength contributes more to the elastic modulus of UHPC.

(2) The average chord length of bubbles affects the strength of UHPC, and the
shorter the average chord length of bubbles, the greater the strength of UHPC.

(3) At a certain gas content, the smaller the bubble size, the smaller the spacing co-
efficient. A lower spacing coefficient means that the bubble distribution is denser and
can better resist the damage of freeze-thaw cycles. This is because there is enough space
for ice crystals to expand without damaging the concrete structure, indicating that the
more uniform the bubble size distribution, the more effective the stress dispersion.

(4) The highest air content is found in the bubbles of the No. 3 mix, which is due to
the maximum porosity in the bubbles. Bubbles should be evenly distributed throughout
the entire volume of concrete to ensure consistency in concrete performance. This in-
dicates that an appropriate amount of bubbles can improve the workability of freshly
mixed concrete, making it easier to pour and vibrate, and contribute to the compactness
and uniformity of the concrete structure.
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