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In this study, the effects of graphene oxide (GO) content on the mechanical property,
durability, and drying shrinkage of Ultra-high performance concrete (UHPC) for Bridge
were investigated, and corresponding microstructure evolution was also analyzed. The
results showed that the flexural strength and compressive strength of UHPC with addition
of GO were increased by 10.6 % ~ 25.7 % and 6.8 % ~ 15.8 % on day 28, respectively,
and the optimum content of GO was 0.04 %. The chloride ion permeability and freeze-
thaw resistance of UHPC increased with GO addition. The drying shrinkage of UHPC
sample containing GO after 91 days increased by 1.4 % ~ 8.1 %. Microstructure analysis
confirmed that the incorporation of GO into UHPC could improve its microstructure and
pore distribution, in which the total porosity decreased by 16.6 % ~ 33.8 %, and the
porosity (at the pore size of 0 ~ 20 nm) increased by 1.8 % ~ 8.6 %, respectively. This
might be related to the nucleation effect of GO, the formation of dense gel structure
between microcracks and GO, and the formation of hydrogen bonds between GO functional
groups and C-S—-H gels.

Keywords: ultra high performance concrete, graphene oxide, durability, microstructure.

Bnuue oxcuay rpadeny Ha JOBTrOBiuHiCTh 6€TOHY 3 HANBHCOKHMHU XAPAKTEPHMCTHKAMMN.
Luo Yeke, YU Zhouping
Hocnimxeno Buaus Bmicrty orxcupy rpadeny (GO) ma mexawmiuni Bnactmsocti, mo-
BroBiunicTs Ta ycamky mpu BucuxauuHi HagBucoxkoskricuoro Gerony (UHPC) mns mocris.
ITpoamaniszoBano BizmOBiZHY eBoxIOIiI0 MiKpocTpyKTypu. PesymbraTu mnoxasanu, IIo
MilHicTs Ha BuruH Ta MinHicts Ha ctucHenns UHPC 3 mgomapammsam GO s6inbmmames Ha
10,6-25,7 % Ta 6,3-15,8 % sa 28 gumiB BigmosizHo, a onTumanbHuil BMmict GO craHOBUB
0,04 %. TlponukHicTh ioHiB XJOpYy Ta cTifikicTh mo 3aMoposKyBaHHsS Ta BigraBamus UHPC
s36impinyBanucsa npu momaBanui GO. Yeamka mpu Bucmuxamui spasxa UHPC, mo mictuts GO,
uepes 91 gmenb s6impmmiacs #Ha 1,4-8,1 % . AHanis MIKPOCTPYKTYPU WMiATBEPUE, IO BKJIIO-
vernsa GO 8 UHPC mosxe mosinmuTu fioro MiKpoCTPYKTYPY Ta POSIOLLT Hip, Yy AKUX 3arajb-
Ha mopucTicTs sMeHmmaacsa Ha 16,6 % ~ 83,8 %, a mopucricts (mpu posmipi mip 0 ~ 20 uwm)
sbinpmmacsa Ha 1,8 % ~ 8,6 % Bigmosigmo. Ile mosxe 6yTu OB s3aHo 3 edeKToM 3apomKa
yrBopenus GO, yTBopeHHSM IIiIbHOI reseBol cTPYKTypu Mik Mikporpimuuamvu Ta OI, a Taxox
YTBOPEHHSM BOAHEBUX 3B A3KiB Mim dyHKiioHanbHrMu rpynavu GO ta remsmum C-S—H.

1. Introduction

By 1994, Larrard [1] first introduced the
concept of ultra-high performance concrete
(UHPC), which was favored due to its ultra-
high strength, excellent toughness, and very
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low porosity and low permeability [2, 3]. In
building structures, bridges, and roads, the
use of UHPC as a protective layer for
bridge concrete can reduce erosive damage
from external corrosive ions through sur-
face hardening technology. In contrast, the
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use of UHPC for structural members of
bridges can reduce the self-weight of the
structure and improve the durability and
service life of the structure. Although
UHPC has many outstanding properties, it
also has certain defects, such as the cemen-
titious material content being about 800-
1000 kg/m3, high heat of hydration, poor
fluidity, and easy shrinkage and cracking.
Therefore, improving the workability and
reducing the cracking of UHPC for bridges
while ensuring its mechanical properties
and durability has become a hot topic of
interest for scholars.

Nanomaterials are recognized for their
application in cementitious composites to
improve the toughness, flexure, tensile, and
durability of UHPC at the mnanoscale.
Among all the nanomaterials, carbon nano-
tubes, graphene-derived materials, carbon
nanofibers, and nanosilica are well studied,
while graphene oxide (GO) is considered one
of the most promising nanomaterials for im-
proving the mechanical properties and dura-
bility of UHPC. This is due to the hydro-
philic nature of GO, which is easily dis-
persed in water and can cost-effectively
improve the performance of UHPC. In [5] it
is reported that the addition of 0.05 % GO
increased the compressive strength and
flexural strength of cement mortar by 15—
38 % and 41-58 %, respectively, which
may be due to the interlocking and interac-
tive inhibition of crack development be-
tween microcracks and GO, as well as the
contribution of GO to facilitation of the hy-
dration process by the formation of strong
interfacial forces between the carboxyl
groups on its surface and the hydration
products. In [6] it was observed that the
compressive strength, flexural strength,
and tensile strength of cement mortar in-
creased by 88.9 %, 60.7 %, and 78.6 %,
respectively, when the dose of GO was
0.05 %, indicating the key role of GO in
improving the strength of mortar. Authors
of [7, 8] reported that the addition of GO
enhanced the resistance of mortar to chlo-
ride ion penetration, carbonation, and
freeze-thaw cycles, which was mainly attrib-
uted to the micro aggregate filling effect of
GO and provided additional nucleation sites
for cement hydration and regulated the
crystal morphology of hydration products
[9-11]. However, in [12] it was found that
when the amount of GO exceeds the opti-
mum amount, the mechanical properties of
the cementitious material decrease due to
agglomeration phenomena.
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With the development of nanotechnol-
ogy, GO can be prepared industrially, reduc-
ing the cost of the GO use. In addition, the
incorporation amount of GO in cement-
based materials is also very low. Therefore,
the application of GO in cementitious mate-
rials has good economic performance. How-
ever, previous studies have mainly focused
on the effects of GO on the properties of
cement mortar and ordinary concrete, while
relatively little research has been done on
the effects of GO on the properties of
UHPC. Thus, in this article, the effects of
different doses of GO on the flexural
strength, compressive strength, chloride ion
penetration resistance, freeze-thaw resis-
tance, and drying shrinkage of UHPC are
investigated. Since UHPC is used in bridge
engineering to make the bridge structure
tend to be lighter and thinner, solving the
problems of high self-weight, poor durabil-
ity and easy cracking of traditional concrete
bridge structures is urgent. In addition, the
evolution of the porous structure of the
HCFC with GO was studied by scanning
electron microscopy (SEM) and the mercury
pressure method (MIP).

2 Experimental

2.1 Raw materials

The cementing materials under study
mainly include cement, silica fume and fly
ash. The cement is P.O 52.5 ordinary Port-
land cement of Yangchun Cement Co.,
LTD., the silica fume is microsilica powder
of Hengno Filter Material Co., LTD., and
the fly ash is the first grade fly ash of
HSBC new material. Fig. 1 shows the micro-
structure of cement, SF and FA; their
chemical composition is shown in
The fine aggregate is the standard sand of
Kezheng Instrument Co., LTD. The length
and diameter of the steel fiber are 12 mm
and 0.18-0.23 mm respectively. A water re-
ducing agent is polycarboxylate superplasti-
cizer (PS) made by Jiangsu Subert New Ma-
terial Co., LTD. The solid content and the
water reducing rate are 40 % and 25 %
respectively.

GO was synthesized by the modified
Hummers method [13]. The main parame-
ters of GO are shown in Table 2. Fig. 2
shows the SEM image, the transmission
electron microscope (TEM) image and the
particle size distribution of GO. It can be
seen from the figure that GO has a folded
morphology, and its particle size is
nanometer.

Functional materials, 29, 1, 2022
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Table 1. The chemical compositions of cement, SF and FA (wt.%)

Chemical compositions| Al,O; | SiO, | CaO | Fe,05 | MgO | SO; | K,0 | Na,0 | L.O.I
Cement 5.98 | 20.56 | 64.72 | 3.08 | 1.9 | 3.01 | 0.72 | 0.16 | 1.23
SF 1.0 | 96.23 | 0.31 | 0.92 | 0.61 / / 1.12 | 2.15

FA 7.24 | 73.02 | 18.76 | 0.05 | 0.15 / 0.04 | 0.21

(a)Cement

Fig. 1. SEM of cement, SF and FA.

2.2 Design and preparation of the mixture
Four kinds of UHPC mixtures U-0, U-
0.02 %, U-0.04 % and U-0.06 % were de-
signed, which contained 0 %, 0.02 %,
0.04 % and 0.06 % GO in the cement mass
respectively. The water-binder ratio of
UHPC was 0.2, and the steel fiber content
was 2 vol% in the sample. The fluidity of
UHPC is kept in the range of 240-260 mm
by adjusting the content of PS. The UHPC
mixture ratios are shown in Table 3.

The preparation process of UHPC is
shown in Fig. 3. First, cement, SF and FA
were mixed and stirred for 1 min, the
standard sand was added and stirred for
2 min, the the GO/PS solution prepared in
advance was added (GO and PS were dis-
solved in water and sonicated for 30 min),
and then the mixture was stirred for 2 min.
Steel fiber was added and the mixture was
stirred for another 3 min during this proc-
ess. After the mixture was ready, it was
poured into a mold, vibrated and finally
molded. After the sample was molded, the
mold was wrapped with plastic film, and the
mold was removed after 24 h of indoor cur-
ing. The mold was placed in the standard
curing room (temperature T = 20%1°, rela-
tive humidity > 95 %) for 28 days and
91 days.

2.3 Test method
According to the Test Method Standard

for Fiber Reinforced Concrete (CECS
13:2009), the mechanical properties of
UHPC should be tested according to the test
requirements of Reactive powder Concrete
(GB T 831387-2015). The sample size was
40x40x160 mm, and the loading rates of
flexural strength and compressive strength
were 50 N/s and 2.4 kN/s, respectively.
The chloride ion permeability and freeze-
thaw resistance of the samples were tested
after curing for 28 days. The chloride ion
migration coefficient of UHPC was meas-
ured according to the national standard
GB/T 50082-2009. The sample had a cylin-
drical shape with a diameter of 100 mm and
a thickness of 50 mm. The freeze-thaw re-
sistance of 100x100x100 mm samples was
tested, and the mass loss rate and dynamic
modulus of UHPC samples were tested after
50 to 300 cycles. The drying shrinkage sam-
ple size of UHPC was 100x100x51.5 mm.
After curing for 3 days under standard cur-
ing conditions, the specimen was placed in a
curing room with a temperature of 22+1°C
and relative humidity of 60+5 % . Then, the
initial length of each sample was deter-
mined and the drying shrinkage of UHPC

Table 2. The physical and chemical properties of GO

Item Mean diameter |Median diameter

Thickness Carbon content | Oxygen content

GO 66.75 nm 62.25 nm

1-2 nm 47-60 % 50-55 %

Functional materials, 29, 1, 2021
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Table 8. The mixture proportions of UHPC (kg/m?3)

Sample Cement SF FA Sand Water GO PS
U-0 720 120 360 1320 240 0 36
U-0.02 % 720 120 360 1320 240 0.24 36
U-0.04 % 720 120 360 1320 240 0.48 36
U-0.06 % 720 120 360 1320 240 0.72 36
16
58.07nm co
12
% 01 0.1 1‘ 1'0 IJDU lUIOO
200 nm . . Particle size, pm
(2)SEM (b)TEM E (OLRE i
Fig. 2. The morphology of GO.
Standard sand Steel fibre Vibrating
Supplementary Mixing 1 min\ Mixing 2 min \Mixing 3 mir\ )
PP’ ) Molding
cementing material Ultrasound 30 min Mixing 2 min
GO and PS After mixing,
dissolve in water insert into mould

Fig. 3. Preparation process of UHPC.

was measured after 1, 8, 7, 14, 28, 56, and
91 days. The drying shrinkage test of the
UHPC was repeated at least three times to
ensure its accuracy.

The porosity and pore size distribution of
UHPC were characterized by the mercury
injection method (MIP). The size of the
sample used for MIP testing was about
5 mm. Samples were selected from the
UHPC sample as fragments with a size of
about 10x10 mm with a flat surface. After
spraying gold, the fragments were observed
under scanning electron microscope.

3. Results and discussion

3.1 Workability

It can be seen from Fig. 4 that the swel-
ling rate of UHPC tends to decrease with an
increase in the GO doping. This is because
the GO doping makes the water molecules
adsorbed on the surface of GO particles and
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reduces the free water content, which leads
to a serious decrease in the mobility of
UHPC. When the degree of doping reaches
0.04 %, the change in swelling with an in-
crease in GO doping is insignificant and
amounts to approximately 1.5-4.5 % ; when
the degree of doping exceeds 0.04 %, the
change in swelling of UHPC increases sig-
nificantly, and the loss exceeds 10 %.

3.2 Mechanical properties

Fig. 5 shows the effect of GO incorpora-
tion on the flexural and compressive
strengths of UHPC. The results show that
the addition of GO improved the mechanical
properties of UHPC. As shown in Fig. 5(a),
the flexural strengths of the U-0.02 %, U-
0.04 % and U-0.06 % specimens increased
by 10.6 %, 25.7 % and 22.4 % after
28 days; 10.2 %, 24.1 % and 17.4 % after
91 days, respectively, compared with the
baseline group. The compressive strength

Functional materials, 29, 1, 2022
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Fig. 4. Expansion test results.

after 28d and 91d increased by 6.3 %,
15.8 %, 11.83 % and 7.4 %, 16.7 %,
10.9 % for the specimens compared with
the reference group. From the above, it can
be seen that the mechanical properties of
UHPC showed a trend of first increasing
and then decreasing with an increase in the
GO doping; and the optimum doping of GO
in UHPC was 0.04 %, which was similar to
the previous results. The enhancement of
GO is mainly due to (1) the nucleation of
GO, which can provide additional nucleation
sites during the hydration of cement, thus
improving the hydration of cement and the
microstructure of UHPC [14, 15]; (2) the
functional groups of GO improve the mor-
phology of hydration products: GO can re-
duce the porosity of the crack budding
stage, and the interaction between mi-
crocracks and GO can easily form a dense

(a) 24
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gel structure and inhibit the extension of
cracks [16]; (3) the C-S—-H gel layer of
UHPC contains more calcium ions and hy-
droxides. Calcium ions bind to the oxygen-
containing functional groups of GO, and
water molecules form hydrogen bonds be-
tween GO functional groups and C-S—H gels
[17].

3.3 Chloride ion infiltration

Fig. 6 shows the effect of GO doping on
the chloride ion permeability of UHPC. It
can be seen that the chloride mobility coef-
ficients of the UHPC specimens containing
GO after 28 d are lower than those of the
reference group, which indicates that GO
doping can reduce the chloride mobility co-
efficients of UHPC. The chloride mobility
coefficients of the U-0, U-0.02 %, U-
0.04 % and U-0.06 9% specimens are
1.201-10712 m2/s, 1.112:10712 m2/s,
1.055-10712 m2 /s and 1.086-10712 m2/s. The
values 1.055:10712 m2/s and 1.086-10"
12 m2/s indicate that the chloride migration
coefficient of UHPC does not decrease line-
arly with increasing GO doping, and similar
results were obtained by Guo et al. [18].
When the GO doping degree was 0.04 %,
UHPC exhibited the best resistance to chlo-
ride ion permeation with a 12.2 % reduc-
tion compared to the baseline group. This
may be due to the fact that GO doping im-
proved the microstructure of UHPC, reduc-
ing the number of macropores in the matrix
and hindering the chloride ion transport in
the pore channels.

34 Freeze-thaw resistance

Fig. 7 shows the effect of GO incorpora-
tion on the freeze-thaw resistance of UHPC.
From the figure, it can be found that the
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Fig. 5. The flexural strength and compressive strength of UHPC with different contents of GO.
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Fig. 6. Chloride migration coefficient of
UHPC with various contents of GO.

mass loss rate of UHPC keeps increasing
with an increase in the number of freeze-
thaw cycles, but the relative dynamic modu-
lus of elasticity shows a decreasing trend.
As shown in Fig. 7(a), the mass loss of U-
0.02 %, U-0.04 %, and U-0.06 % speci-
mens was lower than that of the reference
group, where the mass loss rate decreased
by 15 %, 44 %, and 30.6 % after 300
freeze-thaw cycles, respectively, which indi-
cated that the incorporation of GO improved
the freeze-thaw resistance of UHPC. The
mass-loss rate of UHPC was minimized
when the GO incorporation amount was
0.04 %. As for the relative dynamic modu-
lus of elasticity of UHPC, the relative dy-
namic modulus of elasticity of the speci-
mens containing GO was higher than that of

(@os
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the reference group, which was U-0.04 % >
U-0.06 % > U-0.02 % > U-0. In comparison
to the reference group, the relative dynamic
modulus of elasticity for the specimens U-
0.02 %, U-0.04 %, and U-0.06 % increased
by 5 %, 16 %, and 7.4 %, respectively,
after 300 freeze-thaw cycles. This indicates
that the relative dynamic modulus of elas-
ticity of UHPC increases due to GO incorpo-
ration; the optimum amount of GO incorpo-
ration is 0.04 %, which is consistent with
the results of Karim et al. [15].

3.5 Drying shrinkage

Fig. 8 shows the effect of GO incorpora-
tion on the drying shrinkage of UHPC. It is
seen that the drying shrinkage of UHPC
increased linearly in the early stage, and
the growth rate decreased significantly
after 28 d, while it stabilized in the later
stage. The drying shrinkage rate of UHPC
in the early stage is very close to that of
the reference group, but with an increase in
aging, the drying shrinkage rate of speci-
mens containing GO is slightly higher than
that of the reference group and basically
follows U-0 > U-0.02 % > U-0.06 % > U-
0.04 %. In comparison to the reference
group, the drying shrinkage of the U-
0.02 %, U-0.04 % and U-0.06 % samples
decreased by 7.8 %, 17 % and 11.8 %, re-
spectively, after 91 days. This indicates
that the addition of GO reduced the drying
shrinkage of UHPC, which is similar to pre-
vious results in the literature [19]. The ef-
fect of GO on the drying shrinkage of
UHPC is explained by the mutual competi-
tion of two effects: the crystalline nuclea-
tion of GO promotes the hydration of the
cement, forming more C—S-H gels to fill the
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Fig.7. The mass loss ratio and relatif UHPC with different contents of GO.
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Fig. 8. Drying shrinkage of UHPC with dif-
ferent contents of GO.

macropores in the matrix and increasing the
number of micropores [20], thus promoting
the drying of UHPC shrinkage development.
At the same time, the addition of GO
changed the morphology of the hydration
products, increased the density, reduced the
evaporation of water inside the material,
and hindered the expansion of microcracks in
the matrix, thus reducing the shrinkage rate.
The above results show that the shrinkage
reducing effect of GO on UHPC is greater
than the shrinkage increasing effect.

3.6 Mechanistic analysis

SEM analysis

Fig. 9 shows the SEM images of the
UHPC specimens after 28 days. The figure
shows that the main products of cement hy-
dration mainly include C-S-H gel, CH crys-
tals, and calcite. Low-density C-S—-H gels
and CH crystals are observed in Fig. 9(a),
while microcracks may be related to the
drying shrinkage of the matrix, which can
negatively affect the mechanical properties
and durability of UHPC. Uniformly distrib-
uted C-S-H gels and small amounts of CH
crystals could be observed in the U-0.02 %
and U-0.04 % specimens, and the gels were
present as continuous composite layers in
large amounts (Fig. 9b and ¢), which implies
that the GO included in UHPC is a feasible
reinforcing agent. However, when the GO
doping was increased to 0.06 %, the num-
ber of pores in the specimens increased, and
the density of the microstructure decreased
(Fig. 9d).

MIP Analysis

The pore structure, especially the total
porosity and pore size distribution, plays a
crucial role in the performance of concrete.
Currently, the mercury pressure technique

Functional materials, 29, 1, 2021

is a widely used and effective method for
evaluating cementitious materials [21]. Ac-
cording to Zhang [22], pores can be classi-
fied as harmless pores (0-20 nm), less
harmful pores (20-50 nm), harmful pores
(50-200 nm), and multi-harmful pores
(>200 nm).

Fig. 10 shows the pore size distribution
and cumulative porosity distribution in the
UHPC specimens. It can be seen from the
figure that the pore size distribution of
UHPC specimens is mainly concentrated
below 100 nm, which is related to its own
compactness. The total porosity of UHPC
specimens ranges from  0.0689 to
0.104 ml/g. Compared with the reference
group, the total porosity of U-0.02 %, U-
0.04 %, and U-0.06 % specimens decreased
by 16.6 %, 33.8 %, and 25.9 %, respec-
tively, indicating that the addition of GO
reduced the porosity of UHPC. In general,
pores larger than 200 nm in diameter have
a very harmful effect on the strength of
concrete, while pores smaller than 20 nm in
diameter have a better effect on the shrink-
age of concrete [23]. The content of pores
(> 200 nm) in the U-0.02 %, U-0.04 %,
and U-0.06 % specimens was reduced by
74 %, 70 %, and 82 %, respectively, com-
pared to the reference group. The mecha-
nism of the addition of GO promotes the
hydration of the cement, increasing the con-
tent of C-S—H gel in the matrix to fill the
large pores in the matrix. This explains why
the addition of GO significantly improves
the mechanical properties and durability of
UHPC. In addition, the pore structure of
UHPC specimens was refined with the addi-
tion of GO, and the porosity of 0-20 nm
pore size increased with the addition of GO.
Compared with the baseline group, the po-
rosity of 0-50 nm pore size in the U-
0.02 %, U-0.04 %, and U-0.06 % speci-
mens decreased by 8.2 %, 19.1 %, and
10.4 %, respectively, while the reduction in
the number of gel pores further confirmed
that GO was beneficial to hinder the devel-
opment of drying shrinkage of UHPC.

4. Conclusion

In this article, the effects of GO doping
on the mechanical properties, chloride ion
permeability, freeze-thaw resistance, and
drying shrinkage of UHPC used for bridges
were systematically analyzed, and the mi-
crostructure evolution of UHPC with differ-
ent GO doping was also analyzed. Based on
the results of the study, the following main
conclusions were drawn:
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Fig. 9. SEM image of UHPC.

With an increase in the degree of GO
doping, the rate of swelling of UHPC
gradually decreases, and when the degree of
doping reaches 0.04 %, the swelling rate
changes less with an increase in the degree
of GO doping and is approximately 1.5-
4.5 %. Both the flexural and compressive
strengths of UHPC showed a trend to in-
crease and then decrease with increasing GO
doping. Compared with the reference group,
the flexural strength of UHPC specimens
containing GO increased by 10.6 % ~
25.7 % after 28 d, while the compressive
strength increased by 6.3 % ~ 15.8 %. This
indicates that the addition of GO can im-
prove the mechanical properties of UHPC at
the optimal dosage of 0.04 %.

The chloride ion mobility coefficients of
U-0, U-0.02 %, U-0.04 %, and U-0.06 %
specimens were 1.201:10712 m2/s, 1.112:10
12 m2/s, 1.055:10712 m2/s, and 1.086-10~
12 m2/s, respectively, indicating that the
addition of GO to UHPC can improve its
resistance to chloride ion permeability.
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After adding GO, the mass loss rate of
UHPC specimens decreased by 15 % ~
30.6 % after 300 freeze-thaw cycles, while
the relative dynamic modulus of elasticity
increased by 5 % ~ 16 %, indicating that
the addition of GO significantly improved
the freeze-thaw resistance of UHPC.

The drying shrinkage of UHPC basically
followed the order of U-0 > U-0.02 % > U-
0.06 % > U-0.04 %. The drying shrinkage
of UHPC specimens containing GO after
91 days was reduced by 7.8 % ~ 17 %. This
indicates that the addition of GO reduced
the drying shrinkage of UHPC.

The total porosity of UHPC specimens
ranged from 0.0689 to 0.104 ml/g. With
the addition of GO, the total porosity of
UHPC was reduced by 16.6 % to 83.8 %.
More notably, GO refined the pores in
UHPC, and the porosity of 0-50 nm pore
size was reduced by 8.2 % ~19.1 %, re-
spectively. This is consistent with the SEM
images; thus, the doping of GO in UHPC
can improve its microstructure and pore
distribution.
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Fig. 10. MIP results of UHPC: (a) pore size distribution, and (b) porosity.

From the above, it can be seen that add-

ing 0.04 % GO can enhance the mechanical
properties of UHPC used for bridges and
improve its durability, as well as reduce the
cracks caused by shrinkage and prolong the
service life of UHPC for bridges under the
condition that the construction performance
of UHPC for bridges is satisfied.
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