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Abstract. It is known from the literature that there are relatively few studies on the engineering properties of ultra-high
performance concrete (UHPC) in early age. In fact, in order to ensure the safety of UHPC during construction and sufficient
durability and long-term performance, it is necessary to explore the early behavior of UHPC. The test parameters (test control
factors) investigated included the percentage of cement replaced by silica fume (SF), the percentage of cement replaced by ultra-
fine silica powder (SFP), the amount of steel fiber (volume percent), and the amount of polypropylene fiber (volume
percentage). The engineering properties of UHPC in the fresh mixing stage and at the age of 7 days were investigated. These
properties include freshly mixed properties (slump, slump flow, and unit weight) and hardened mechanical properties
(compressive strength, elastic modulus, flexural strength, and splitting tensile strength). Moreover, the effects of the
experimental factors on the performance of the tested UHPC were evaluated by range analysis and variance analysis. The
experiment results showed that the compressive strength of the C8 mix at the age of 7 days was highest of 111.5 MPa, and the
compressive strength of the C1 mix at the age of 28 days was the highest of 128.1 MPa. In addition, the 28-day compressive
strength in each experimental group increased by 13%-34% compared to the 7-day compressive strength. In terms of hardened
mechanical properties, the performance of each experimental group was superior to that of the control group (without fiber and
without additional binder materials), with considerable improvement, and the experimental group did not produce explosive or
brittle damage after the test. Further, the flexural test process found that all test specimens exhibited deflection-hardening
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behavior, resulting in continued to increase carrying capacity after the first crack.
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1. Introduction

Construction materials are inextricably linked to
structures because they affect the structural properties,
construction methods and efficiency, maintenance, comfort
and service life of the structures. Among various
construction materials, Portland cement concrete is quite
commonly used, and its composition includes cement, fine
aggregates, coarse aggregates, water, and admixture. With
the continuous development of concrete technology, various
high-quality concrete products have been introduced,
including high-strength concrete (HSC), high-performance
concrete (HPC), fiber reinforced concrete (FRC), and ultra-
high performance concrete (UHPC) (Okamura and Ozawa
1995, Petersson and Billberg 1996, Tattersall 1979, Al-
Manaseer and Albert 1995, ACI Committee 544 1982, Song
and Hwang, 2004, Swamy 1976, Hughes 1977, Velazco et
al. 1980, Mindess and Bentur 1983, Khaloo and Kim 1996,
Azmee and Shafiq 2018, Gosavil and Awar 2018, He et al.
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2018, Lai ef al. 2018, Gu et al. 2018, Qu et al. 2018, Li et
al. 2018, Mosaberpanah and Eren 2018, Rajkumar et al.
2018, Zhou et al. 2018, Larrard and Sedran 1994, Larrard
and Sedran 2002, Sharma and Bansal 2019, Erdogdu ef al.
2019).

According to the American Concrete Institute (ACI
Committee 239 2012), UHPC is a cement-based concrete
material with a minimum specified compressive strength of
150 MPa, which has specified durability, tensile ductility
and toughness requirements. In addition, fibers are typically
incorporated to meet specific requirements. In the 1990s,
UHPC was originally called Reactive-Powder Concrete
(RPC) because it contained only very fine materials
(Graybeal 2014). In fact, the key factor in the production of
UHPC is to improve the microscopic and macroscopic
properties of its matrix composition to ensure mechanical
homogeneity, maximum particle packing density and
minimum size defects (Wille et al. 2011, Shi et al. 2015).
Most publications directly give a mix proportion of UHPC,
usually with a compressive strength greater than 120 MPa,
but without any design procedures or explanations. The
typical UHPC composition includes cement, supplementary
cementitious materials (such as silica fume, fly ash and
slag), fine sand, quartz or glass powder, superplasticizer,
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steel fiber and low water content (Abbas et al. 2016,
Ghafari et al. 2015). As for the UHPC mix design, various
methods have been proposed (Larrard and Sedran 1994,
Larrard and Sedran 2002, Yu et al. 2014). For example, the
Linear Packing Density Model, the Solid Suspension
Model, the Compressible Packing Model, etc. proposed by
Larrad and Sedran (Larrard and Sedran 1994, Larrard and
Sedran 2002). These models all focus on the granular
structure of UHPC.

Compared with ordinary concrete, the mix proportions
of UHPC are characterized by low water-to-binder ratio, a
large amount of fine-grained material, fine aggregate using
only fine sand, high-dose superplasticizer and fiber material
(Abbas et al. 2016). If compared with HPC, the proportion
of cement used in UHPC is relatively high (800-1000
kg/m3) (Shi et al. 2015, Graybeal 2007). The literature
shows that increasing the cement content in UHPC can
increase its compressive strength; however, once the cement
content exceeds its optimum value (about 1700 kg/m?), the
compressive strength tends to decay due to the limited
participation of the cement particles (Talebinejad er al
2004. In the case of ordinary concrete, its failure is mainly
caused by the damage of the Interfacial Transition Zone
(ITZ) between the cement matrix and aggregates. Therefore,
many UHPC ratios exclude coarse aggregates to reduce the
presence of microcracks in the coarse aggregates and in the
transitional regions between the matrix and the coarse
aggregates (Abbas ef al. 2016, Alsalman et al. 2017). In
addition, reducing the ITZ defect can reduce the total
porosity of the matrix, thereby increasing the mechanical
strength of the UHPC (Metha and Monteiro 2006). Since
the composition of UHPC is blended with various
cementitious materials, the coupling between thermal and
mechanical characteristics of early-age UHPC is more
important compared to that in ordinary concrete. Therefore,
in order to ensure the safety of UHPC during construction,
as well as enough durability and long-term performance, it
is necessary to explore the early-age behavior of UHPC.

UHPC has enhanced mechanics and durability, which
can reduce the size of structural members, save related
materials, and reduce installation and labor costs, thus
achieving economic benefits (Abbas ef al. 2016, Alsalman
et al. 2017, Burroughs et al. 2017, Pyo and Kim 2017, Pyo
et al. 2016, Soliman and Tagnit-Hamou 2016). In fact,
potential applications for UHPC include high-rise buildings,
precast concrete engineering, structural and non-structural
components. However, UHPC uses a large amount of
cement, which not only affects production costs, but also
consumes natural resources, resulting in a greenhouse effect
(Burroughs ef al. 2017). In addition, UHPC's initial cost is
relatively high and may have a negative impact on the
environment, limiting its widespread use in the construction
industry. In view of this, this paper explores the UHPC mix
design from the perspective of sustainable development,
and replaces some cement with pozzolanic materials, and
mixes steel fiber and polypropylene fiber, which not only
has great help for energy saving and carbon reduction, but
also improve its fresh properties, mechanical properties and
durability. Moreover, the engineering properties of UHPC
in the fresh mixing stage and at the age of 7 days were
investigated. These properties include freshly mixed

Table 1 Physical properties and chemical composition of
fine aggregates

. . Chemical
T;{Jr;ertcz)f Physical properties composition
qsan d Specific Water absorption SiO2 Fe203 Al.03

gravity (S.S.D) rate (%) (S.S.D) (%) (%) (%)
Type 1 2.65 =0 99.82 0.014 0.033
Type 2 2.65 =0 99.84 0.016 0.034

Table 2 Particle size distribution of fine aggregates

Sieve No. Particle size Percentage retained (%)
(ASTM E11-70) (um) Type 1 Type 2
20 850 0.04 -
30 600 20.15 -
40 425 67.83 -
50 300 11.81 -
60 250 - 0.05
70 212 0.17 13.69
100 150 - 36.55
140 106 - 32.39
200 75 - 12.73
270 53 - 3.61

properties (slump, slump flow, and unit weight) and
hardened mechanical properties (compressive strength,
elastic modulus, flexural strength, and splitting tensile
strength).

2. Experimental details
2.1 Materials

The materials used in the test included cement, silica
fume, ultra-fine silica powder, fine aggregates,
superplasticizers, viscous agent, steel fiber, and
polypropylene fiber. A locally produced Type I Portland
cement with a specific gravity of 3.15 and a fineness of
3400 cm*g was used. The silica fume was locally
manufactured with a specific gravity of 2.1 and a silicon
dioxide content of 92.4%. The ultra-fine silica powder was
purchased from abroad. Its specific gravity was 2.73 and an
average particle diameter of 0.075 to 0.225 pm. The fine
aggregate comprises two different sizes of quartz sand (i.e.,
Type 1 and Type 2). The physical properties and chemical
composition of the fine granules are shown in Table 1, and
the particle size distribution is shown in Table 2. The
mixing ratio of fine aggregates is 80% of Type 1 and 20%
of Type 2. Superplasticizers and viscous agent were local
products (in accordance with the Chinese National
Standards or the American Society for Testing Materials).
The fibers used include steel fibers and polypropylene
fibers, as shown in Fig. 1. The basic properties of these two
fibers are shown in Table 3.

2.2 Experimental design

There are four test parameters (test control factors),
including: the percentage of cement replaced by silica fume
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;

(b) Polypropylene fibers

(a) Steel fibers

Fig. 1 Fibers appearance

Table 3 Basic properties of fibers

. . i ile Melti
Type of Length Diameter Density h?(l)iislﬁlcls Sl; ?21:;31 Pi)irllrig

fiber (mm) (mm) (g/cm’) (GPa) (MPa) (°C)

Steel fiber 13 0.2 7.8 200 2000 -
PP 12 0.05 0.9 - 300 165

Note: PP=polypropylene fiber.

Table 4 Parameters and design levels for UHPC

. Levels of
Parameter (experimental arameter Performance
___ parameter
control factor) parameter
1 2 3
Percentage of cement Unit weight,
replaced by SF, A (%) 174 187 20.0 slump, slump
Percentage of cement flow,
replaced by SFP, B (%) 22 21 32 compressive
Amount of PP (volume strength, elastic
percent), C (%) 003 0.06 0.09 modulus, flexural
Amount of steel fiber 05 075 10 strength, splitting

(volume percentage), D (%)

Notes: SF=silica fume;
PP=polypropylene fiber.

strength

SFP=ultra-fine silica powder;

(SF), the percentage of cement replaced by ultra-fine silica
powder (SFP), the amount of steel fiber (volume percent),
and the amount of polypropylene fiber (volume percentage).
Table 4 lists the levels of each test parameter of the concrete
and its performance parameters. The general full-factor
design considers all combinations of factors, resulting in a
large experimental workload (Fisher 1925). In contrast, the
Taguchi method uses orthogonal arrays for experimental
design, which can greatly reduce the number of trials
(Taguch 1987). In view of this, this paper uses the Taguchi
method to plan experimental design. As shown in Table 5,
an orthogonal array Lo(3*) was adopted for UHPC, which
consisted of four controllable three-level factors.

2.3 Mix proportions and casting of specimens

According to the orthogonal arrays, namely Lo(3%), the
mix proportions of the UHPC are listed in Table 6. The
water-to-binder ratio of all mix proportions was 0.20. In
addition to the experimental group (No. C1-C9), pure
concrete was also used as the control group (No. CO0) of the
experiment, that is, no fiber and cementitious materials
(silica fume and ultra-fine silica powder) were added for
comparison and discussion. Before mixing, the fine
aggregates were treated to a dry state because their water
absorption rate approached zero. The cementitious material

Table 5 Lo(3*) orthogonal array for UHPC

Parameter (Level)
Mix Percentage of Percentage of

Amount of steel

o. cement cement Am(%mr?]fepp fiber (volume

repla;e(ci/ob)y SF, rselgllaa,\c;d(ol/)oy)/ Percent), C (%) percer(1ot/f":)ge), D
Cl 17.4(1) 2.2(1) 0.03(1) 0.5(1)
C2 17.4(1) 2.7(2) 0.06(2) 0.75(2)
C3 17.4(1) 3.2(3) 0.09(3) 1.0(3)
Cc4 18.7(2) 2.2(1) 0.06(2) 1.0(3)
C5 18.7(2) 2.7(2) 0.09(3) 0.5(1)
C6 18.7(2) 3.2(3) 0.03(1) 0.75(2)
Cc7 20.0(3) 2.2(1) 0.09(3) 0.75(2)
C8 20.0(3) 2.7(2) 0.03(1) 1.0(3)
C9 20.0(3) 3.2(3) 0.06(2) 0.5(1)

Notes: * The numbers in parentheses indicate the level of the
factor; SF=silica fume; SFP=ultra-fine silica powder;
PP=polypropylene fiber.

Table 6 Mix proportions of UHPC
Mix W C SF SFP SP VA PP Sfiber F4
No. (kg/m’) (kg/m’) (kg/mr’) (kg/m?’) (kg/mr’) (kg/m?) (kg/m’) (kg/m?) (kg/m’)
CO 196 1005 O 0 26 1 0 0 1286
Cl 187 774 167 21 25 1 0.3 39 1231
Cc2 187 767 167 26 25 1 0.5 59 1228
C3 186 760 166 31 25 1 0.8 78 1225
C4 186 756 179 21 25 1 0.5 78 1223

1

1

1

1

1

C5 187 754 180 26 25 0.8 39 1229
Co 186 748 179 31 25 03 59 1225
C7 18 744 191 21 25 0.8 59 1223
Cc8 18 737 191 26 25 03 78 1220
Cc9 18 736 192 31 25 0.5 39 1226
Notes: W=water; C=cement; SF=silica fume; SFP=ultra-fine silica
powder; SP=superplasticizers; VA=viscous agent;
PP=polypropylene fiber; S-fiber= steel fiber; F4=fine aggregate.

and fine aggregates were then dry blended uniformly in
minutes, followed by the addition of water, fibers,
superplasticizer, and viscous agent. Once the mixture was
uniformly mixed, the fresh properties of each mixture were
measured and recorded. Afterward, concrete specimens
required for each test were cast and an external vibrator was
used to ensure that the specimens were sufficiently
compacted. The compressive strength and elastic modulus
test were cylindrical specimens with a diameter of 100 mm
and a height of 200 mm. The splitting strength test used a
cylindrical specimen with a diameter of 150 mm and a
height of 300 mm. For the flexural strength test, a prism
sample having a length of 360 mm, a width of 100 mm, and
a thickness of 100 mm was used. After casting the
specimens, they were covered with polyethylene sheets for
24 hours overnight. The demolding operation was then
carried out and each specimen was placed in a laboratory
water bath until the day before the mechanical test.

2.4 Test methods and data analysis

The tests of unit weight, slump, slump flow,
compressive strength, elastic modulus, splitting tensile
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Table 7 Experimental results and S/N ratio of fresh UHPC

Table 8 S/N ratio response table of fresh UHPC

Experimental results

Mix Slump  Unit
No. Slump flow weight
(cm) o
(cm)  (kg/m’)

Co 26.2 69.0 2318.3 - - -
Cl 25.5 53.0 22634  28.13 34.49 67.10
C2 25.5 51.0 2279.6  28.13 34.15 67.16
C3 25.5 49.0 2267.6  28.13 33.80 67.11
C4 25.7 54.0 2316.2  28.20 34.65 67.30
C5 26.2 58.0 22373 28.37 35.27 66.99
C6 26.0 49.0 2274.6  28.30 33.80 67.14
C7 25.5 53.0 2288.7  28.13 34.49 67.19
C8 25.0 51.0 2308.5 27.96 34.15 67.27
C9 26.0 53.0 2250.7  28.30 34.49 67.05

S/N Ratio (dB)

Slump Unit

SIUmp “fow weight

strength, and flexural strength of UHPC were carried out
according to ASTM C138, ASTM C143, ASTM Cle6l1,
ASTM C39, ASTM C469, ASTM C496 and ASTM C78
standards (ASTM C138/C138M-17a 2017, ASTM
C143/C143M-15a 2015, ASTM C1611/C1611M-18 2018,
ASTM C39/C39M-18 2018, ASTM C469/C469M-14 2014,
ASTM C496/C496M-11 2004, ASTM C78/C78M-18
2018), respectively.

When the Taguchi experimental design method is
applied, the deviation between the experimental value and
the expected value is usually calculated by a so-called loss
function. In short, the loss function can be used to measure
performance characteristics that deviate from the expected
value. Conventionally, the value of the loss function is
usually converted to a signal-to-noise ratio (S/N) ratio (#)
(Montgomery 2005). In general, there are three types of
performance characteristics such as the following
(Montgomery 2005):

The smaller-the better

7= —10 x log(MsD) = —10xlog 5 {lzly;) )
The larger-the better

n=-10 x log(MSD) = ~10xlog- X1y ) (2)

i=1 y_
The nominal-the better
7 = —10 x log(MSD) = —10xlog(> Zit1 (¥; = ¥0)?) (3)

where MSD=the mean squared deviation around the target
value; n=the number of repetitions or observations; y,=the
observed data; and yo=the nominal value desired.

In this study, the observed values of the mechanical
properties of the UHPC were set to a maximum level. In
addition, the optimization of the observations was further
detected by analysis of variance. This was mainly achieved
by separating the total variability of the S/N ratios into
contributions of each of the process parameters and the
error.

3. Results and discussion

3.1 Properties of fresh UHPC

Mean S/N Ratio

Parameter iy Delta
Peg&mﬁZI":e (experimental control % (Max. - Rank
p factor) 1 2 3 Min. )
Percentage of cement
replaced by SF, A (%) 28.1328.2928.13 0.158 2
Percentage of Cement
Slump replaced by SFP, B (%) 28.1528.1528.24  0.091 3

Amount of PP (volume
percent), C (%)
Amount of steel fiber
(volume percentage), D (%)
Percentage of cement
replaced by SF, A (%)
Percentage of Cement
Slump replaced by SFP, B (%)
flow Amount of PP (volume

percent), C (%)
Amount of steel fiber
(volume percentage), D (%) 34.7534.1534.20 0.600 1
Percentage of cement
replaced by SF, A (%)
Percentage of Cement
Unit replaced by SFP, B (%)
weight Amount of PP (volume
percent), C (%)

Amount of steel fiber
(volume percentage), D (%) 67.0567.1667.22 0.179 1

28.1328.2128.21 0.080 4

28.2728.1928.10 0.169 1

34.1534.5734.37 0427 3

34.5434.5234.03 0.509 2

341534433452 0372 4

67.1267.1467.17 0.047 4

67.1967.1467.10 0.096 2

67.1767.1767.10 0.067 3

The results of the fresh properties of the control group
(CO) and the experimental group (C1-C9), including the
slump, slump flow, and unit weight, are shown in Table 7.
Moreover, the corresponding S/N ratio of the experimental
group is shown in Table 7. In addition, Table 8 lists the
mean S/N ratio at each level of the experimental control
factors for various performance parameters. On the other
hand, the results of the variance analysis of various
performance parameters are given in Table 9. In addition,
the F values were obtained with a 95% level of confidence,
and the percentage contribution of each parameter was also
calculated.

3.1.1 Slump

As can be seen from Table 7, the slump of each series
was between 25.0 and 26.2 cm, and the average value of the
experimental group was 25.65 cm. Most of the mixtures can
reach 25.5 cm or more, and all have excellent workability.
Among them, the slump of the C8 mix was the smallest
(25.0 cm), and the slump of the CO and C5 mixes was the
largest (26.2 cm). Because the experimental design was
orthogonal, the effect of each experimental control factor at
different levels could be clearly separated. Taking the
percentage of cement replaced by silica fume as an
example, the mean S/N ratio at levels 1, 2, and 3 were
calculated by averaging the S/N ratios of experiments 1-3,
4-6, and 7-9, respectively. For other experimental control
factors, the average S/N ratio for each level was calculated
in a similar manner. The delta column in Table 8 shows the
difference between the maximum and minimum values of
the mean S/N ratio from Level 1 to Level 3. In theory, the
importance can be evaluated by the delta value of each
factor-the larger the delta value is, the greater the
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Fig. 2 S/N ratio response graph of slump

Table 9 Variance analysis and F test for Fresh UHPC

Parameter
(experimental control
factor)
Percentage of cement
replaced by SF, 4 (%)
Percentage of Cement
replaced by SFP, B (%)
Amount of PP (volume
percent), C (%)

Amount of steel fiber
(volume percentage), D (%)0.04 3 0.01 3.39 24.89
All Other/Error 0.01 3 0.00 - -
Total 0.12 12 0.04 — 100.00

Percentage of cement
replaced by SF, 4 (%)
Percentage of Cement
replaced by SFP, B (%)
Amount of PP (volume
percent), C (%)
Amount of steel fiber
(volume percentage), D (%)O'66 3022 292 26.12
All Other/Error 023 3 0.08 - -
Total 1.66 12 0.55 — 100.00
Percentage of cement
replaced by SF, 4 (%)
Percentage of Cement
replaced by SFP, B (%)
Unit Amount of PP (volume
percent), C (%)
Amount of steel fiber
(volume percentage), D (%)0.05 3 0.02 1492 61.10
All Other/Error 0.00 3 0.00 - -

Total 0.08 12 0.03 — 100.00

Performance

parameter SSzDOF MSz; Fz Pz

0.05 3 0.02 3.92 30.39
0.02 3 001 129 3.03

Slump 0.01 3 000 1.00 41.68

027 3 009 121 2.84

050 3 0.17 222 16.59

Slump
flow

023 3 0.08 1.00 54.45

0.00 3 0.00 1.00 0.00
0.01 3 0.00 4.15 13.81

0.01 3 0.00 2.72 25.09
weight

Notes: SSz=sum of square; DOF=degree of freedom; MSz
=variance; I’z =F value; Pz =percentage of contribution.

influence of the level of change of the factor on the
performance parameter and the more important the factor is.
As shown in Eq. (2), the larger the S/N ratio is, the smaller
the variance in slump value around the desired value is (i.e.,
the larger-the better). Fig. 2 shows the S/N ratio response
graph for the slump. It can be seen from Fig. 2 that as the
amount of steel fiber increased, the S/N ratio tended to
decrease. In other words, the value of the slump was
reduced. From the analysis results of Table 8 and Fig. 2, it
can be concluded that the amount of steel fiber was the
significant factor affecting slump; the maximum response
occurred in 0.5% (volume percentage). For the variance
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Fig. 3 S/N response graph of slump flow

analysis results of the slump, as shown in Table 9, the
amount of polypropylene fiber was the most important
factor affecting the slump of the concrete. The percentage
contributions of these factors were as follows: the amount
of polypropylene fiber (41.68%), the percentage of cement
replaced by silica fume (30.39%), and the amount of steel
fiber (24.89%). Therefore, based on the analysis results of
the above range analysis and variance analysis, the optimal
combination level of the experimental control factors for
achieving maximum slump is A;BsC2D;.

3.1.2 Slump flow

Table 7 shows that the slump flow was between 49 and
69 cm. In the experimental group, the slump flow of the C3
and C6 mixes was the smallest (49 cm), while the slump
flow of the C5 mix was the largest (58 cm). Compared with
the control group, the slump flow of the C3 and C6 mixes
was significantly lower. The reason is that the fibers were
not easily mixed during concrete mixing and were less
likely to be uniformly dispersed in the paste. Furthermore,
due to the local agglomeration of steel fibers in the
concrete, the flow of the aggregates was hindered, resulting
in reduced workability; the polypropylene fibers were
formed to have a large specific surface area due to their
very slenderness. This led to an increase in the consistency
of the concrete, which degraded the workability. From the
analysis results of Table 8 and Fig. 3, it can be concluded
that the amount of steel fiber was the significant factor
affecting slump flow; the maximum response occurred was
at the lowest level of the amount of steel fiber. For the
variance analysis results of slump flow, as shown in Table
9, the amount of polypropylene fiber was the most
important factor affecting the slump flow of the concrete.
The percentage contributions of these factors were as
follows: the amount of polypropylene fiber (54.45%), the
amount of steel fiber (26.12%), and the percentage of
cement replaced by ultra-fine silica powder (16.59%).
According to the analysis results of the above range
analysis and variance analysis, the optimal combination
level of the experimental control factors for achieving
maximum slump flow is A,BC;D;.

3.1.3 Unit weight

On the other hand, Table 7 also shows the unit weight
test results for each series of concrete. The unit weight was
between 2237.3 and 2318.3 kg/m?, of which the unit weight
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of the C5 mix was the smallest (2237.3 kg/m?), and the unit
weight of the CO mix was the largest (2318.3 kg/m?).
Overall, the unit weight ratio between the experimental
group and the control group ranged from 0.965 to 0.999,
with no significant difference from each other. In addition,
Fig. 4 shows the S/N ratio response graph for unit weight. It
can be seen from Fig. 4 that as the amount of steel fiber
increased, the S/N ratio tended to increase. In other words,
the value of the unit weight was increased. From the
analysis results of Table 8 and Fig. 4, it can be concluded
that the amount of steel fiber was the significant factor
affecting unit weight; the maximum response occurred in
1.0% (volume percentage). For the variance analysis results
of unit weight, as shown in Table 9, the amount of steel
fiber was the most important factor affecting the unit weight
of the concrete. The percentage contributions of these
factors were as follows: the amount of steel fiber (61.10%),
the amount of polypropylene fiber (25.09%), and the
percentage of cement replaced by ultra-fine silica powder
(13.81%). According to the analysis results of the above
range analysis and variance analysis, the optimal
combination level of the experimental control factors for
achieving maximum unit weight is A3B,C\Ds.

Table 11 S/N ratio response table of hardened UHPC

Table 10 Results and S/N ratio of hardened UHPC
Mix 7-day Experimental Results S/N Ratio (dB)
No. fc'(MPa) EC(GPa) fr(MPa) fs(MPa) fc' Ec fr fs
Co 81.6 32.3 6.6 4.4 - - - -

Cl 957 349 12.6 7.3 39.62 30.86 22.01 17.27
C2 100.0 389 12.9 7.3 40.00 31.80 22.21 17.27
C3 940 389 18.0 9.4 39.46 31.80 25.11 19.46
C4 107.0 372 15.1 9.6 40.59 31.41 23.58 19.65
C5 943 38.8 9.3 8.2 39.4931.78 19.37 18.28
C6 978 339 14.7 10.5 39.81 30.60 23.35 20.42
C7 956 354 12.2 8.9 39.6130.98 21.73 18.99
C8 1115 369 12.7 10.8 40.95 31.34 22.08 20.67
C9 1024 355 12.7 7.9 40.21 31.00 22.08 17.95

Notes: fc'=compressive strength; Ec= elastic modulus; fr= flexural
strength; fs= splitting strength.

3.2 Properties of hardened UHPC

The 7-day results of the hardened properties of the
control group (CO0) and the experimental group (C1-C9),
including the compressive strength, elastic modulus,
flexural strength, and splitting strength, are shown in Table
10. Further, the corresponding S/N ratio of the experimental
group is also shown in Table 10. In addition, Table 11 lists
the mean S/N ratio at each level of the experimental control
factors for various performance parameters. On the other
hand, the results of the variance analysis of various
performance parameters are given in Table 12. In addition,
the F values were obtained with a 95% level of confidence,
and the percentage contribution of each parameter was also
calculated.

3.2.1 Compressive strength

In general, the use of pozzolanic materials will affect the
development of early-age compressive strength of UHPC,
depending on its type, amount of addition, mineral

Performance Parameter Mean S/N Ratio (#, Unit: dB) Delta Rank
parameter (experimental control factor) Level 1 Level2 Level3 (Max.n— Min.z)

Percentage of cement replaced by SF, A (%) 39.69 39.96 40.25 0.560 3
Compressive  Percentage of cement replaced by SFP, B (%) 39.94 40.15 39.83 0.320 4
strength Amount of PP (volume percent), C (%) 40.12 40.26 39.52 0.744 1
Amount of steel fiber (volume percentage), D (%)  39.77 39.81 40.33 0.560 2
Percentage of cement replaced by SF, A (%) 31.48 31.26 31.11 0.376 4
Elastic Percentage of cement replaced by SFP, B (%) 31.08 31.64 31.14 0.556 2
modulus Amount of PP (volume percent), C (%) 30.93 31.40 31.52 0.585 1
Amount of steel fiber (volume percentage), D (%)  31.21 31.13 31.52 0.389 3
Percentage of cement replaced by SF, A (%) 23.11 22.10 21.96 1.148 3
Flexural Percentage of cement replaced by SFP, B (%) 22.44 21.22 23.51 2.290 2
strength Amount of PP (volume percent), C (%) 22.48 22.62 22.07 0.555 4
Amount of steel fiber (volume percentage), D (%)  21.15 22.43 23.59 2.436 1
Percentage of cement replaced by SF, A (%) 18.00 19.45 19.20 1.450 2
Splitting Percentage of cement replaced by SFP, B (%) 18.63 18.74 19.28 0.646 4
strength Amount of PP (volume percent), C (%) 19.45 18.29 18.91 1.165 3
Amount of steel fiber (volume percentage), D (%) 17.83 18.89 19.93 2.094 1
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Table 12 Variance analysis and F test for hardened UHPC

Performance Parameter
Parameter (Experimental Control Factor) 85z DOF MSz Fz Pz
Percentage of cement replaced by SF, 4 (%) 0.47 3 0.16 2.98 14.48
Percentage of cement replaced by SFP, B (%) 0.16 3 0.05 1.00 0.00
Compressive Amount of PP (volume percent), C (%) 0.94 3 0.31 5.92 65.39
strength  Amount of steel fiber (volume percentage), D (%) 0.59 3 0.20 3.75 20.13
All Other/Error 0.16 3 0.05 - -
Total 2.16 12 0.72 — 100.00
Percentage of cement replaced by SF, 4 (%) 0.21 3 0.07 1.00 0.00
Percentage of cement replaced by SFP, B (%) 0.57 3 0.19 2.63 21.79
Elastic Amount of PP (volume percent), C (%) 0.58 3 0.19 2.69 75.94
modulus  Amount of steel fiber (volume percentage), D (%) 0.25 3 0.08 1.17 2.27
All Other/Error 0.21 3 0.07 - -
Total 1.61 12 0.54 — 100.00
Percentage of cement replaced by SF, 4 (%) 2.36 3 0.79 4.75 9.47
Percentage of cement replaced by SFP, B (%) 7.88 3 2.63 15.86 37.58
Flexural Amount of PP (volume percent), C (%) 0.50 3 0.17 1.00 10.12
strength  Amount of steel fiber (volume percentage), D (%) 8.91 3 2.97 17.93 42.83
All Other/Error 0.50 3 0.17 - -
Total 19.64 12 6.55 — 100.00
Percentage of cement replaced by SF, 4 (%) 3.61 3 1.20 5.00 22.32
Percentage of cement replaced by SFP, B (%) 0.72 3 0.24 1.00 0.00
Splitting Amount of PP (volume percent), C (%) 2.04 3 0.68 2.82 32.48
strength  Amount of steel fiber (volume percentage), D (%) 6.58 3 2.19 9.10 45.20
All Other/Error 0.72 3 0.24 - -
Total 12.95 12 4.32 — 100.00

Notes: SSz=sum of square; DOF=degree of freedom; MSz =variance; Fz =F value; Pz =percentage of contribution

composition, particle shape and fineness, and pozzolanic
activity. It can be seen from Table 10 that the 7-day
compressive strength of the UHPC mixtures was between
81.6 and 111.5 MPa. Among them, the CO mix had the
lowest compressive strength (81.6 MPa), and the C8 mix
had the highest compressive strength (111.5 MPa). This
result shows that the incorporation of pozzolanic materials
can enhance the early-age compressive strength of UHPC,
and the percentage of improvement was between 15.2% and
36.6%. Moreover, Table 13 shows the percentage of 28-day
compressive strength achieved by the UHPC mixture at
seven days. For the C8 mix containing large amounts of
silica fume, its 7-day compressive strength was 89% of 28-
day compressive strength. As for the CO mix containing
large amounts of cement, its 7-day compressive strength
was 91% of 28-day compressive strength.

Fig. 5 shows the S/N ratio response graph for
compressive strength. It can be seen from Fig. 5 that as the
amount of silica fume and steel fiber increased, the S/N
ratio tended to increase. In other words, the value of the
compressive strength was increased. From the analysis
results of Table 11 and Fig. 5, it can be concluded that the
amount of polypropylene fiber was the significant factor
affecting compressive strength; the maximum response
occurred in 0.06% (volume percentage). For the variance
analysis results of compressive strength, as shown in Table
12, the amount of polypropylene fiber was the most
important factor affecting the compressive strength of the
concrete. The percentage contributions of these factors were
as follows: amount of polypropylene fiber (65.39%),
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Fig. 5 S/N ratio response graph of compressive strength

amount of steel fiber (20.13%), and percentage of cement
replaced by silica fume (14.48%). According to the analysis
results of the above range analysis and variance analysis,
the optimal combination level of the experimental control
factors for achieving maximum compressive strength is
A3;B,CyDs.

3.2.2 Elastic modulus

Fig. 6 shows the stress-strain curve of each UHPC mix
at 7 days of age. As can be seen from Fig. 6, the initial slope
of the ascending branches of the stress-strain curve
exhibited a linear relationship before reaching the
maximum stress. According to ASTM C469, the elastic
modulus of the specimen was obtained from the stress-
strain curve. It can be seen from Table 10 that the 7-day
elastic modulus of the UHPC mixtures was between 32.3
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Fig. 6 Stress-strain curves of UHPC

Table 13 Development of compressive strength

Mix No. f 'c-7a (MPa) f 'c-28d (MPa) f 'c-70lf 'c-28d
CO0 81.6 90.0 0.91
Cl 95.7 128.1 0.75
C2 100.0 113.7 0.88
C3 94.0 119.8 0.78
C4 107.0 127.0 0.84
C5 94.3 124.9 0.76
Co6 97.8 121.6 0.80
C7 95.6 123.6 0.77
C8 111.5 125.8 0.89
C9 102.4 120.2 0.85
Notes:  f'c7¢=7-day  compressive  strength;  f'c-28¢=28-day

compressive strength.

and 38.9 GPa. Among them, the CO mix had the lowest
elastic modulus (32.3 GPa), and the C2 and C3 mixes had
the highest elastic modulus (38.9 GPa). However, in the
experimental group, there was no significant difference in
the elastic modulus of each specimen. Moreover, the age of
concrete at the time of testing was not found significantly to
affect the modulus of elasticity. Especially, for the C2-C6
mixtures, their E.;p/E..2sp value was between 0.98-1.0, as
shown in Table 14. This is because the early concrete
modulus of elasticity developed very rapidly compared to
the compressive strength (Nehdi and Soliman 2011). Myers
(1999) pointed out that about 90% or more of the elastic
modulus value is achieved within the first 24 h after casting.

Fig. 7 shows the S/N ratio response graph for elastic
modulus. It can be seen from Fig. 7 that as the amount of
polypropylene fiber increased, the S/N ratio tended to
increase. According to the average S/N ratio of the elastic
modulus parameters of Table 11 and the elastic modulus
S/N response diagram of Fig. 7, the polypropylene fiber
content was an important factor affecting the elastic
modulus of UHPC, and the maximum response was on the
third level of the polypropylene fiber content. Further, the
results of the analysis of variance for elastic modulus are
given in Table 12. It can also be confirmed from Table 12
that the polypropylene fiber content is the most important
factor affecting the elastic modulus of the concrete. The
percentage contributions of these factors were as follows:
the amount of polypropylene fiber (75.94%) and the

Table 14 Development of elastic modulus

Mix No. Ec.7o (GPa) Ec-2sp (GPa) Ec-7p/EC-28p
COo 32.3 37.2 0.87
Cl 349 39.5 0.88
C2 38.9 39.5 0.98
C3 38.9 39.7 0.98
C4 37.2 38.1 0.98
C5 38.8 39.5 0.98
Co6 33.9 34.0 1.00
C7 354 48.0 0.74
C8 36.9 44.8 0.82
Cc9 35.5 43.7 0.81

Note: Ec.7o=7-day elastic modulus; Ec-2sp=28-day elastic modulus.
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Fig. 8 Load-deflection curves of UHPC specimens

percentage of cement replaced by ultra-fine silica powder
(21.79%). According to the analysis results of the above
range analysis and variance analysis, the optimal
combination level of the experimental control factors for
achieving maximum elastic modulus is A;B>CsDs.

3.2.3 Flexural strength

The load versus midspan deflection curves for each
group of UHPC specimens are shown in Fig. 8. As can be
seen from Fig. 8, the load-displacement curve was linear in
the region before the peak point. In addition, control group
exhibited brittle failure, as shown in Fig. 9(a). In contrast,
all test specimens of the experimental group containing
steel fiber showed greater loads and displacement
capabilities than the control group. In particular, test
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Fig. 10 S/N ratio response graph of flexural strength

specimens incorporating higher steel fiber content exhibited
a better displacement capacity. The reason is that steel
fibers have the ability to bridge cracks, as shown in Fig.
9(b). As a result, the toughness (i.e., the area under the load
versus deflection curve up to fracture) of the experimental
group was significantly better than that of the control group.

It can be seen from Table 10 that the 7-day flexural
strength of the UHPC mixtures was between 6.6 and 18.0
MPa. Among them, the CO mix had the lowest flexural
strength (6.6 MPa), and the C3 mix had the highest flexural
strength (18.0 MPa). Fig. 10 shows the S/N ratio response
graph for 7-day flexural strength. It can be seen from Fig.
10 that as the amount of steel fiber increased, the S/N ratio
tended to increase. According to the average S/N ratio of the
flexural strength parameters of Table 11 and the flexural
strength S/N response diagram of Fig. 10, the steel fiber
content was an important factor affecting the flexural
strength of UHPC, and the maximum response was on the
third level of the steel fiber content. Further, the results of
the analysis of variance for flexural strength are given in
Table 12. It can also be confirmed from Table 12 that the
steel fiber content is the most important factor affecting the
flexural strength of the concrete. The percentage
contributions of these factors were as follows: the amount
of steel fiber (42.83%) and the percentage of cement
replaced by ultra-fine silica powder (37.58%). According to
the analysis results of the above range analysis and variance
analysis, the optimal combination level of the experimental
control factors for achieving maximum flexural strength is
A1B3CaDs.

3.2.4 Splitting strength

(b) C1 specimen

(a) CO specimen
Fig. 11 Comparison of splitting test results
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Fig. 12 S/N ratio response graph of splitting strength

Fig. 11 shows that the control group showed brittle
failure, and the experimental group still maintained its
original appearance after reaching the ultimate load, without
much strain or deformation. Regarding the splitting strength
of UHPC, the test results were between 4.4 and 10.8 MPa.
Among them, the CO mix had the lowest splitting strength
(4.4 MPa), and the C8 mix had the highest splitting strength
(10.8 MPa). Fig. 12 shows the S/N ratio response graph for
7-day splitting strength. It can be seen from Fig. 12 that as
the amount of ultra-fine silica powder and steel fiber
increased, the S/N ratio tended to increase. According to the
average S/N ratio of the splitting strength parameters of
Table 11 and the splitting strength S/N response diagram of
Fig. 12, the steel fiber content was an important factor
affecting the splitting strength of UHPC, and the maximum
response was on the third level of the steel fiber content.
Further, the results of the analysis of variance for splitting
strength are given in Table 12. It can also be confirmed
from Table 12 that the steel fiber content is the most
important factor affecting the splitting strength of the
concrete. The percentage contributions of these factors were
as follows: the amount of steel fiber (45.20%) and the
amount of polypropylene fiber (32.48%). According to the
analysis results of the above range analysis and variance
analysis, the optimal combination level of the experimental
control factors for achieving maximum splitting strength is
A,B;CDs.

3.2.5 Confirmation test

To verify the optimal combination of the experimental
control factors obtained using the Taguchi method, a
confirmation test of compressive strength was performed.
Table 15 shows the results of the confirmation tests. The
confirmation test results show that the optimal combination
of the experimental control factors proposed by the Taguchi
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Table 15 Results of the confirmation test

Performance  Initial Test Results  Optimal  Test Results
parameter combination  (MPa)  combination  (MPa)

Compressive , p oDy 1115 AB.CaDs 1157
strength

method can obtain the maximum test results for the
compressive strength performance parameter.

4. Conclusions

The engineering properties of UHPC at early ages,
including freshly mixed properties and hardened
mechanical properties, have been explored in this study.
Based on the above test results and analysis, the following
conclusions can be obtained:

* The results show that the Taguchi method can be used

to obtain suitable UHPC mix design parameters.

Moreover, the confirmation test results show that the

optimal combination of the experimental control factors

proposed by the Taguchi method can obtain the
maximum test results for the compressive strength
performance parameter.

* According to the results of the variance analysis, the

amount of polypropylene fiber is the most important

factor affecting the slump and slump flow of UHPC.

* The incorporation of pozzolanic materials can enhance

the early-age compressive strength of UHPC, and the

percentage of improvement was between 15.2% and

36.6%. Moreover, the percentage of 28-day compressive

strength achieved by the UHPC mixture at seven days

was between 75% and 89%.

* In the experimental group, there was no significant

difference in the elastic modulus of each specimen.

Moreover, the age of concrete at the time of testing was

not found significantly to affect the modulus of

elasticity.

* All test specimens of the experimental group

containing steel fiber showed greater loads and

displacement capabilities than the control group. In
particular, test specimens incorporating higher steel
fiber content exhibited a better displacement capacity.

As a result, the toughness of the experimental group was

significantly better than that of the control group.

* According to the results of the variance analysis, the

steel fiber content is the most important factor affecting

the splitting strength of the concrete. The percentage
contributions of these factors were as follows: the
amount of steel fiber (45.20%) and the amount of

polypropylene fiber (32.48%).
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