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This study aims to optimize the proportion and constituents of the mixture used for fab-
ricating 180 MPa ultra-high-strength concrete (UHSC) including coarse aggregate. Various
parameters, such as the supplementary cementitious material (SCM) type and amount,
water-binder (W/B) ratio, fine and coarse aggregate type and amount, chemical admix-
ture, and mixing process, were considered and their effect on the compressive strength
was examined. Based on several experimental tests, the optimized SCM proportions for
cement, silica fume (SF), ground-granulated blast furnace slag (BFS), and gypsum are 55%,
20%, 20%, and 5%, respectively. The most appropriate W/B ratio, unit water content, and
sand-total aggregate (S/a) ratio are 12.5%, 150kg/m?, and 0.35, respectively. The use of very
fine SF with a specific surface area of 13.7 m?/g and diorite, which is a type of coarse aggre-
gate, improves the compressive strength of UHSC. The optimum amount of superplasticizer
ranges between 1.3% and 1.6% and the most suitable slump flow is 750 mm. Finally, for this
type of flowable UHSC, a mixing time and speed of 5 min and 40 rpm, respectively, and natu-
ral self-compacting without using a tamping bar are recommended. Based on the optimized
mix design, UHSC with a compressive strength of 180 MPa can be certainly fabricated.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A recent trend in architectural engineering is to fabricate big-
ger and safer structures using high-performance construction
materials. Various types of skyscrapers have been constructed
worldwide as landmarks of cities such as the Burj Khalifa,
Shanghai Tower, Lotte World Tower, and One World Trade
Center. One of the key design and construction technologies
of such skyscrapers is to effectively pump fresh concrete from
the ground to the top of the structure and achieve structural
integrity under very high longitudinal and lateral loads such
as those caused by self-weight, wind, and earthquakes. These
fundamental requirements on skyscraper construction can be
met by developing self-consolidating ultra-high-strength con-
crete (UHSC). If a proper viscosity of the self-consolidating
concrete is obtained by using high amounts of binder and
superplasticizer, some of the segregation occurring during the
pumping can be prevented with the smooth movement of
fresh concrete in the pumping pipe [1]. Based on the use of
UHSC with a compressive strength above 180 MPa for the fabri-
cation, especially for columns, the very high longitudinal force
due to the self-weight of the structures can also be resisted
with enough structural integrity.

Several previous studies [2-7] were conducted to evaluate
various material and structural performances of UHSC ele-
ments. Kimura et al. [2] examined the seismic behavior of
UHSC columns with a compressive strength of about 200 MPa.
They [2] used a cement premixed with silica fume (SF), sand,
small-sized coarse aggregate with a maximum size of 13 mm,
and a very low water-binder (W/B) ratio of 0.13 for the UHSC
mixture. Based on experimental test results, it was reported
that hooked-end steel fibers used as additional reinforcement
enhance various structural properties, such as the flexural
strength and the axialload carrying capacity up to a drift angle
of 3%, and lead to low column damage with better crack dis-
persion. Maruyama et al. [3] tested full-scale UHSC columns in
both summer and winter seasons to evaluate the stress distri-
bution and crack patterns and reported several cracks around
the steel reinforcements and inside the columns, which were
generated by hydration heat and autogenous shrinkage. They
[3] used cement premixed with 10% SF, a special crushed
coarse aggregate from Morioka, Japan, superplasticizer, and
a low W/B ratio of 0.15 to fabricate a self-consolidating UHSC
mixture. The UHSC mixture achieved a slump flow value of
650+100mm. Yoo et al. [8] conducted autogenous shrink-
age tests of UHSC and reported that its early age autogenous
shrinkage increases with decreasing W/B ratio and supple-
mentary cementitious materials (SCMs), i.e., fly ash and blast
furnace slag, reduce the autogenous shrinkage of UHSC as the
W/B ratio less than 0.2. Allena and Newtson [9] noted that
early age shrinkage of UHSC at 24h was found to be 1758 p.e,
about 58.5% of its ultimate shrinkage, meaning that a large
portion of shrinkage strain of UHSC is developed at very early
age. Cwirzen et al. [5] estimated the salt freeze-thaw resis-
tance of UHSC with coarse granite and diabase aggregates,
cement with amorphous SF (25% of the cement weight), quartz
filler, short steel fibers, and low W/B ratios from 0.22 to 0.26.
The heat curing, existence of coarse aggregates, and steel
fibers were analyzed. They [5] reported that the lowest sur-

face scaling and internal damage by freeze-thaw cycles were
obtained using nonheated UHSC with coarse aggregates. The
inclusion of steel fibers had positive and negative effects on
the internal damage and surface scaling, respectively. Bindi-
ganavile [4] fabricated UHSC using cement, SF, quartz sand,
a high-range water reducing agent, and high volume of steel
fibers (6%) and tested it under impact-loading conditions. In
their study, UHSC with steel fibers exhibited a superior impact
resistance and an energy absorption capacity, three times
greater than that of conventional concretes with compressive
strengths of about 40 MPa and steel and polymeric fibers. To
evaluate the fire resistance of UHSC, Lee et al. [6] used two
different SCMs, that is, SF and ground-granulated blast fur-
nace slag, fine and coarse aggregate, anhydrous gypsum to
delay setting time, and a low W/B ratio of 0.125 for the UHSC
fabrication. The compressive strength of 180 MPa UHSC deteri-
orated steeply with increasing temperature and failed due to
thermal deformation at 300°C. Shin et al. [7] used the sim-
ilar UHSC mixture to perform structural tests of reinforced
UHSC columns with a compressive strength above 180 MPa
and recommended to use high-strength steel reinforcing bars
for UHSC columns in order to improve the strength and tough-
ness.

Likewise, several studies [2-7] have been conducted to
determine the mechanical and structural behaviors of UHSC.
However, research regarding the detailed development pro-
cess of such UHSC mixtures considering various factors,
e.g., workability, strength characteristics, economic feasibil-
ity, environmental friendly through the use of SCMs, etc.,
is still very limited. Furthermore, since the mechanical
properties of UHSC are highly sensitive to various factors,
such as the ingredients, W/B ratio, and mixing and cur-
ing regimes, an optimized mix design stably providing such
a very high compressive strength of 180MPa needs to be
established by considering extensive test variables and influ-
ential factors. Accordingly, in this study, various influential
factors, i.e., the type and amount of SCM and aggregates,
W/B ratio, chemical admixture, and mixing process, were
considered to develop an optimized mix for UHSC with a
compressive strength of 180 MPa and self-consolidating char-
acteristics. From extensive experimental tests, an optimized
flowable UHSC mixture, appropriate for skyscrapers, was sug-
gested.

2. Ingredients of UHSC composition

2.1. Cement

To fabricate an 180 MPa UHSC mixture, the type of cement was
first optimized. The chemical and mineral compositions of
regular Type I Portland cement and specially produced UHSC
cement are summarized in Tables 1 and 2. Since the cement
is obtained from earth material, i.e., limestone, it is com-
posed of numerous chemical compositions. Thus, only major
chemical compositions are given in Table 1. First, the amount
of tricalcium aluminate (C3A) was reduced to generate hard-
ened, denser concrete with a lower W/B ratio. The amount
of C3A for the UHSC cement was reduced by 2% compared
with that of regular cement (Table 2). In addition, the fineness
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Table 1 - Chemical compositions of cement.

Normal cement? Specially fabricated
cement®
LOI 0.65 0.85
SiO, 21.25 21.80
Al,03 5.15 4.85
Fe,03 3.45 3.63
Cao 64.15 63.60
MgOo 2.15 2.00
SO3 2.00 2.05
K,0 1.25 1.00

@ Normal Type I Portland cement.
b Specially fabricated cement for making UHSC.

Table 2 - Mineral compositions and physical properties
of cement.

Normal cement? Specially fabricated
cement”
CsS 71.2 64.0
C,S 10.4 16.1
C3A 6.4 4.7
C4AF 6.7 10.9
F-CaO 0.7 0.5
F-MgO 0.8 0.6
Gypsum 2.4 2.0
K250, 13 1.1
Blaine (cm?/g) 3330 3100+ 50

@ Normal Type I Portland cement
b Specially fabricated cement for making UHSC

(blaine) was lowered from 3300 to 3100 cm?/g to reduce the
specific surface area and improve the filling factor during the
fabrication of UHSC cement (Table 2). To reduce the soluble
gypsum content, that is, the production of hemihydrate gyp-
sum, the temperature of the outflow of the cement production
mill was decreased from 105 °C to 90 °C. To improve the long-
term hydration and densified microstructures, the amount of
alite (C3S) was reduced while the amount of belite (C,S) was
increased (Table 2). The C3S augments the viscosity and flu-
idity in conventional concrete. However, in the case of the
UHSC mixture, the increased amount of powder due to the
addition of SF and ground-granulated blast-furnace slag (BFS)
and the addition of superplasticizer (SP) lead to increased vis-
cosity and fluidity. Thus, the amount of C3S was lowered. On
the other hand, the amount of C,S was increased because
it supports the production of calcium silicate hydrate (C-S-
H) and enhances the long-term properties. Cement clinkers
change the C3S mineral depending on the plastic tempera-
ture. In general, C3S, generated at a high temperature, has a
higher long-term strength than that generated at a lower tem-
perature. Therefore, the clinkers for the UHSC cement were
produced at high temperature and cooled rapidly. A polarizing
microscope was used to determine the size and shape of the
clinkers. The size of the C3S in the clinker correlates with the
rate of the temperature increase. As the size of C3S decreases,
the rate of the temperature increase rises.

2.2.  Supplementary cementitious materials (SF and
BFS)

The SF, which is necessary for the production of UHSC,
improves the strength and reduces the viscosity of the cement.
It is composed of condensed SiO; gas from the production of
ferrosilicon and metal silicon used as deoxidizers. The par-
ticles are round and have an average size of 0.2-0.5 um and
specific surface area of 200,000 cm?/g; they can be classified
as super fine-grained. The major roles of the SF in the mixture
of UHSC are discussed below.

e Micro-filler effect: Particles with an average size of 0.2 pm
fill the gaps between the water and cement particles in
fresh concrete. In hardened concrete, the SF improves
the strength and durability by filling voids made by
hydrates.

e Pozollanic reactivity: The pozollanic reaction is a chemical
reaction between silica components and calcium hydroxide
producing C-S-H. The rate of the reaction is about 40% after
3 days and 60% after 28 days when 10% are replaced with
SE.

e Densified matrix: The fine pores are reduced when SF is
added. The produced C-S-H has a low Ca0O/SiO; ratio of
about 1.2-1.4, which contributes to the strength develop-
ment by making the matrix structure dense.

e Reduced viscosity: The viscosity likely decreases when SF is
added.

The workability of the cement paste increases with a bet-
ter SF distribution. This eventually leads to an improvementin
the fluidity of the concrete because SF with a good dispersibil-
ity can become more dispersible in the form of particles by
external force of mixer and exert a ball-bearing effect due to
the round shape of particles. The SF that is distributed in the
form of particles improves the filling effect and replaces the
water between the particles. This results in the production
of redundant water and improves the fluidity. If the cement
and SF are not mixed well, the fluidity of the fresh concrete
deteriorates. Therefore, the cement and SF were premixed to
overcome this drawback.

To enhance the strength and fluidity, SF with more than
92% SiO, and a fineness of 100,000-200,000 cmz/g was used.
The effect is more prominent when the silica content is
increased because the silica reacts with cement hydrates to
produce C-S-H gel that fills the hydrate pores and thereby
increases the compressive strength. Thus, SF with more than
92% SiO; should be used to fabricate UHSC. When using
SF with a low fineness (100,000cm?/g) and large particle
size, the mixing time and viscosity significantly decrease,
while the fluidity increases compared with that with a high
fineness (200,000 cm?/g). Therefore, SF with a low fineness
contributes to a better distribution of the entire binder mix
in concrete with a compressive strength of 150-200 MPa and
a W/B ratio below 15%. The SF used in UHSC should sat-
isfy the quality requirements according to KS F 2567 [10] and
have good distribution properties and round particles. Table 3
shows the results of the measurement of the specific sur-
face area and SEM photographs of the SF types that were
used.
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Table 3 - Specific surface area and SEM images for different types of SF.

Type Specific surface area(m?/g) SEM image
10,000x

SE-A 13.7

SF-B 11.9

SE-C 14.4

SE-D 10.9

In addition, to improve the packing density and fabricate
eco-friendly UHSC, type II BFS with a specific gravity of 2.91
and a fineness ranging from 6000 to 8000 cm?/g was adopted.
It was also expected that the addition of BFS improves the
long-term strength of the UHSC.

2.3. Aggregates

To fabricate UHSC, the concrete aggregates must meet the fol-
lowing requirements: (1) a higher strength than the matrix
strength, (2) similar specific gravity to that of the matrix,
(3) durable under climate and utilization conditions, (4) an
appropriate shape and grain size distribution to form UHSC
with high fluidity and density, (5) absence of materials that
potentially deteriorate the properties of concrete, and (6) a
good fire resistance. The aggregates in UHSC are more impor-
tant than in normal- and high-strength concretes. Thus,

coarse aggregates with sizes below 10mm and a strength
higher than that of the matrix should be used for UHSC.
Accordingly, coarse aggregates with a strength above 180 MPa,
which is the target compressive strength, and a secured fire
resistance up to 1200 °C were selected for this study. A nation-
wide aggregate investigation was conducted in South Korea
and the aggregate properties were analyzed to identify aggre-
gates satisfying the above-mentioned requirements.

Based on the measurements of the compressive strength,
three optimized types of coarse aggregate for UHSC were
selected, that is, diorite, shale, and andesitic rock with com-
pressive strengths of about 301, 299, and 336 MPa, respectively,
which are much greater than 200 MPa (Fig. 1). To assess the
aggregate properties, X-ray fluorescence (XRF) analysis and
alkali reaction and fire resistance tests were performed. The
XRF results are summarized in Table 4. The diorite aggre-
gate has the largest SiO, content, while it has the smallest
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Fig. 1 - Microscope photographs of (a) diorite, (b) shale, and (c) andesitic rock (Note: Pl: Plagioclas, Bt: Biotite, Qtz: Quartz,

Chl: Chlorite, and R.F.: Rock fragment).

Table 4 - XRF analytical results.

Diorite Shale Andesitic rock
SiO, 65.88 65.62 59.95
Al,O3 16.48 14.63 17.24
Fe, O3 4.16 4.83 6.19
CaO 271 3.76 5.07
MgOo 1.08 2.54 2.15
K0 3.89 3.17 1.59
Na,0 4.02 2.16 5.04
TiO, 0.52 0.57 0.73
MnO 0.07 0.13 0.14
P,0s 0.18 0.11 0.22
Igloss 0.80 2.09 1.44

Table 5 - Alkali reaction test results.

Amount of Reduced amount of  Result

melted silica alkali concentration

Sc (mmol/L) Rc (mmol/L)
Diorite 13.75 71.17 Harmless
Shale 18.59 96.52 Harmless
Andesitic rock  14.74 78.53 Harmless

Fe;03 and MgO concentrations. The andesitic rock has the
least amount of K,0 among the components with low melting
points. The alkali reaction test was carried out in accordance
with KS F 2545 [11]; the test results are shown in Table 5.

The hysteresis curve in an electronic furnace (Fig. 2)
increases by 25°C per min up to 1200°C, where the tem-
perature remains for 60 min before it decreases at a rate of
25°C/min. The diorite remains almost the same during the
1200°C heating test, which proves that it is most suitable for
the use in UHSC, whereas the shale and andesitic rock aggre-
gates have melting of the surface and found to have eluted
elements. In addition, based on our preliminary compres-
sion tests on UHSCs with three different coarse aggregates

60 minute maintain

25 °C/minute
decrease

25 °C/minute increase

t

0 50 100 150 200
Time (minutes)

Fig. 2 - Aggregate fire-resistance test (history curve of
heating temperature).
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Table 6 — Chemical characteristics of polycarboxylic
acid-based superplasticizer for UHSC.

Solids (%)

Color Specific gravity  pH Viscosity (cps)

Dark brown 1.10 7.40 30.1 58

[12], the one with diorite provides the highest compressive
strengths both at early stages and over the long term. A W/B
ratio of 0.11 and unit water content of 130kg/cm? were used
for this preliminary test. The ratio of cement:SF:BFS:gypsum
was 50:20:25:5 and the slump flow values ranged from
715 to 725mm according to ASTM C1611 [13]. The highest
compressive strengths of UHSC with diorite are about 201 MPa
after 28 days under steam-curing conditions (80°C) for
7 days.

Three different types of fine aggregates were adopted:
washed sand, electric arc furnace (EAF) slag, and silica sand.
Regular washed sand with a specific gravity of 2.65 and fine-
ness modulus of 3.05 was adopted. The properties of the EAF
slag and silica sand are the following: EAF slag with a specific
gravity of 3.58 and fineness modulus of 3.06 and silica sand
with a specific gravity of 2.67 and fineness modulus of 1.14.

2.4.  Water-reducing admixture (superplasticizer)

A considerably large flow loss of the UHSC mixture causes
problems at construction sites that require a long transfer of
materials, especially for the pumping for skyscrapers. Polycar-
boxylic acid-based superplasticizer (SP), which recently was
developed by Dongnam Co., Ltd, has made it possible (flow-
able and low flow loss) to produce UHSC with a compressive
strength over 100 MPa. Thus, SP was adopted in this study to
produce flowable UHSC. Its chemical characteristics are sum-
marized in Table 6.

3. Test program

3.1.  Mixing process

A non-gravity mixer was used in this study to preblend the
cementitious binders. The two axes of the mixer rotate at
a steady speed rate powered by a chain actuator. When the
raw materials are pushed up in the mixing chamber by rotat-
ing paddles, a non-gravity state is formed with an increase of
effective volume where a weightless zone is created to com-
plete mixing.

3.2, Compressive strength measurement

To develop 180 MPa UHSC cured at room temperature, various
influential factors are considered during several compression
tests. Cylindrical specimens with a diameter of 100 mm and a
height of 200 mm were used for the compression tests accord-
ing to ASTM C39 [14]. A universal testing machine with a
capacity of 2500 kN was used to provide an uniaxial compres-
sive force with displacement control. At least five specimens
for each variable were fabricated and tested, and the test

data presented in this paper is the average value. In order
to increase data reliability, the acceptable range of individ-
ual cylinder strengths was determined to be approximately 8%
according to ASTM C39 [14], thus the test data given is quite
reliable and acceptable.

4. Test results and discussion: strength
properties of UHSC

4.1.  Effects of the gypsum concentration and fineness

The early-stage setting behavior of the cement paste mainly
depends on the reaction of C3A. If C3A reacts with water,
the cement paste immediately stiffens. Therefore, gypsum
is added to retard this abrupt setting behavior [15,16]. Potgi-
eter et al. [17] suggested the use of 3-5% (by weight) gypsum
in the clinker. Because the addition of gypsum also leads
to early-stage strength development and decreases the dry-
ing shrinkage of the hardened cement paste [18], a proper
amount of gypsum needs to be determined for UHSC with
a much higher strength than that of ordinary concretes. To
determine the amount of gypsum appropriate for UHSC, an
X-ray diffraction (XRD) analysis was carried out on UHSC
matrix samples with a W/B ratio of 0.125. The changes of
the anhydrite and ettringite peaks of UHSCs with different
amounts of anhydrous gypsum and curing ages are shown
in Figs. 3 and 4. Three different amounts of gypsum (0%, 5%,
and 10% of the total amount of binder materials) were con-
sidered, while the SF and BFS concentrations were fixed to
20% of the total binder content. To determine the optimum
amount of gypsum, a standard natural anhydrous gypsum
with a specific gravity of 2.7 and fineness of 3500 cm?/g was
used. The amount of cement was reduced from 60% to 50%
by increasing the amount of gypsum. Without the addi-
tion of anhydrous gypsum, anhydrite and ettringite peaks
were not observed (at all ages), while a clear anhydrite peak
was detected for the samples with 5% and 10% gypsum
(Fig. 3). With increasing curing age, the peak intensity of
anhydrite reduces because it is replaced with ettringite dur-
ing the hardening process [19]. Due to this replacement, the
peak intensity of ettringite increases with the curing age
when 5% and 10% gypsum are added (Fig. 4). The mixture
without gypsum therefore does not show an ettringite peak
(Fig. 4). A greater decrease of the anhydrite peak intensity
was observed in the samples with 5% anhydrous gypsum
as compared with its counterpart (10% gypsum), indicating
that they could effectively delay the abrupt setting of the
cement paste and develop an early-stage strength. Accord-
ingly, similar to a previous study [17], the proper amount of
anhydrous gypsum is 5% of the total amount of binder mate-
rials.

To examine the effect of the gypsum fineness on the com-
pressive strength of UHSC, natural anhydrous gypsum was
finely crushed to exhibit a fineness of 6000 and 8000 cm?/g.
Thus, three finenesses of 3500, 6000, and 8000cm?/g were
considered along with the hybrid use of 6000 and 8000 cm?/g
gypsum. Because the optimum amount of gypsum was deter-
mined to be 5%, the gypsum amount was fixed to 5% during
the evaluation of the effect of its fineness on the compressive
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strength. Fig. 5 shows that the 91-day compressive strength
slightly increases with increasing gypsum fineness. In addi-
tion, the highest compressive strength was obtained for the
UHSC mixture with hybrid use of equal amounts (2.5%) of
6000 and 8000 cm?/g gypsum because finer gypsum effectively
fills the spacing between coarser gypsum particles. Thus, the
hybrid use of gypsum with finenesses of 6000 and 8000 cm?/g
isrecommended to improve the mechanical strength of UHSC.
4.2.  Effect of the W/B ratio

The porosities of the aggregate, cement paste, and inter-
facial transition zone (ITZ) are the most important factors
that determine the strength of UHSC. The porosities of the
cement paste and ITZ are affected by several parameters
such as the composition, mix proportion, and compact-
ness of the concrete. At an appropriate workability, the
W/B ratio most significantly affects the porosities of the
hydrated cement paste and ITZ. A lower W/B ratio is known
to increase the strength of concrete and leads to a decrease
in the total porosity and finer pore structure [20]. How-
ever, such a decrease of the W/B ratio results in difficulties
during mixing, concrete casting, and concrete compact-
ing due to the insufficient workability. Therefore, a binder
mix with an appropriate construction ability that meets
desired strength criteria is very important for the develop-
ment of UHSC. Therefore, the effect of the W/B ratio on
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Fig. 6 — Effect of W/B ratio on the compressive strength of
UHSCs.

the compressive strength of UHSC after various curing days
was examined. The proportions of the mixture and prop-
erties of fresh concrete are summarized in Table 7. The
W/B ratio ranges from 11.5% to 14.5% and the portions of
cement, SF, BFS, and gypsum are 55%, 20%, 20%, and 5%,
respectively. The amount of SP increases with decreasing
W/B ratio since the flowability is generally reduced with
increasing binder material amount, relative to the amount of
water. Thus, similar slump flow values ranging from 800 to
860 mm were obtained for all mixtures.

A summary of the compressive strength data of UHSCs with
various W/B ratios is shown in Fig. 6 based on the curing age. At
a very early-stage (3 days), the highest compressive strength
was observed in the UHSC mixture with the highest W/B ratio
of 14.5%; the magnitude decreased with decreasing W/B ratio
because of the increased amount of SP, delayed setting time,
and early-stage strength development [21]. On the other hand,
similar compressive strengths were obtained between 7 and
28 days, regardless of the W/B ratio. After 28 days, a higher
compressive strength was obtained at lower W/B ratios up to
12.5% because the lower W/B ratio leads to a smaller poros-
ity of the cement paste [22]. Due to the smaller porosity, the
UHSC mixture with the W/B ratio of 12.5% exhibits the highest
91-day compressive strength. Interestingly, the UHSC mixture
with the lowest W/B ratio of 11.5% exhibits the smallest com-
pressive strength due to the insufficient amount of water and
incomplete hydration of the cement (not able to produce full
strength).

Table 7 - Mixture proportions and fresh properties of UHSCs with various W/B ratios.

W/B (%) S/a W (kg/m?) C:SF:BFS:Gy SP (B x %) S. flow (cm) Air? (%) T60-T50P (s)
14.5 1.30 80/80 2.3 5.7
135 035 150 55202015 1.50 80/80 23 5.4
12.5 : T 1.70 83/86 2.5 4.0
11.5 1.90 80/80 3.0 5.5

Note: W/B, water-to-binder ratio; S/a, sand to total aggregate ratio; W, unit water content; C, cement; SF, silica fume; BFS, ground granulated
blast furnace slag; Gy, gypsum,; SP, superplasticizer; B, binder; S. flow, slump flow.

2 Air content

b T50, T60 = times that concrete requires to reach 500 and 600 mm of slump flow as per ASTM C1611 [11], so that T60-T50 indicates time difference

between T60 and T50.
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In order to determine the relationship between the W/B
ratio and compressive strength, the porosity and microhard-
ness of the ITZ between the cement matrix and coarse
aggregate were analyzed. To measure the porosity and micro-
hardness of the ITZ, a cylindrical sample with a diameter
of 100mm and a height of 200mm was prepared. From the
center of the hardened sample, area where aggregate and
matrix interface is clear and distinctive was cut into a pris-
matic piece with a dimension of 10 x 10 x 10 mm. To stop the
cement hydration, the cut-out piece was dried for 24 h using
acetone. Subsequently, the acetone was removed using an
aspirator for 30 min. The piece was then placed in a drier
for 24h at 40°C and afterwards stored in a vacuum desicca-
tor. Mounting was carried out next. Low-viscous epoxy resins
and a curing agent were used at a ratio of 5:1. The mount-
ing solution was filled in a mold cup until the specimen
was submerged. The cup was placed in a 40°C drier for 24h
to harden. A 1mm cross section of the hardened specimen
was cut using cutting equipment. Subsequently, SiC paper
(#1000-2000) was used to remove scratches made by cutting
the sample and to level the specimen. Furthermore, the spec-
imen was polished using diamond suspension (6, 3, 1, and
0.25 um). During polishing, the absence of scratches on the
specimen and appropriate glossy surface were checked before
continuing the polishing using the suspension with the next
smaller diamond particle size. In addition, the speed of the
polishing equipment was set to 150 rpm at a compressive load
of 10N. Finally, the polished specimen was analyzed with
electron probe microanalysis (EPMA); magnified backscattered
electron (BSE) images and the microhardness were obtained.
The SHIMADZU-1610 and Mitutoyo HM-100 instrumentations
were used to take the BSE images and evaluate the micro-
hardness, respectively. The test details can be found elsewhere
[12].

The effect of the W/B ratio on the porosity and micro-
hardness based on the distance from the ITZ between
coarse aggregate and matrix is shown in Fig. 7. The poros-
ity near the ITZ is noticeably influenced by the W/B ratio.
With decreasing W/B ratio to 12.5%, the porosity signifi-
cantly reduces, whereas it slightly increases from a W/B
ratio of 12.5-11.5%. This trend is identical with that obtained
by compressive strength measurements. In addition, the
UHSC mixture with a W/B ratio of 12.5% shows the high-
est microhardness near the ITZ (Fig. 7b), while those with
W/B ratios of 11.5% and 14.5% have the smallest micro-
hardness. Based on these observations, it can be concluded
that the W/B ratio of 12.5% is the optimum value for the
UHSC mixture; it maximizes its compressive strength. A
higher porosity and smaller microhardness were obtained
for the mixture with a W/B ratio of 11.5% because of
the insufficient mixing of all powders due to the lack
of water. The insufficient mixing results in an increased
inhomogeneity.

4.3. Effect of the water content

To determine the optimum water content for the production
of UHSC, three different unit water contents (140, 150, and
160kg/m3) were considered. The proportions of the binder
materials and S/a ratio were identical to those given in Table 7
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and a W/B ratio of 12.5% and 1.5% SP were applied to fab-
ricate UHSC mixtures with slump flow values ranging from
720 to 750mm and air contents ranging from 2.6% to 3.0%.
Fig. 8 shows the compressive strengths of the UHSCs mixtures
with different water contents depending on the curing age.
Although the compressive strength did not notably change
depending on the water content, the mixtures with water
contents of 150 and 160kg/m? exhibit a slightly higher ulti-
mate compressive strength after 91 days than the mixture



J MATER RES TECHNOL.2019;8(5):4182-4197

4191

with 140kg/m> water. However, based on a previous study
by Wiegrink et al. [23], higher water contents lead to higher
weight loss with age and higher shrinkage. Thus, a water con-
tent of 150kg/m?> is determined to be optimal for the UHSC
mixture.

4.4.  Effects of the fine aggregate ratio (S/a) and type

To examine the effects of the fine aggregate type and ratio
(S/a), three different types, that is, washed sand, EAF slag,
and silica sand, and S/a ratios ranging from 0.14 to 0.45 were
considered. The previously determined optimum W/B ratio,
water content, and gypsum amount (12.5%, 150kg/m3, and
5%, respectively) were used to evaluate the effect of the fine
aggregate type. When the S/a ratio increased, the slump flow
decreased such that the SP amount increased with increasing
S/a ratio, ranging from 1.4% to 1.7%. Thus, reasonable slump
flow values ranging from 680 to 840 mm were obtained for all
UHSC mixtures.

The compressive strength data for the UHSC mixtures with
various fine aggregates and S/a ratios are summarized accord-
ing to the curing age in Fig. 9. In the case of washed sand,
the S/a ratios of 0.35 and 0.45 lead to slightly higher compres-
sive strengths than that of 0.4. On the other hand, the other
types of fine aggregate (i.e., EAF slag and silica sand) show
a clear decrease in the compressive strength with increasing
S/a ratio, as shown in Fig. 9b and c. In addition, the use of sil-
ica sand provides the highest compressive strength, followed
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by washed sand and EAF slag. It can be concluded that the
compressive strength of UHSC slightly reduces with increas-
ing S/aratio, regardless of the fine aggregate type. Because the
price of silica sand is higher and it is difficult to obtain sil-
ica sand in many countries, including South Korea, washed
sand with an S/a ratio of 0.35 is proposed to be optimal for
UHSC.

4.5. Effect of the SF and BFS concentrations

Because limestone, which is a main ingredient in Portland
cement, is a finite resource, it is important to reduce its
amount for the use in concrete fabrication. Therefore, to
replace a portion of the cement with SCMs, SF and BFS were
incorporated in this study. The optimum WY/B ratio of 12.5%,
water content of 150kg/m?, and S/a ratio of 0.35 were adopted.
To determine the optimum replacement ratios of SF and BFS,
the compressive strengths of the UHSC mixtures with various
replacement ratios of SF and BFS ranging from 15% to 30%
of the total binder materials were measured and analyzed.
In addition, in the case of SF, the effect of the replacement
ratio on the fluidity and viscosity of the cement paste was
also estimated according to ASTM C1437 [24] and ASTM C1749
[25], respectively. The mini slump and plastic viscosity values
determined for cement paste with different replacing ratios of
SF ranging from 0% to 30% are shown in Fig. 10. Note that the
fluidity increases and the plastic viscosity decreases when the
replacement ratio of SF increases up to 20%. However, beyond
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a ratio of 20%, the fluidity decreases while the plastic viscos-
ity increases with increasing replacement ratio. Therefore, to
fabricate a self-consolidating UHSC mixture, the optimum SF
replacement ratio is about 20%.

The effect of the SF replacement ratio on the compressive
strength is shown in Fig. 11a. The SF is known to be an excel-
lent micro-filler that increases the concrete’s compressive
strength and durability by filling pores based on pozzolanic
and hydration reactions. However, in excess use, the amount
of ultrafine particles increases, resulting in the deterioration
of the workability and strength due to the increased amount
of water required. Thus, the appropriate replacing ratio of SF
is approximately 15-20% (Fig. 11a) because it provides a higher
compressive strength than a larger replacement ratio of 25%.
Consequently, based on the fluidity and compressive strength
measurements, the optimum replacing ratio of SF is 20%.
Bache [26] also developed very-high-strength concrete with a
compressive strength in the range from 150 to 400 MPa, called
compact reinforced composite (CRC), and its superb mechan-
ical strength was achieved by incorporating high amounts of
SF ranging from 20% to 25% and a low W/B ratio of 0.16 [27].
The slightly higher optimum SF contents for CRC might be
caused by its higher W/B ratio, leading to a better workabil-
ity, than that of UHSC, so that the optimum replacing ratio
of SF, i.e,, 20%, suggested in this study can be considered as
suitable.

Fig. 11b shows the effect of the BFS replacement ratio on
the compressive strengths of UHSCs. The 20% SF was used
for the evaluation of the BFS effect. Fig. 11b shows that the
highest compressive strength of UHSC is obtained when the
replacement ratio of BFS is 20%, which is consistent with
the findings of Shi et al. [28]. They [28] reported that the
highest compressive strength of UHSC was achieved in a com-
bination of SF and BFS when the content of BFS is ranged
from 10% to 20%. This means that the compressive strength
improves by increasing the amount of BFS from 15% to 20%,
whereas the increase of the BFS decreases the compres-
sive strength beyond a replacement ratio of 20%. Therefore,
the optimum replacement ratio of BFS is considered to be
20%.

4.6. Effect of the high-range water-reducing admixture
(SP)

To optimize the amount of SP regarding the compressive
strength, various amounts of SP were applied, ranging from
1.3% to 2.1% (Fig. 12). The mix proportion used for this investi-
gation is identical to that used in the previous cases, that is, a
W/B ratio of 12.5%, water content of 150 kg/m?, S/a ratio of 0.35,
and SCM ratios of 55:20:20:5 (cement:SF:BFS:Gy). The compres-
sive strength was measured after 3 and 56 days. Fig. 12 shows
that the early-stage compressive strength notably reduces
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with increasing SP amount. This is attributed to the delayed
strength development of the concrete with the higher SP
amount, which is consistent with the findings of Pacheco-
Torgal et al. [21] and Lemieux et al. [29]. The delayed stiffening
of the concrete was also observed before demolding in accor-
dance with the increase of the SP amount. Compared with
the early-stage strength, the 56-day compressive strength
of UHSC is insignificantly influenced by the amount of SP.
However, the compressive strength measured after 58 days
is slightly smaller when the amount of SP is higher than
1.7%. Therefore, an optimum SP amount ranging from 1.3%
and 1.6% is recommended; the appropriate amount can be
determined based on slump flow measurements within this
range.

To determine the proper slump flow range, the relation-
ship between the compressive strength and slump flow value
is illustrated in Fig. 13. Identical mixture proportions were
used, but the amount of SP was varied to obtain different
slump flow values. It is interesting to note that the compres-
sive strength of UHSC is influenced by the slump flow. Lemieux
et al. [29] reported that normal-strength self-consolidating
concrete with W/B ratios of 0.33 and 0.38 exhibits the highest
compressive strength at a medium slump flow level rang-
ing from 640 to 700mm compared with other concretes
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Fig. 13 - Relationship between compressive strength and
slump flow.

(low level =600-640 mm, high level=700-735mm). However,
in the case of UHSC with a very low W/B of 12.5%, the ulti-
mate compressive strength increases up to a slump flow
value of about 750 mm and the highest compressive strength
was maintained up to about 830 mm. Thereafter, the com-
pressive strength significantly decreases. These inconsistent
results might be attributed to the significantly different W/B
ratios. Because the UHSC has a high amount of fine dry
powders, its fresh mixture has a high viscosity and is very
sticky, leading to the insufficient compaction of the mold.
The imperfect filling and compaction of cylindrical molds lead
to a decrease in the strength; the impact is significant in
the case of UHSC compared with ordinary concretes. There-
fore, a higher compressive strength of UHSC is obtained at
a higher slump flow level (750-830 mm). Because the higher
slump flow requires a higher amount of SP, the slump value
of about 750mm is recommended for UHSC based on eco-
nomic aspects, which is included in a range of acceptable
slump flow of self-consolidating concrete reported by El-
Chabib and Nehdi [30]. Massana et al. [31] also reported
that the slump flow ranging from 660 to 750 mm is suitable
for many normal applications of self-consolidating con-
crete.
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4.7. Effect of the coarse aggregate type

Based on preliminary tests using diorite as coarse aggregate,
UHSC was determined. To compare its effectiveness with that
of other types of coarse aggregate, three additional types of
coarse aggregate (i.e., iron ore, EAF slag, and clinker) were
considered. The mix proportions that were used were also
identical with that used for the previous cases. The measured
compressive strengths are summarized in Fig. 14. The diorite
aggregate is denoted as crushed in Fig. 14. It is notable that
iron ore and clinker are inappropriate for UHSC because they
exhibit much smaller compressive strengths than the other
aggregates (crushed and EAF slag aggregates). Due to the insuf-
ficient strength development, their compressive strengths
were only measured up to 28 days. The EAF slag coarse aggre-
gate has a higher strength than the iron ore and clinker but
exhibits a smaller compressive strength than the crushed
aggregate (diorite), which is inconsistent with the findings of
Papayianni and Anastasiou [32]. In their study, the use of EAF
slag aggregate increases the compressive strength of HSC (f|, of
about 70 MPa) up to 20% compared with using normal crushed
limestone aggregate. In accordance with a previous study by
Manso et al. [33], the minimum compressive strength of the
EAF slag aggregate is 130 MPa, which is much smaller than the
compressive strengths of diorite and UHSC used in this study.
Thus, the UHSC mixture with the EAF slag aggregate exhibits a
lower compressive strength than that with crushed aggregate,
which is due to the insufficient strength of the EAF slag.

4.8.  Effect of the SF type

Five different types of SFs were considered in this study, as
summarized in Table 3, and their impact on the compressive
strength of UHSC with a mix proportion identical to that of
the previous cases was analyzed (Fig. 15). The only difference
between the SF types is the particle size. The use of SF-A with
a specific surface area of 13.7 m?/g leads to the highest com-
pressive strength, although the differences in the compressive
strengths are rather minor. The other three types of SF (i.e.,
SE-B, -C, and -D) have similar compressive strengths, although
they have different specific surface areas. Thus, the SF with a
specific surface area of 13.7 m?/g is recommended for UHSC,
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but the impact of the SF size is relatively insignificant com-
pared with other factors such as the W/B ratio, type of fine
and coarse aggregates, amount of SCMs, and flowability.

4.9.
method

Effects of the mixing time, speed, and compacting

Based on several experimental tests, the optimized mix for
UHSC was determined. Before applying it practically, the
effects of various concrete mixing and casting processes on
the compressive strength of UHSC were investigated. Fig. 16
shows the implications of the mixing time, speed, and com-
pacting method on the compressive strength at various curing
ages. As shown in Fig. 16a and b, although the difference in
the compressive strengths depending on the mixing time and
speed was insignificant, a mixing time of 5min and speed
of 50rpm led to a slightly higher compressive strength than
that used in other cases (10 min mixing at 40rpm speed). It
is interesting to note that the untamped concrete exhibits a
higher compressive strength than the tamped concrete, which
is contrary to ordinary concrete (Fig. 16c¢). This is because
the UHSC mixture is a self-consolidating concrete with a
very high slump flow and viscosity; the tamping rod rather
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tangles the fresh flowable concrete, causing poorer compact-
ness, compared with the mixture that naturally fills the mold.
Thus, natural self-compaction is recommended for the flow-
able UHSC mixture.

5. Conclusions

In order to optimize the proportions and composition of the
mixture used for the fabrication of UHSC, various parameters
were considered in this study and their effect on the compres-
sive strength was investigated. Based on the above-mentioned
test results, a UHSC mixture with a compressive strength of
about 180 MPa was developed. The following conclusions can
be drawn:

1) The peak intensity of anhydrite can be effectively reduced
by including 5% gypsum, indicating the delay of the
abrupt stiffening of cement paste and enough early-age
strength development. The use of finer gypsum improves
the strength of UHSC. Consequently, the inclusion of 5%
gypsum with fineness of 6000 and 8000 cm?/g is recom-
mended.

2) The decrease of the W/B ratio decreases the porosity
and increases the microhardness near the ITZ and the
ultimate compressive strength of UHSC up to 12.5%.
However, beyond that, the porosity increases, while
the microhardness and compressive strength decrease
with decreasing W/B ratio. Therefore, an optimum
W/B ratio of 12.5% is suggested for the fabrication of
UHSC.
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3) A water content of 150kg/m? and SF with a specific surface
area of 13.7 m?/g are proposed to be the optimum values for
UHSC. However, their effect on the compressive strength is
relatively small compared with that of other factors.

4) The compressive strength of UHSC slightly decreases with
increasing S/a ratio. The use of washed sand with an S/a
ratio of 0.35 is recommended. In addition, using diorite as
a coarse aggregate is most suitable for the fabrication of
UHSC with a compressive strength above 180 MPa.

5) To achieve self-consolidating properties and a higher com-
pressive strength, equal replacement ratios of SF and BFS
of 20% are recommended. Therefore, the optimum pro-
portions of cement, SF, BFS, and gypsum among the total
binder materials are 55%, 20%, 20%, and 5%, respectively.

6) Based on the compressive strength measurements, the
optimum range of the SP amount is 1.3-1.6%. In addi-
tion, the most suitable slump flow value of UHSC is about
750 mm based on economic aspects.

7) A mixing time and speed of 5 min and 40 rpm, respectively,
along with natural self-compaction without an artificial
tamping rod are suggested for the development of flowable
UHSC.

Since the properties of fresh and hardened UHSC vary
according to the physical properties and chemical compo-
sitions of ingredients used, the various methods suggested
above to develop flowable UHSC with the compressive
strength of 180 MPa or higher can be practically adopted only
after checking the material properties using accessible ingre-
dients.
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