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Abstract

In this study, 150MPa ultra-high-strength concrete was manufactured, and its performance was reviewed. As
technically meaningful autogenous shrinkage reportedly occurs at a W/B ratio of 40% or less, although it occurs in al
concrete regardless of the W/B ratio, the effects of the use of expansive admixture and shrinkage reducer, or of the
friction and restraint of forms that may result in the effective reduction of autogenous shrinkage, were reviewed. As ¢
result, considering the flow and strength characteristics, it was found that the slump flow time was shorter witl
expansive admixture, and shortest with shrinkage reducer. All specimens with 30kg/m’expansive admixture showed higt
strength at early material age. Their strength decreased due to the expansion cracks when there was excessive use o
expansive admixture, and the use of shrinkage reducer did not influence the change in the strength according to the
material age. The expansive admixture had a shrinkage reduction effect of 802, while the shrinkage reducer had ¢
shrinkage reduction effect of 30%, indicating that the expansive admixture had a stronger effect. It seems that mixing
the two will have a synergistic effect. The shrinkage reduction rate was highest when the W/B ratio was 20%. The
form suppressed the expansion and shrinkage at the early period, and the demolding time did not significantly influence
the shrinkage. The results of the study showed that the excessive addition of expansive admixture leads to expansior
cracks, and the expansive admixture and shrinkage reducer have the highest shrinkage reduction effect when they are
mixed
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1. Introduction overall insufficient aggregates and slimness of columns.

High strength concrete with 60MPa are actually being
1.1 Background of the Research used in many construction sites, and ultra-high strength
Accompanied by the high-rise buildings and developed to have more than 100MPa concrete has
high-density, the demand for high-rise RC type

apartment buildings has been on the rise so that

recently been in trial use for some of building
construction  projects.[1,2] The strength-enhanced
concrete like this ultra-high strength concrete generally

ultra-high strength concrete became required due to
showed a hydration reaction different from t that of the
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meaning mainly appears at a W/B ratio of 40 percent or
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shrunken by dryness while its own autogenous shrinkage
has been reported as a problem[89]. The actual volume
was shrunken by more than 10 percent by autogenous
shrinkage, which is relatively high. To make the volume
less shrunken by autogenous shrinkage, admixture like
expansive admixture or shrinkage reducing admixture is
currently being used.[6,7] However, the effects on the
ultra-high strength concrete of such admixture have not
vet been fully identified and the ultra-high strength
concrete should be more studied in the future.[10,11,12,13]

Therefore, this study aims to analyze change in
properties, strength and autogenous shrinkage depending
on the amount of expansive admixture or shrinkage
reducing admixture added in the ultra-high strength
concrete and to suggest a future direction of development
of concrete and its control method.

1.2 Research Purpose and Scope
Experiment 1is conducted, above all, to review
characteristics

of property and strength in the

manufacture of the 150MPa ultra-high strength concrete,

of property, strength and shrinkage and the manufacture
of 150MPa ultra-high strength concrete.

2. Experimental Scheme and Method

2.1 Experimental Scheme

To manufacture the concrete with the design strength
of 150MPa, the water-to-binder ratio (hereinafter referred
to as W/B) was consistently maintained at 16 percent
and 20 percent, respectively by setting the target air
content at 2 percent or less. Expansive admixture was
used at three different levels of 0, 30, 60 kg/m’, each of
which was used either as it is or after mixed with
shrinkage reducer, respectively. As a binder, Gypsum-type
expansive admixture was used with Japanese cement
premixed with silica fume.

Table 1. Experimental Scheme

Amount of  Was Estimation Item
Unit  expansion water

. W/B . -
Division (%) Quantity  Agent  reducing Fresh

and then to evaluate the effects on deformation behavior (kg) added  agent Hardened
) o (%) used Concrete Concrete
of the ultra-high strength concrete by the friction and
restraint of forms at the early age as well as the Slump flow Con;prei&r‘»]ive
. . . . . : streng
shrinkage reducing effects when using either expansive 0 ;/lﬁlr?]‘;'t¥lo‘\’/\‘; (1,3, 7 28
admixture or shrinkage reducer or when using the Factor 8 150 30 e air content 91 davs)
20 60 No ) Unit yolume
admixture mixed with the two agents altogether. Unit volume Au;/(v)ggr?éus
To do this, this experiment aims to conduct a review weight shrinkage
at a dynamic perspective on the concrete characteristics Level 2 1 3 2 4 3
Table 2. Table of Mix Proportion of Concrete
Name of Mix W/B Sla Unit weight  (kg/m*) SP SP-SR
(%) (%) W C S G EX (Bx%) (Bx%)
- 1.4 -
30 1.4 -
60 1.4 -
20 39 150 609 968 s
30 - 15
60 - 1.5
- 1.65 -
30 1.65 -
16 37 150 507 914 60 1.65 -
- - 1.8
16E60SR 878 60 - 1.8




The unit quantity of all the mix was set at 150 kg/m’
and either high-performance AE water reducing agent or
high—performance AE water reducing agent included with
shrinkage reducer was used. The detailed experimental
scheme and the table of mix proportion are shown in
Table 1 and Table 2, respectively.

2.2 Material Used

The material used to manufacture the 150MPa
ultra-high strength concrete includes cement premixed
with silica fume (hereinafter C), fine aggregate with a
density of 255 g/cn’ for aggregate, (hereinafter S), and
crushed stone from Gunwui-san, Gyeongsangbuk-do for
coarse aggregate. Gypsum-type expansive admixture
with a density of 3.14 g/cr’ and a specific surface area of
3500 cm/g (hereinafter EX) and polycarboxylic acid
Ether-type admixture, a high-performance AE water
reducing agent (hereinafter SP) and high—-performance
AE
Ether-type shrinkage reducing agent were used. The

water reducing agent included with a Glycol

types and specifications of the material are shown in
Table 3.

Table 3. Material Used

Division Type Quality
Cement premixed with '
Cement siica fume Density of 3.08 g/em
Aggregate Fine aggregate Density of 2.55 g/em
coarse '
aggregat Crushed stone Density of 2.66 g/em
. ) . Gypsum type density 3.14 g/em
Admixture  Expansive admixture Specific surface area 3500 om/g
High—performance AE Polycarboxylic acid Ether-type
water reducing agent admixture
Admixture  High-performance AE Polycarbogéllrlgix?jrlg Ether—type
water reducing agent » )
with shrinkage reducer Giycol Emr(;rdl?égf shrinkage

2.3 Experimental Method

2.3.1 Concrete Test

A concrete test was done with the 150 MPa ultra-high
strength concrete mixed by a forced action pan-type
mixer specified in the KS F 8009 in a room with an
ambient temperature of 20C. KS F 2594, KS F 2409 and
KS F 2421 were referred to for the slump flow test
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performed immediately after mixing, the bulk density and
air content test (mass method), and the air content test
in the fresh concrete not hardened by pressure method,
respectively, and the results were evaluated.

#100%200 mm - sized cylinders for management were
cured at a constant temperate of 20C, whose seal curing
times were set at 1, 3, 7, 28 or 91 days, respectively.
Compressive strength tests were performed on the
specimens reaching each of the target curing days based
on KS F 2403 and 2405, and the strength values for each
experimental variable were then evaluated.

2.3.2 Autogenous shrinkage test

To measure autogenous shrinkage, an embedded gauge
with a thermometer was used to measure autogenous
shrinkage at early age before removal of the form, as
shown in Figure 1, while a dial gauge-type displacement
transducer was used after removal of the form, as shown
in Figure 2. Two types of forms were used: Form 1
(without friction) that can measure free expansion and
shrinkage as specified in the Autogenous Shrinkage Test
Method for High Flow able Concrete, and Form 2 made
out of plywood, on which no treatment was done. In
addition, to seal it after placing the cement, each Form
was covered with its lid, and then stored. Form 1 was
removed at the age of 3 days, whie Form 2 was
removed at the ages of 1, 2, and 3 days, respectively.
The dimension of the cylinder was set at 70x70x400 mm.
To prevent the cylinder from becoming dried, the entire
body was sealed and kept in an environment with 60%
RH. at 20C.

Considering the setting of ultra-high strength concrete
reported in previous research, the starting point of
shrinkage deformation was set at about 05 days by
employing the peak of the deformation behavior, since the
behavior of the deformation gauge changed depending on
the behavior of concrete shrinkage and expansion, as
shown in Figure 2. When measured both by the
the
displacement transducer, the values measured in some

embedded gauge and by dial gauge-type

cylinders were also identified to have been interrelated
after the removal of the forms. All the cylinders were
the displacement

measured by dial gauge-type
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transducer, and the measured values were then compared
with those measured by the embedded gauge.

Embedded Gauge

Cable

Plywood

“Tefion Sheet”
Form 1

Styrene Bord

/

The side

The front

Figure 2.
Figure 1. Measurement by an embedded Dial gauge-type
gauge displacement
transducer

Figure 3. Specimen after removal of the form

Starling point

Autogenous shrinkage (x10®)

0 24 48

Setting time Time (Hour)

Figure 4. Time of measurement

3. Experimental results and considerations
3.1 Characteristics of the fresh concrete

3.1.1 Flow characteristics

At W/B rates of 20 percent and of 16 percent, the
slump flow of all specimens ranged within 65050 mm and
600£100 mm, respectively. In the specimens to which
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expansive admixture was added, the slump flow was
shorter, while when the shrinkage reducing agent was
used, the slump flow showed a tendency to get shorter.
As the shrinkage reducing agent lowers the surface
tension of water, which results in the concrete viscosity
being lowered, when shrinkage reducer is used, the
slump slow is believed to have been shorter.

In addition, the slump flow of a general type of
high-strength concrete appears between 0.5 cm/sec and
08 cm/sec, while that of the ultra~high strength concrete
was measured between 0.2 cm/sec and 0.4 cm/sec, which
can be considered to show that the concrete used in this
study has a very high viscosity.

Figure 5 shows the relationship between the slump
flow of each fresh concrete mix and the velocity of the

slump flow.
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Figure 5. Relationship between slump flow and the velocity of
slump flow

3.1.2 Air Content

In terms of air content, all mixes could be controlled to
have air content of 2 percent or less, with the exception
of Mix-16, whose air content increased to 3.9 percent.
Generally, whenever the air content increases by 1
percent, the strength decreases by 3-4 percent. Mix-16,
which held higher air content, is believed to have shown
lower compressive strength compared with the other
Mixes for this reason. In terms of air content, the
ultra-high strength concrete showed that fresh concrete
tended to hold 0.5-1.5 percent more than bulk density.

Figure 6 shows the relationship between the air
content of bulk density and that of fresh concrete.
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Figure 6. Relationship between air content of bulk density
(mass method) and that of fresh concrete (pressure method)

3.1.3 Bulk density

In terms of bulk density, when compared with fresh
concrete, hardened concrete tended to be about 0.02-0.05
t/m' lower. Moreover, the bulk density stood at 25 t/m’,
which is higher than that of concrete with a general level
of strength. There were no significant differences shown
between standard cured cylinder and seal cured cylinder.
Figure 7 is a comparison of bulk density between fresh
and hardened concrete.

255
S £\ Seal cunng A
£ A
E A Standard cunng &
]
g
8 A
T 4
@
§ 250 VA
2 j
2 A A Fatay §
B
g A
g ®
:
= 3 p
@ oo 4
2]
245
245 250 255

Bulk density of fresh concrete (tm?)

Figure 7. Bulk density of fresh and hardened concrete

3.2 Characteristics of hardened concrete

3.2.1 Strength characteristics
When expansive admixture of 30 kg/m' was used, the
compressive strength was shown to be high on the 1%day
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measured at a W/B rate of 16 percent while low at a
W/B rate of 20 percent, which indicates that in concrete
mixed with expansive admixture at a low W/B rate,
strength develops more quickly compared to concrete
with no admixture. Expression rate of the 3-day age
compressive strength of all specimens at a W/B rate of
16 percent was shown to be higher than 70MPa, and all
specimens at a W/B rate of 20 percent as well as of 16
certain high of
compressive strength, regardless of whether or not either

percent showed a nearly level
expansive admixture or shrinkage reducing agent was
used. Expression rate of 28-day age compressive
strength of all cylinders at a W/B rate of 16 percent was
shown to have reached nearly 140MPa, while that of the
cylinders either with expansive admixture or with
shrinkage reducing agent showed a similar level. At a
W/B rate of 20 percent, cylinders with expansive
admixture showed only slightly higher compressive
strength than those with a shrinkage reducer only. The
cylinders with both agents showed compressive strength
of nearly 130MPa, which his much higher. Expression
rate of 910-day old compressive strength of cylinders at
the W/B rate of 16 percent was shown to be higher than
150MPa, while that of cylinders at the W/B rate of 20
percent to was nearly 150MPa, which may indicate that
when used at W/B rates of 16 percent and 20 percent, a
shrinkage reducer does not greatly affect the compressive
strength characteristics at early age, and the combined
use of both the expansive admixture and the shrinkage
reducing agent did not greatly affect the expression rate
of 7-day age compressive strength. On the other hand, at
a high W/B rate when either expansive admixture only
or a combination of expansive admixture and shrinkage
reducing agent was used, it had a great impact on the
compressive strength in both cases. Judging from this
fact, it is believed that if expansive admixture and
shrinkage reducer is used to make ultra-high strength
concrete at as high a W/B rate as possible, a high
expression rate of compressive strength can be obtained,
and at long-term ages, using either expansive admixture
or shrinkage reducing agent only has a higher impact on
the expression rate of the compressive strength as well.

As shown in Figure 10, when standard curing was
used, expansion crack developed in the cylinder with 60
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keg/m expansive admixture at 7-day age, making the
compressive strength test difficult to continue. When seal
cured, the concrete was covered with the cylindrical
mold, and crack could barely be seen by naked eyes, but
after 7-day age, compressive strength dramatically
decreased at the W/B rate of 16 percent, while a certain
level was maintained at the W/B rate of 20 percent. Too
much expansive admixture seems to have been added,
and compressive strength deteriorated at the W/B rate of
16 percent while a constant level of compressive strength
was shown at the W/B rate of 20 percent, from which it
can be interpreted that the amount of expansive
admixture has a close relationship with the W/B rate.

Figures 11 and 12 show the relationship between
strength and material age at the W/B rates of 16 percent
and of 20 percent, respectively, and the equation for these
was expressed using a log(t+1)+B. In terms of strength,
when either expansive admixture or shrinkage reducing
admixture only was used at the W/B rate of 16 percent,
the cylinders showed a similar level at an early material
age, while the seal cured concrete with shrinkage reducer
showed a higher tendency at 91-day age. Standard cured
concrete with both expansive admixture and shrinkage
reducer used showed a faster expression rate of
compressive strength at the W/B rate of 20 percent, the
compressive strength of which tended to be lower than
that of the seal cured concrete with expansive admixture
only at 91-day age, the longest age of this research. For
the concrete that used both expansive and shrinkage
reducing admixture, the strength characteristics varied
depending on the curing method. It is believed that the
seal cured concrete was constrained by the cylindrical
form, and its compressive strength was identified as high.

Figures 8 and 9 indicate the test results of
compressive strength of seal cured concrete mix except
for compressive strength affected by 60 kg/m expensive
admixture, while Figure 10 shows the compressive
strength affected by expansive admixture of 60 kg/m,
and Figures 11 and 12 the expression rate of compressive
strength when expressed using the logarithm.
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180 W/B_20% series @ 20 Standard curing
Fe= 30.18log{t+1) + 1573

160 20 Average of seal curing
o
o 140
E A 20E30 Standard curing
£120
2
2 100 20E30 Average of seal curing
]
© 80
= ® 20E30SR Standard curing
é 60
E 40 20E30SRAverage of seal curing
<]
(9]

3 —— Linear regression

0
00 10 20 30 40 50

Log (t+1) t:Age (days)
Figure 12. Increase in compressive strength at a W/B rate of
20 percent according to increase in material day

3.3 Autogenous shrinkage

3.3.1 Effects of Expansive admixture
and shrinkage reducer

It is shown that the expansive admixture had a
shrinking reducing effect of about 85 percent for Mix-20
and Mix-20E30, while the shrinkage reducing agent had
an effect of about 32 percent, which means that
expansive admixture has a much greater effect than
shrinkage reducer. In addition, when both of the
admixtures were used together, the shrinkage reducing
rate stood at 130.6 percent, while the sum of each
shrinkage reducing rate stood at 117 percent when either
agent was used alone. From these results, it can be
considered that using both admixtures together can
achieve a synergistic effect compared to using either
admixture alone. Figure 15 shows that the shrinkage
deformation affected by admixture was higher at the
W/B rate of 16 percent than at 20 percent, but a higher
shrinkage reducing effect was shown compared with the
plain cement with nothing added at the W/B rate of 20
percent.

Figure 13 shows the results of the autogenous
shrinkage test using Form 1, and Figure 14 shows the
shrinkage reducing rates measured in Mix-20 at the
45-day age, while Figure 15 shows the shrinkage rates
measured in the plain cement at the 45-day age
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Figure 15. Shrinkage reducing rate depending on plain concrete

3.3.2 Effect of admixture depending on a W/B rate

As shown in Figure 16, in terms of shrinkage rate, the
difference stood at about 150x10° when Mix-16 and
Mix-16SR were compared, while it stood at 100x10°°
between Mix-20 and Mix-20SR, which indicates that the
shrinkage rate varies depending on the W/B rate. In
addition, Figures 16 and 17 show that in terms of the
shrinkage rate, the difference stood at 350x10 % when
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Mix-20E30 and Mix-20 were compared, while it was
400x10°  when comparing Mix-16E30 with Mix-16.
Regardless of whether the admixture, expansive or
shrinkage reducing agent was added, cement at the W/B
rate of 16 percent was shown to be more shrunken, at a
constant level of 50x10° In addition, in terms of the
shrinkage reducing rate, regardless of whether admixture,
expansive or shrinkage reducing was added, concrete at
the W/B rate of 20 percent was shown to be high, which
means that an appropriate mixture of expansive and
shrinkage reducing admixture can result in a more
effective shrinkage reducing effect. It is believed that in
terms of the shrinkage reducing rate, shrinkage reducer
is more effective than expansive agent.

Figure 16 indicates the results of shrinkage
deformation according to W/B rate and the presence or
absence of a shrinkage reducing agent, and Figure 17
shows the results of shrinkage deformation according to
W/B rate and the presence or absence of expansive
admixture.

16
-100 | B

= 16SR
E }:‘v“. =2
=3 | ese, —=—20SR
= 2000 [ Teaa, ey 2
=1 . o
s a e
=4 -
£ -s00 ——
0
% -
o -400
c
[}
{=2]
2 -s00
E

-600

0 10 20 30 40 50 60

Age (days)

Figure 16. Effects of shrinkage reducing agent
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Figure 17. Effects of expansive agent
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3.3.3 Effects on autogenous shrinkage of a form
at removal

There were no effects of a form at removal found on
Mix-20 and Mix-20SR, and at the early material age
when expression rate was not fully developed, cement
was more shrunken in Form 1 (without friction) in which
shrinkage is not restricted by any factors due to the lack
of restraint factors by the Form itself; however, the
difference became smaller and similar to that of Form 2
in the end. In addition, when using expansive admixture,
there was no difference in shrinkage found upon the
removal of a form. The delayed removal of a form caused
the peak of expansion to be delayed. In addition, when
comparing Form 1 and Form 2, changes in expansion and
shrinkage were found in Form 1 (without friction), which
resulted in a difference in the shrinkage rate at 40-day
age. In terms of the shrinkage rate, there were no
significant differences found between cement in which
whatever admixture was added according to removal
time, with the exception of the cement with expansive
admixture in Forms 1 and 2, in which significant
differences were found. This is because the expansion of
cement affected by Form is only related with the
constraint that affects cement at an age of less than 1
day, and the effects of friction last only for a short period
of time at an early material age, having little influence on
the final shrinkage rate.

Figures. 18 and 19 show the results of shrinkage rates
depending on removal and form type.
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4. Conclusion

This research identified the material properties and

characteristics of strength, shrinkage reduction depending

on W/B rate and mix of expansive admixture and

shrinkage reducer. In addition, autogenous shrinkage was

also identified depending on mold type and removal. The

following are the experimental results.

1) All the cement mixes satisfied the target content at

2)

3)

4)

W/B rates of 16 percent and 20 percent, regardless
of the amount of admixture. The use of shrinkage
reducer had a better effect on slump flow than the
use of expansive admixture.

At an early material age, admixtures had little
impact on compressive strength, regardless of the
amount of admixture used. As days went by, the
use of expansive admixture only or of expansive
and shrinkage reducing admixture together had a
great influence on compressive strength.

In terms of compressive strength, cement with
expansive admixture of 60 kg/m'showed lower at a
W/B of 16 percent, while it showed a constant
level at 20 percent, from which it can be
determined that the amount of expansive admixture
greatly affected the W/B rate.

Depending on the curing method, the compressive

strength of cement was shown to be different. In

Ichise K, Tuzuki

terms of compressive strength, seal cured cylinder
was stronger than standard cured cylinder, which
seems to be because seal cured cylinder was
constrained by the form, and thus showed a higher
compressive strength as a result.

Mix-20and Mix-20E30 showed 85 percent shrinkage
reduction through the use of expansive admixture,
while a 32 percent shrinkage reduction through the
use of a shrinkage reducing agent. This showed
that expansive admixture is more effective. When
the two admixtures
shrinkage reducing rate stood at 130.6 percent,

were used together, the

which was higher than when either of them was
used alone. It is considered that using the two
admixtures together has a synergistic effect.

In terms of shrinkage rate, the difference stood at
about 150x10°  when comparing Mix-16 and
Mix-16SR’ while it was 100x10° when comparing
Mix-20 and Mix-20SR. From this, it is determined
that the shrinkage rate varies depending on the
W/B rate. The difference stood at 350x10° when
comparing Mix-20E30 and Mix-20, while it was
400x10° when comparing Mix-16E30 and Mix-16,
which indicates that the shrinkage rate was higher
at the W/B rate of 16 percent. When using either
shrinkage reducer or expansion admixture, the
shrinkage reducing rate was shown to be higher at
the W/B rate of 20 percent

When using expansive admixture, there were no
significant differences found in shrinkage rate in
relation t or emoval time, and it was found that if
the removal was delayed, so was the peak of
expansion. When the two cement cylinders in Form
1 and Form 2 were compared, the cement in Form
1 (without friction) got bigger, and there were
some differences found at 40-day age. There were
no differences in shrinkage rate caused by the
removal time. However, the mixes of Form 1 and
Form 2 with expansion admixture only showed a
big difference in the shrinkage rate.
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