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As structures like skyscrapers and long-span bridges become larger, the demand for higher strength of concrete is increasing.
However, research on ultrahigh-strength concrete (UHSC) is still in its infancy. In particular, UHSC is known to have a considerably
higher level of autogenous shrinkage than normal strength concrete (NSC), and the possibility of cracking at an early age is very high.
Therefore, in this study, shrinkage and cracking behavior of high-strength concrete (HSC), very-high-strength concrete (VHSC),
and UHSC were evaluated through unrestrained shrinkage test and restrained shrinkage test (ring test). The primary experimental
variables are the compressive strength level according to the water-to-binder ratio (W/B), fly ash content, and concrete specimen
thickness. The experimental results demonstrated that the drying shrinkage decreased as the W/B ratio and the fly ash replacement
ratio increased, and the restraint cracks appeared to be the earliest and most brittle in the UHSC with the smallest W/B. Increased

concrete thickness and incorporation of fly ash were observed to inhibit crack initiation effectively.

1. Introduction

Volume reduction of concrete by shrinkage is constrained
by factors such as rebar, coarse aggregate, and formwork.
Constrained stresses from shrinkage cause initial cracking,
which deteriorates the durability of the structure and causes
sudden destruction of the structure at unexpected loads [1, 2].
Shrinkage is generally divided into autogenous shrinkage and
drying shrinkage. Autogenous shrinkage is not caused by
external influences (load, moisture evaporation, temperature
change, etc.) but rather by the self-desiccation phenomenon
due to hydration reaction. Dry shrinkage occurs when the
free water inside the concrete evaporates to the outside due
to the difference in relative humidity. The main mechanisms
of the shrinkage are (a) capillary tension due to moisture
change, solid surface tension, and disjoining pressure, (b)
chemical shrinkage, (c) thermal shrinkage, and (d) carbon-
ation shrinkage [3].

Planar concrete structures such as bridge decks, road
pavements, parking lots, and factory floors, which are applied

with normal strength concrete (NSC), are subject to large
shrinkage due to increased external exposed surface and free
water, so cracks are likely to occur [4]. Furthermore, high-
strength concrete (HSC) and ultrahigh-strength concrete
(UHSC), which have been actively researched and developed
because interest in high-rise buildings and long-span bridges
has increased rapidly, have considerably higher autogenous
shrinkage than NSC and have a high possibility of cracking
at an early age [5-7].

Previous studies have shown that fly ash increases the
long-term strength, durability, and workability of concrete
and induces initial setting delay and shrinkage reduction
by pozzolanic reaction [8]. In addition, the delay of the
initial hydration reaction reduces the risk of cracking due to
hydration heat and initial restraining stress.

The initial cracking behavior is influenced not only by
the development rate and the amount of concrete shrinkage
but also by the constraint, relaxation of stress, age, and shape
of the structure [9]. Therefore, it is impossible to evaluate
the strength development, the change of concrete stress, and
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TABLE 1: Mix proportions.
Mix W/B SIA (%) Unit weight (kg/m3) SP (%)
i C SF FA S G
HSC 0.30 41.0 171 580 — — 666 973 0.8
VHSC 0.25 41.5 162 598 52 — 652 934 11
UHSC 32.0 155 824 145 — 414 913 1.9
UHSC-FA10 0.16 32.0 155 727 145 97 403 889 1.8
UHSC-FA20 32.0 155 630 145 194 392 865 1.8

the degree of restraint through experiments on unrestrained
shrinkage (autogenous and drying shrinkage tests). In addi-
tion, there is a limit on the evaluation of cracking possibility
and cracking behavior through such experiments. Moreover,
existing studies have mainly evaluated the shrinkage behavior
of NSC and HSC, and there is little research on UHSC [5, 8,
10].

Therefore, in this study, the shrinkage and cracking
behavior were evaluated through unrestrained and restrained
shrinkage experiments of HSC, VHSC (very-high-strength
concrete), and UHSC with water-to-binder ratios (W/B) of
30%, 25%, and 16%, respectively [10]. Notably, in the case of
UHSC of W/B 16%, the shrinkage behaviors according to the
substitution rate of fly ash were compared and evaluated, and
the shrinkage amount affecting actual cracking was evaluated
by comparing the restraint stress and drying shrinkage.

2. Experimental Program

2.1. Materials and Mix Proportions. In this study, free shrink-
age behavior and restrained shrinkage cracking behavior of
concrete of three strength levels and the effect of fly ash on
shrinkage behavior of UHSC were investigated experimen-
tally. Although compressive strength is not directly related
to autogenous and drying shrinkage, to compare shrinkage
behavior of UHSC to that of other HSC, mixes that have
been used in the actual construction field were selected
and represented as HSC and VHSC. UHSC with a water-
to-binder ratio of 0.16 and design compressive strength of
120 MPa was represented as UHSC. In the case of UHSC,
to obtain designated compressive strength, silica fume with
a replacement ratio of 15% was used for all UHSC mixes.
The materials used for all concrete were Type I Portland
cement, fine aggregate with specific gravity of 2.6, and coarse
aggregate with maximum aggregate size of 13 mm and specific
gravity of 2.7. The details of mix proportions are presented in
Table 1.

2.2. Tests for Mechanical Properties. For fresh concrete prop-
erties, slump flow, air content, and initial setting time were
measured. Cylinder specimens of 100 x 200 mm were pro-
duced for strength tests and elastic modulus test. For 24 hours
after casting, they were cured in a curing room at 23 + 1°C.
After the molds were removed, they were stored in a water
tank at 20°C up to the testing day. Compressive strength
and splitting tensile tests were carried out in accordance
with ASTM C39/C39 M-16 and ASTM C496/C496 M-11,
respectively [13, 14]. Elastic modulus tests were obtained from

FIGURE 2: Ring test molds (left: 76 mm ring; right: 35 mm ring).

the stress-strain curve, which is measured by applying a
uniaxial load to specimens with three strain gauges attached.

2.3. Drying Shrinkage Test. As shown in Figure 1, 100 X
100 x 400 mm specimens were used for the unrestrained
drying shrinkage test. The test method was based on
ASTM C157/C157 M-08 [15]. Shrinkage measurement was
performed by using embedded gauges. After concrete place-
ment, the molds were moved and stored in a curing room
with a temperature of 23 + 1°C and humidity of 60 + 3%. All
shrinkage specimens were demolded 24 hours after casting.

2.4. Ring Test. The restrained shrinkage testing was con-
ducted in accordance with ASTM C1581 [16]. The test method
involves casting a concrete ring around a steel ring. Figures
2 and 3 show the molds and test setup, respectively. To
investigate the effect of the concrete thickness on the degree
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TABLE 2: Properties of fresh and hardened concrete.

Mix Slump flow (mm) Air content (%) Initial setting (hr) fem (MPa) fSP!3 4 (MPa)
HSC 470/480 3.1 8.2 78.3 4.1
VHSC 400/410 3.6 10.1 98.3 4.5
UHSC 530/540 1.8 12.0 125.7 5.4
UHSC-FA10 520/510 1.7 134 1235 —
UHSC-FA20 550/540 1.8 15.1 122.1 —

Concrete

152 mm p—=— Strain gauge

e Steel

267 mm
305 mm
375 or 457 mm

()

FIGURE 3: Ring test setup: (a) dimensions of ring test; (b) top sealing of ring specimen.

of restraint, the thickness of concrete ring specimens was
varied by 76 and 35 mm. Strain gauges were mounted on the
inside of the steel ring to monitor the strain in the steel ring
caused by the shrinkage of the concrete. Because of drying,
concrete tends to shrink, but a steel ring prevents this. Thus,
compressive stress is produced in the steel ring, which is
balanced by tensile stress in the concrete. When cracking
occurs in the concrete, the stress and strain in the steel are
released.

The specimens were cured and measured in the following
manner. Immediately after the specimens were fabricated,
they were placed in an environment with a temperature of
23 + 1°C and humidity of 60 + 3%. The specimens were
then covered with wet burlap and a 0.15mm polyethylene
sheet and allowed to cure for 24 hours. After 24 hours, the
outer ring mold was removed. The upper side of the concrete
ring was sealed off using silicone-rubber sealer, so that
drying would be allowed only from the outer circumferential
surface, as shown in Figure 3. Steel strain measurements
were conducted using a data logger, and each strain gauge
was automatically recorded. The strain measurement was
monitored from the time of casting until the concrete ring
cracked.

3. Test Results and Discussion

3.1. Material Properties. Table 2 shows the properties of fresh
concrete including workability and setting time. The initial
setting time in UHSC was observed later than in HSC and
VHSC, and incorporation of fly ash delays the initial setting of
concrete. The higher the replacement ratio of fly ash, the later
the initial setting time. Table 2 also shows the compressive
strength at 28 days and splitting tensile strength at 3 days. The
compressive strength of UHSC was approximately 47 MPa
and 27 MPa larger than those of HSC and VHSC, respectively,

Compressive strength (MPa)
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FIGURE 4: Comparison of compressive strengths of test results and
CEB-FIP MC90 [11].

and there was no significant difference for splitting tensile
strength between them. It is noted that compressive strength
slightly decreased with increasing replacement ratio of fly ash,
but the decrease is negligible, and it seems that fly ash does not
inhibit long-term strength development. In addition, Figures
4 and 5 show the comparison between compressive strength
and splitting tensile strength test results and predicted values.
The prediction of compressive strength with time was in
accordance with the formula given in CEB-FIP MC90 (see
(1)), and the splitting tensile strength prediction formula was
in accordance with ACI 363R (see (2)) as follows [11, 12].
When the ACI 363R equation is applied, f.,(t) obtained from



Splitting tensile strength (MPa)
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FIGURE 5: Comparison of splitting tensile strengths of test results and
ACI 363R [12].

(1) is substituted into the value of fc' . Both compressive and
splitting tensile strength test results were generally similar
to the predicted value trends. It is noted that although the
equation of ACI 363R is applied for concrete compressive
strength of 83 MPa or less, the calculated values for VHSC
and UHSC with higher strength than 83 MPa are very similar
to the experimental values.

Fo () = fon exp {z.o [1 - (z—f)m] } , )

where f_, is the mean compressive strength after 28 days and
t is the age of concrete (days).

fip=0.59f"" for 21MPa < f <83MPa,  (2)
where f, C' is the specified compressive strength.

3.2. Drying Shrinkage under Unrestrained State. Figure 6
shows the effect of W/B on drying shrinkage under the
unrestrained state. In this study, the drying shrinkage stands
for the total drying shrinkage, which consists of autogenous
shrinkage due to internal self-desiccation and pure drying
shrinkage due to water loss to the outside environment. In the
case of HSC and VHSC, the initial drying shrinkage of VHSC
was relatively large, but, after 30 days, it became similar. This
suggests that the initial shrinkage of HSC was small due
to its low autogenous shrinkage, but the drying shrinkage
increased due to the evaporation of free water over time.
UHSC showed a dry shrinkage increase of approximately
250% at 60 days compared to VHSC. The reason for the great
increase in the drying shrinkage of UHSC is mainly the very
large autogenous shrinkage. For UHSC, the suction pressure
due to self-desiccation increases with decreasing size of the
internal pore, and the use of silica fume with high Blaine
fineness enhances the void filling effect [17].
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FIGURE 6: Drying shrinkage of concrete with different strength
levels.
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FIGURE 7: Drying shrinkage of UHSC with fly ash.

Figure 7 shows drying shrinkage according to fly ash
content. Fly ash was found to reduce drying shrinkage.
UHSC-FA10 and UHSC-FA20 showed a reduction of drying
shrinkage by 15% and 23% at 60 days, respectively. The reason
for the reduction of drying shrinkage by FA is considered to
be that the evaporation of the free water was hindered by the
fly ash filling the pores in the concrete.

3.3. Drying Shrinkage under Restrained State. Figure 8 shows
the ring test specimen after cracks occurred. Figure 9 shows
the strain of the inner steel ring according to concrete
strength. UHSC demonstrates a much earlier cracking age
and a much higher strain level than HSC and VHSC. In
addition, a more abrupt cracking tendency was observed
for the concrete with a higher strength level. The cracking
ages of UHSC, VHSC, and HSC were 1.5, 2.8, and 3.5 days,
respectively. The number of cracks was only one for all
UHSC specimens, and there was no additional crack after the

T
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FIGURE 8: Cracking of ring specimen.
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FIGURE 9: Average strain in the steel ring of HSC, VHSC, and UHSC
(35 mm concrete ring).

first cracking. Although UHSC had higher tensile strength
than HSC and VHSC at all ages, its shrinkage cracking
performance was substantially poorer. This may be due to the
higher free shrinkage, particularly at early ages, lower specific
creep, higher modulus of elasticity, and lower aggregate
interlock along cracked faces [4].

Figure 10 shows the results of ring tests of UHSC with
fly ash. Previous study has shown that restrained shrinkage
in HSC decreases with the replacement of fly ash, and the
same tendency was observed in the test results [18]. At the
35 mm concrete ring test, for UHSC-FA10 and UHSC-FA20,
the first crack was delayed by 2.4 and 19.2 hours, respectively,
and the maximum restrained strain decreased by 4.0 and
6.7 pe compared to UHSC. In the case of the 76 mm ring
test, the same tendency as the 35 mm ring was shown. The
crack time was delayed by 3.6 and 25.2 hours for UHSC-
FA10 and UHSC-FA20, and the maximum restrained strain
was decreased by 9.3 and 7.3 pe, respectively. In the case of
using fly ash, the phenomenon of retarding the initiation
of shrinkage cracking under the restrained state can be
explained by the relatively low drying shrinkage of UHSC
with fly ash. In addition, from both 35 mm and 76 mm ring
tests, it was commonly observed that the point at which the
restrained strain increases steeply tends to be delayed because

of the delayed hydration reaction due to the pozzolanic
reaction of fly ash.

3.4. Restrained Stress and Splitting Tensile Strength. To obtain
the equation that describes the state of stress in the concrete,
the ring was separated into a concrete cylinder pressurized
at the inner surface and a steel cylinder pressurized with an
equal and opposite pressure at the outer surface as shown in
Figure 11. The interface pressure can be determined from the
steel ring using the steel properties, geometry of the steel ring,
and strains that were measured at the inner radius of the steel
using the electrical resistance strain gauges. This interface
pressure can then be applied to the inside of the thick concrete
ring to calculate the stresses using only the geometry of the
concrete ring. These two steps can be combined into one
expression for the maximum tensile stress that develops in the
ring (the radial stress at the inner radius of the concrete ring).
In this study, the maximum restrained stress was calculated
from the following equation given by Miyazawa et al. [19]:

2
R (3)
(rt+1)(r3 = 17)

where o(t) is the maximal stress applied in concrete, £(t) is
the steel strain on the inner radius of the steel ring, E; is the
elastic modulus of the steel ring, ¢ is the thickness of the steel
ring, 7, is the inner radius of the concrete ring, and r, is the
outer radius of the concrete ring.

Figure 12 shows the restrained tensile stresses computed
by (3) for the concrete with various strength levels. The
dotted curves represent the splitting tensile strength of each
specimen calculated by (2). It can be noticed that, at the same
degree of restraint (i.e., the same ring thickness), the higher
the strength levels, the closer the value to the splitting tensile
strength at cracking. In the case of HSC and VHSC, the crack
occurred at the 75~80% level of splitting tensile strength,
whereas, in the case of UHSC, the restrained tensile stress at
cracking reached the full tensile strength.

Figure 13 shows the restrained tensile stresses according
to the thickness of the concrete ring. As the thickness of
the concrete rings increased, the maximum restrained tensile
stresses increased, and the cracking time of the concrete was
delayed.

o (t) =& (t) : Estsrl

3.5. Relationship between Restrained Cracking and Unre-
strained Drying Shrinkage. Figure 14 shows the drying
shrinkage under unrestrained state measured from the bar
specimen from the time of casting. There are two marks on
each curve. The first mark (stick) indicates the free drying
shrinkage strains at the age when the tensile stress in the
concrete ring began to develop. For UHSC, UHSC-FAI10, and
UHSC-FA20, they are approximately 505, 54, and 45 pe at
the ages of 0.6, 0.6, and 0.7 days, respectively. The second
mark (triangle) indicates the strains at the age of cracking
in the ring test. For UHSC, UHSC-FA10, UHSC-FA20, they
are approximately 762, 321, and 316 pe at the ages of 1.5, 1.6,
and 2.3 days, respectively. In the case of UHSC, although the
absolute drying shrinkage was extremely large, the amount of
drying shrinkage after the setting time was similar to that of



6
40
L k.‘ ‘ o I’ \i\l‘)V\v’f"/ql
=
=
g
g
3
7]
—100
—120
—140 T T T T T T
0 1 2 3 4 5 6
Age (days)
— UHSC
—— UHSC-FA10
——- UHSC-FA20

(a)

40

Advances in Materials Science and Engineering

20

0

—-20 +
—40
_60 -

Steel strain (ue)

—-80 -
-100
-120

—140

1 2 3 4 5 6 7
Age (days)
— UHSC
—— UHSC-FA10
—--- UHSC-FA20
(b)

FIGURE 10: Average strain in the steel ring of UHSC with fly ash: (a) 35 mm concrete ring; (b) 76 mm concrete ring.

(a)

(®)
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UHSC-FAIO. Thus, the cracking ages of UHSC and UHSC-
FA10 were very similar. The tendency of the later cracking
in UHSC-FA20 can be attributed to the slow shrinkage
rate, especially after the setting time. It is noted that the
difference in the drying shrinkage between the two points
was similar for all three specimens, which was approximately
265 pe on average. That is, the shrinkage from the setting to
cracking time affected the restrained cracking. Therefore, to
avoid early age cracking in UHSC, it would be effective to
focus on controlling the shrinkage at an early age, especially
after the initial setting time, which is approximately 0.6
days.

4. Conclusions

The following conclusions were drawn from the results of the
restrained and unrestrained shrinkage tests of HSC, VHSC,
and UHSC.

(1) UHSC of 120 MPa was produced from W/B of 16%
using general compounding material and coarse aggregate.
The compressive strengths of UHSC were 47 MPa and 27 MPa
higher than HSC and VHSC with W/B of 30% and 25%,
respectively, but there was no significant difference in the
tensile strength. In addition, the compressive strength of
UHSC at 28 days was somewhat small when fly ash was
mixed, but it was not significant.

(2) The compressive and tensile strengths of the concrete
according to CEB-FIP MC90 and ACI 363R showed good
agreement with the experimental data.

(3) Drying shrinkage under the unrestrained state
increased sharply when W/B decreased from 25% to 16%,
which is considered to be due to a very large autogenous
shrinkage. However, as the amount of fly ash was increased,
the amount of drying shrinkage was observed to decrease.

(4) As aresult of the restrained shrinkage experiment, the
cracks due to the restraint of the inner steel ring occurred
earlier, and the cracking patterns were more brittle as W/B

decreased. Fly ash showed delayed occurrence of cracking,
and tensile stress at cracking decreased slightly.

(5) The degree of restraint by the ring test decreased
as the thickness of concrete increased. Fly ash also showed
a tendency to decrease the restraint, and the effect was
increased as the thickness of concrete increased. Therefore, it
is considered that the increase of the concrete thickness and
the use of fly ash under the restraint condition can effectively
reduce the possibility of cracking of the concrete structure.

(6) Comparing the restrained cracks with the unre-
strained drying shrinkage, it was found that restrained cracks
occurred when the drying shrinkage after the initial setting
occurred by more than a certain amount. Therefore, to
control the initiation of the restrained cracks, it is necessary
to make the occurrence of drying shrinkage slow and small
after the concrete begins to set.
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