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Abstract: Recently, research on ultra-high-performance concrete (UHPC) with the characteristics of ultra-high
strength, high toughness, and high durability has been actively conducted from materials to actual structural
applications. However, research on experimental methods that reflect the unique characteristics of UHPC,
which are different from those of normal concrete, is insufficient. To solve the difficulties in applying the
compressive creep test method for normal concrete to UHPC and to verify the validity of the recently proposed
ASTM C 1856 standard test method, this study performed compressive creep tests on UHPC with variables of
specimen size, sustained load intensity, fiber length, and strain measuring method. Two types of cylindrical
specimens of $100 x 200 mm and ¢75 x 150 mm were used for a specimen size variable. The sustained load
intensities of 10% to 40% based on the specified compressive strength of 150 MPa were applied. Two types of
steel fiber lengths of 13 mm and 19.5 mm in the UHPC mix were used as a variable, and three strain measuring
methods of the embedded strain gauge method, the attached strain gauge method, and the strain meter with
stud measured the change in length of the UHPC specimens. The experimental results showed that the strain
meter method using the standard rod had limitations due to the error in the verification process using the
standard rod and the observation error of the measurer, and the sustained load intensity is preferable to 15%
to 40% of the actual compressive strength. It was found that it is possible to perform a compressive creep test
for UHPC using a specimen with a size of $75 mm or more, and the fiber length did not affect the creep
behavior of UHPC up to 19.5 mm. As a result of comparing the UHPC creep test results with the creep
prediction model, the B3 model was found to most accurately predict the UHPC creep behavior. The creep
coefficient pattern of the B3 model was very similar to the measured results, and well reflected the effects of
the mixing ratio and compressive strength of UHPC.

Keywords: compressive creep test; ultra-high performance concrete(UHPC); specimen size;
sustained load intensity; strain measuring method

1. Introduction

Concrete has long been one of the most widely used construction materials due to its superior
economic efficiency, excellent mechanical properties, and durability compared to other construction
materials [1]. High-performance concrete (HPC) exhibits improved workability, strength, and
durability compared to normal concrete. Recently, research on HPC has been actively conducted and
widely applied in the field due to the increasing demand for large-scale, high-rise, long-span, and
specialized structures [2].

Ultra-high performance concrete (UHPC) was developed in France in the 1990s. UHPC is
characterized by its high strength, with a compressive strength of 180 MPa or more, achieved by
significantly reducing the required unit quantity and water-to-binder ratio (W/B) through the optimal
particle size composition of materials. Furthermore, UHPC is formulated by incorporating large

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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amounts of admixture materials such as silica fume, fly ash, and blast furnace slag. This results in a
very dense concrete structure, making it highly resistant to deteriorating factors, watertight, and
durable. Additionally, UHPC maintains fluidity even at very low W/B ratios by using high-
performance water-reducing agents, and it possesses self-compacting properties, which contribute to
its high workability [3-4].

Concrete exhibits brittle fracture and relatively low tensile strength. To address these issues,
UHPC is reinforced with steel fibers. When cracks form within the concrete, the steel fibers enhance
the tensile strength by bridging the cracks. This phenomenon, known as the fiber bridging effect,
involves the interaction between the fibers and the matrix. It suppresses the initiation and
propagation of cracks and distributes the formation of cracks to prevent concentration in a single
location. Furthermore, the presence of steel fibers helps manage concrete damage by redistributing
and dispersing stress around the cracks [5-7].

Research on UHPC spans from materials development to structural applications, yet studies on
experimental methods tailored to the unique characteristics of UHPC, distinct from those of
conventional concrete, remain insufficient. Notably, there is a lack of standardized regulations
regarding creep, a critical long-term characteristic of UHPC, both domestically and internationally.
Creep is the gradual deformation of concrete under a sustained load over time, and it is a crucial
factor in predicting and designing long-term concrete structures. Currently, there are no global
standard test methods specifically for UHPC creep. Instead, standard test methods for conventional
concrete, such as ASTM C512 [7] and KS F 2453 [8], are being used to test UHPC creep. Although the
ASTM C1856 [9] standard, which includes specific guidelines for UHPC test specimen manufacturing
and test methods, stipulates the evaluation of UHPC creep properties, the basis for this standard is
insufficient and may lead to misunderstandings.

Due to the unique characteristics of UHPC, there are several issues with applying existing
compressive creep test methods designed for normal concrete. In KS F 2453 [9] and ASTM C512 [8],
a cylindrical test specimen with dimensions $150 x 300 mm is used as the standard specimen. The
sustained load is specified to be 40% or less of the compressive strength measured on the day of
loading (Table 1). For UHPC, which typically has a specified strength of 120 MPa or higher, a
compressive creep test machine with a capacity of at least 850 kN is required to perform tests
according to existing standards. If the actual compressive strength is 180 MPa, a test machine with a
capacity of at least 1,270 kN is needed. Considering that the loading capacity of a typical compressive
creep test machine used in the past was approximately 300 kN, a machine with a capacity 4 to 5 times
higher must be manufactured. Additionally, if a creep test is conducted based on the compressive
strength measured on the day of creep loading, significant deviations between specified and actual
compressive strength may occur. It is also unclear to what extent a load of less than 40% of the actual
compressive strength is acceptable, which may lead to confusion in preparation of the test.

ASTM (1856 [10], which proposed improvements to the compressive creep test method of
ASTM C512 [7] to accommodate the characteristics of UHPC, specifies a specimen size of at least 75
mm in diameter and 150 mm in height to address the capacity limitations of compressive creep test
machines (Table 1). Reducing the specimen size in this manner allows UHPC creep tests to be
conducted with existing 300 kN capacity test machines. However, this reduction may introduce
errors in the experimental results due to the specimen size effect and changes in fiber orientation
caused by using smaller specimens relative to the fiber length. Additionally, ASTM C1856 [10]
specifies applying a load of 40% of the specified compressive strength, differing from the other
standard that requires applying a load of 40% or less of the measured strength.

To solve the difficulties in applying the compressive creep test method for normal concrete to
UHPC and to verify the validity of the ASTM C 1856 [10] test method, this study performed
compressive creep tests with variables of specimen size, sustained load intensity, fiber length, and
strain measuring method. The creep behavior results from the test results were compared and
analyzed to propose a compressive creep test method suitable for UHPC.
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Table 1. Comparison of standard creep test method.

KS F 2453 [9], ASTM C512 [8] ASTM C1856 [10]
Material Normal concrete Ultra-high performance concrete
. . $150x300mm At least $75x150mm
Specimen size o . oo .
cylindrical specimen cylindrical specimen

not more than 40% of the compressive
Sustained load strength
at the age of loading

40% of the
specified compressive strength

2. Experiments

2.1. Test Variables

The variables applied to the UHPC compressive creep test included strain measurement
method, sustained load intensity, specimen size, and fiber length. The standard specimen size, as
specified in KS F 2453 [9] and ASTM C512 [8], is a cylindrical specimen with dimensions of $p150 x
300 mm. However, reflecting the recent high-strength trend of concrete, two additional types of
cylindrical specimens were used: $p100 x 200 mm, commonly used in compressive strength and creep
tests, and ¢75 x 150 mm, allowed by ASTM C1856 [10].

Since the measured compressive strength varies depending on the production of UHPC, the
sustained load intensity was based on the specified compressive strength, with 10% to 40% of the
specified compressive strength set as the sustained load level variable. Two steel fiber lengths, 13 mm
and 19.5 mm, which are commonly used in current UHPC production, were selected. Three methods
were used for measuring strain: embedded strain gauge (IN), attached strain gauge (OUT), and strain
meter with stud (SM). The naming conventions for the test specimens according to each variable are
shown in Fig. 1.

The compressive creep test was conducted in two stages due to limitations in the number of
available creep test machines. The details of the test specimens for each stage are shown in Table 2.

Ei‘75 '040]:'| N Gage type
Fi length IN : Embeded gage
:l;e:‘ggnn?m — OUT : Attached gage
SM : s?:rain meter
Specimen size with stud
¢$75x150 mm Specimen position
$100x200 mm T:Top
B : Bottom
Sustained load
10%~40%
Figure 1. Naming of specimens.
Table 2. Detail of Test Specimens.
Speci i St level Fiber length
Testing order Specimen pec(llr::;r; size re(s;o)eve Gage type ! E(!;;I;g
F13-75-0.1 $75x150 10 IN, SM 13
F13-75-0.2 $75x150 20 IN, SM 13
F13-75-0.4 $75x%150 40 IN, SM 13
1st
F13-100-0.1 $100%200 10 IN, SM 13
F13-100-0.2 $100%200 20 IN, SM 13

F13-100-0.4 $100%200 40 IN, SM 13
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F13-75-0.15 $75x%150 15 IN, OUT, SM 13
F13-75-0.25 $75%150 25 IN, OUT, SM 13
F13-75-0.3 $75%150 30 IN, OUT, SM 13
2nd F13-75-0.35 $75%150 35 IN, OUT, SM 13
F19-75-0.4 $75%150 40 IN, OUT, SM 19.5
F19-100-0.4 $100%200 40 IN, OUT, SM 19.5

2.2. Materials

The UHPC mix was designed with a specified compressive strength of 150 MPa, and the mix
details are shown in Table 3. The water-binder ratio (W/B) was 21%, and ordinary portland cement
and silica fume with a specific surface area of 100,000 cm?/g were used. The aggregate did not include
coarse aggregates, and Australian silica sand with a diameter of 0.5 mm or less and a SiO: content of
90% or more was used. A filler with a SiO2 content of 90% or more and a density of 2.60 g/cm?® was
used, and a dark brown, high-performance polycarboxylic acid-based air-entraining water-reducing
agent with a density of 1.01 g/cm?3 was used to secure the fluidity of the mix.

The steel fiber was a straight single fiber manufactured using brass-coated high-carbon steel
wire. The steel fiber diameter provided by the steel fiber manufacturer is 0.2 mm, the length is 13.0
mm and 19.5 mm, and the minimum tensile strength is 2,650 MPa. The shape and mechanical
properties of the steel fiber used are presented in Fig. 2 and Table 4, respectively. The steel fiber was
mixed with a volume fraction, V}, of 2% to produce UHPC.

The UHPC test specimen was produced based on the KCI-UC101 [11] standard. Since UHPC has
self-compacting properties, it was produced without using a tamping rod. A rubber mallet was used
lightly to remove trapped air bubbles inside the matrix, and care was taken not to affect the fiber
settlement and orientation.

The impact flow test method based on ASTM C 1437 [12] was used to evaluate the properties of
the unhardened concrete, and the average slump flow value was 210 mm when measured twice. In
addition, the air content was measured using the ASTM C 231 [13] test method, and the air content
was confirmed to be 4.5% in two measurements.

After casting the UHPC mixed in the cylindrical mold, an anti-rust lubricant was applied to the
concrete surface to prevent moisture evaporation, and the concrete was cured in the air by being
covered with vinyl for 1 day. After that, the mold was removed and steam cured for 72 hours, and
then cured in a constant temperature water bath for 24 days.

The UHPC test specimens were produced in two stages: the first and second, and the
compressive strength was measured at 28 days for each. The results of the compressive strength
measurement are shown in Table 5, and the compressive strengths at 28 days all exceeded the
specified compressive strength of 150 MPa.

Table 3. Concrete mixture proportions.

W/B Unit weight (kg/m?3)
(%) Water Cement Silicafume Sand Filler SF HWRA AFA ASR
16.7 163.6 782.4 195.6 860.7 234.7 156.0 46.9 2.3 7.8

[Note] SF: steel fiber; HWRA: high-performance water reducing agent; AFA: antifoaming agent; ASR:
autogeneous shrinkage reducing agent

Table 4. Properties of steel fiber.

Diameter, df Length, If Aspect ratio Tensile strength
(mm) (mm) (Ir/ dp (MPa)
13. .
02 + 0.01 3.0 65.0 2,650

19.5 97.5
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Figure 2. Steel fibers: (a) 13 mm, (b) 19.5 mm.

Table 5. Compressive strength of UHPC.

Testing stage Compressive strength (MPa)
First 198.9
13 mm 160.9
Second 19.5mm 180.8

2.3. Testing Instruments and Devices

The compressive creep test machine used four 300 kN capacity test machines and two 1,000 kN
capacity test machines, at the Intelligent Construction System Core-Support Center, Keimyung
University, Republic of Korea. All test machines are of the type that maintains a continuous load by
spring reaction force. Two test specimens (Top, Bottom) were tested in one test machine at the same
time (Fig. 3(a)).

The strain was measured using embedded strain gauges, attached strain gauges, and a strain
meter with studs. In the case of the embedded strain gauge, it was installed vertically in the center of
the mold before casting UHPC into the specimen mold, and the verticality of the embedded strain
gauge was paid attention to when casting UHPC (Fig. 3(b)). In the case of the attached strain gauge,
it was attached vertically to the surface of the cylindrical test specimen with a gauge length of 60 mm,
and it was installed symmetrically on both sides considering the eccentric loading. The strain was
calculated as the average of the readings of the two attached strain gauges on both sides. Both the
embedded strain gauge and the attached strain gauge were products that could measure strain up to
10-°. When a strain meter was used, studs were attached to the surface of the cylindrical specimen,
and a portable strain meter with a minimum resolution of 0.001 mm was used to measure the change
in length between the two studs and calculate the strain. The studs were attached symmetrically to
both sides of the cylindrical specimen, and the studs were attached at a 100 mm distance for the ¢75
x 150 mm specimen and at a 150 mm distance for the $100 x 200 mm specimen. The locations of the
three strain measuring devices are shown in Fig. 4.

Specimens
for creep

(@) (b)
Figure 3. Instruments and devices for creep test: (a) Specimen setting, (b) Mold and embeded strain

gauge.
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Attached
gage

_— Stud point

Embeded
gage

Figure 4. Position of strain measurement device.

2.4. Testing Method

The compressive creep test was conducted in a chamber with a constant temperature of 20+2C
and a constant relative humidity of 50+4%. Before applying the sustained load, the initial strain was
measured using a data logger and then the zero point was set. Then, the load for each variable was
applied using a hydraulic jack, and the strain was continuously measured using a data logger. The
strain measurement continued for approximately 80 days for both the first and second stage tests.
When measuring the strain using a strain meter, the strain was calculated by measuring the
displacement with a strain meter verified by a standard bar, and the strain was measured every hour
for 12 hours after loading, every 24 hours for the next month, and once every 7 days for the next
month.

Both compressive creep and drying shrinkage are time-dependent deformation phenomena, and
the two deformations occur together during the creep test. Therefore, to measure pure compressive
creep strain excluding drying shrinkage strain, drying shrinkage was simultaneously measured using
the same test specimen without loading in the same temperature and humidity chamber where creep
was in progress (Fig. 3(a)). The compressive creep strain was calculated by subtracting the measured
drying shrinkage strain from the measured creep strain.

3. Test result and Discussion

3.1. Effect of Strain Measuring Method

The creep strain patterns of four representative specimens, measured simultaneously using
embedded strain gauges (IN), attached strain gauges (OUT), and strain meters with studs (SM), are
shown in Fig. 5. The patterns derived from all measurement methods showed that the creep strain
increased over

2500 2500
2000 2000 ~
1500 - 1500 £
g _ Z
> X
1000 = 1000 A
g g
g g
& 500 & 500
F13-75-0.25B-SM ——F13-75-0.25B-IN F13-75-0.35B-SM —— F13-75-0.35B-IN
0 ---- F13-75-0.25B-OUT | -- - - F13-75-0.35B-OUT
T T T T T T T T 0 T T T T T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (h) Time (h)

(a) (b)


https://doi.org/10.20944/preprints202406.0157.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 June 2024

d0i:10.20944/preprints202406.0157.v1

7
3000
2500 4#°
2000 -
S50
X
=1
g 1000 -
&
500 | F19-100-0.4B-SM  —— F19-100-0.4B-IN
1 - - - - F19-100-0.4B-OUT
0 , : . : . r ’ ;
0 500 1000 1500 2000
Time (h)
(c)

Figure 5. Strain pattern according to strain measurement method: (a) F13-75-0.25B; (b) F13-75-0.35B;
(c) F19-100-0.4B.

The results from the strain meters (SM) exhibited significant fluctuations and differed markedly
from the results obtained by other measurement methods. These discrepancies are likely due to errors
in the verification process using standard rods and observational errors by the measurer. Given that
the strain meter method is highly susceptible to verification and observer errors, it can be useful for
identifying general creep trends but has limitations in deriving accurate creep characteristic values.

The results from the embedded strain gauges (IN) and the attached strain gauges (OUT) were
very similar across all specimens. To compare the IN and OUT results, the creep strain was converted
into the creep coefficient, and the trend of the creep coefficient over time is shown in Fig. 6. The creep
coefficient is calculated as shown in Equation 1.

g (t, to)
& (to)
where @(t,t,) is the creep coefficient at concrete age t+ when loading starts at age to, €.(t,) is the

elastic by the loading applied at age fo, £(t,t,) is the creep strain at concrete age + when loading
starts at age fo,

@(t, to) = @™

03 03
——F13-75-025B-IN  ---- F13-75-0.25B-OUT ——F13-75-0.35B-IN - --- F13-75-0.35B-OUT
& ] g ]
g 021 = 02 -
g ] g ]
= g |
g 3
o 3 o 4
© 9] g
g 01 1 g 01 A i
& i 4 1
o} I o}
i S— : : : 0 : . : :
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (h) Time (h)
(a) (b)
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0.3

1 ——F19-100-04B-IN - --- F19-100-0.4B-OUT
5 |
= 0.2 A
1) 4
g 1
S |
o ]
o
a, 0.1 4
(]
$ |
U -

0 T T T T T T T T
0 500 1000 1500 2000
Time (h)
(c)

Figure 6. Creep coefficient pattern according to strain measurement method: (a) F13-75-0.25B; (b) F13-
75-0.35B; (c) F19-100-0.4B.

In terms of creep coefficient, the IN and OUT results of all bottom specimens except the F19-75-
0.4B specimen were similar. However, the creep coefficient increase rate of the OUT results measured
with the attached strain gauge tended to be somewhat larger than the creep coefficient increase rate
of the IN results measured with the embedded strain gauge, resulting in a difference in behavior.
This difference seems to be due to the difference in the locations of the two strain measuring methods.
The embedded strain gauge is located at the center of the specimen and measures only the vertical
strain, whereas the attached strain gauge is attached to the surfaces on both sides of the cylindrical
specimen and measures not only the vertical strain but also the transverse expansion strain that
occurs simultaneously with the vertical strain. Therefore, the strain of the gauge attached to the
surface is measured to be larger than the vertical strain.

However, since the difference is small, it can be concluded that both strain measurement
methods—the embedded strain gauge and the attached strain gauge—produce comparable results.
Therefore, although either method can be used to measure the creep of UHPC, it is considered more
desirable to use both strain measurement methods simultaneously. This dual approach allows for
mutual compensation of errors that may occur during gauge installation and data collection.

3.2. Effect of Sustained Load Intensity

Creep tests were conducted by varying the sustained load intensity from 10% to 40% of the
specified compressive strength of UHPC. The strain patterns according to the sustained load level
are shown in Fig. 7, categorized by the first and second stage specimens and test specimen sizes. The
strains of all specimens were measured using the embedded strain gauge. Some strain measurement
results deviated from the overall trend or showed abnormal behavior. These anomalies were due to
factors such as gauge errors, gauge installation errors, and setting errors during data collection. In
this paper, the results of the F13-100-T Series (first stage), F13-100-T Series (first stage), and F13-75-B
Series (second stage), excluding these abnormal data, were analyzed.
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Figure 7. Strain pattern according to sustained load intensity: (a) F13-75-T Series; (b) F13-100-T Series;
(c) F13-75-B Series.

Overall, the elastic strain was proportional to the sustained load level, and the creep strain
tended to increase at a constant rate thereafter. To quantitatively evaluate the trend, the creep strain
was converted into creep coefficient, and the creep coefficient pattern over time is plotted in Figure
8. In the case of the first stage specimens (F13-75-T Series and F13-100-T Series), the 10% sustained
load specimens showed abnormal results, while the 20% and 40% sustained load specimens showed
very comparable creep coefficient behaviors, regardless of the specimen sizes. In the case of the
second stage specimens (F13-75-B Series), the 15% sustained load specimen showed very low creep
coefficient behavior, while the other 25%, 30%, and 35% sustained load specimens showed almost
similar creep coefficient behaviors. However the creep coefficient tended to increase somewhat as the
sustained load level increased.

0.3 03
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Creep coefficient ()
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Time (h)

()

Figure 8. Creep coefficient pattern according to sustained load intensity: (a) F13-75-T Series; (b) F13-
100-T Series; (c) F13-75-B Series.

Table 6 shows the creep coefficient values of each test specimen at a loading sustained time of
1,967 hours. The first-stage specimens showed a creep coefficient value of 0.17, except for the 10%
sustained load, while the second-stage test specimens showed creep coefficient values of 0.18-0.19,
except for the 15% sustained load. The first-stage specimens exhibited a consistent creep coefficient
regardless of the sustained load level, whereas the second-stage specimens showed a slight increase
in the creep coefficient with higher sustained load levels. This difference is likely due to variations in
elastic deformation and creep deformation related to the difference in load intensity. The slightly
higher creep coefficients of the second-stage test specimens are attributed to their lower concrete
compressive strength (160.9 MPa) compared to that of the first-stage test specimens (198.9 MPa).

Table 6. Creep coefficient according to sustained load intensity (t — to = 1,967 hrs.).

Sustained load intensity

Specimen 10% 15%  20%  25%  30%  35%  40%
st stage F137>T Series .12 - 0.17 - - - 0.17
F13-100-T Series  0.27 - 0.17 - - - 0.17

2nd stage F13-75-B Series - 0.15 - 0.18 0.18 0.19 -

According to the David-Glanville law [1], creep strain is proportional to the applied stress, with
the proportional constant being the same for both compressive and tensile stresses. In other words,
creep strain is proportional to elastic strain, and this law is valid when the stress applied to concrete
is less than 60% of its ultimate strength. For sustained loads less than 60% of the compressive strength,
creep strain is proportional to elastic strain, meaning that the creep coefficient can be considered
constant regardless of the sustained load level.

However, the elastic modulus of concrete varies depending on the applied stress, and
consequently, the elastic strain also varies. Specifically, as the stress level of the sustained load
increases, the tangential elastic modulus decreases and the elastic strain increases. If the creep strain
is proportional to the applied stress according to the David-Glanville law, the creep coefficient should
theoretically decrease as the applied stress increases. Nevertheless, because the degree of change is
not significant, the creep coefficient can effectively be considered constant regardless of the sustained
load level, in accordance with the David-Glanville law.

In contrast to the David-Glanville law, a recent study reported a nonlinear relationship between
applied sustained stress and creep strain [1]. To investigate the correlation between sustained stress
and creep strain in UHPC, the correlation of creep strain according to the sustained load intensity
derived from the experiment of this study is plotted in Fig. 9. Figure 9(a) illustrates the creep strain
pattern relative to the compressive strength ratio (sustained stress / actual compressive strength) at a
sustained load duration of 1,967 hours. The results for the first and second test specimens appear to
exhibit the same parabolic trend. Fig. 9(b) consolidates all test specimens, excluding those with
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sustained load levels of 10% and 15% due to abnormal creep measurement results, into a single graph
irrespective of the series. Consequently, the sustained stress and creep strain demonstrated a
parabolic relationship (R?=0.998), indicating that UHPC also exhibits a nonlinear relationship
between applied sustained stress and creep strain, consistent with recent findings [1].

The experimental results for sustained load intensities of 10% and 15% exhibited many
anomalies, deviating from the general trend. This discrepancy is attributed to significant load errors
that occur when applying very low loads, and the relative deviation caused by small creep
deformations is more pronounced compared to other results. Consequently, although existing
standards such as KS F 2453 [9] and ASTM C512 [8] specify that the sustained load level should be
40% or less of the concrete's compressive strength at the age of loading, there is a high likelihood of
data errors at sustained loads of approximately 14% or less of the actual compressive strength.

Therefore, it is deemed advisable to apply a sustained load ranging from 15% to 40% of the actual
compressive strength.
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Figure 9. Relationship between creep strain (t — to = 1,967 hrs.) and sustained stress / actual
compressive strength: (a) All sustained load intensities; (b) Sustained load intensities over 20%
regardless of series.

3.3. Effect of Specimen Size

The test specimens for creep measurement were tested with different sizes of $75 mm and ¢100
mm, and the strain patterns according to the test specimen sizes were divided into the first and
second-stage test specimens and are shown in Fig. 10. The strains of all test specimens were measured
using the embedded strain gauge.

Examining the results of the F13-0.1T Series, F13-0.2T Series, and F13-0.4T Series, which had no
data errors among the first-stage test specimens, the $75 mm and 100 mm specimens exhibited
almost identical strain patterns. The second-stage test results similarly showed that both specimen
sizes had comparable strain patterns.
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Figure 10. Strain pattern according to specimen size: (a) F13-0.1T Series; (b) F13-0.2T Series; (c) F13-
0.4T Series; (d) F19-0.4T Series; (e) F19-0.4B Series.

For a more accurate quantitative analysis, the creep coefficient patterns for the F13-0.1T Series,
F13-0.2T Series, and F13-0.4T Series among the first-stage test specimens are shown in Fig. 4-11(a)-
(c), and the creep coefficient patterns for the F19-0.4T Series and F19-0.4B Series among the second-
stage test specimens are shown in Fig. 4-11(d)-(e). As illustrated in Fig. 11, the F13-0.1T Series, which
was subjected to a very low load of 10% sustained load, exhibited creep coefficient patterns that
varied significantly depending on the specimen size. In contrast, the remaining test specimens
showed very similar creep coefficient patterns despite differences in specimen size.
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Table 7 summarizes the creep coefficient values of each test specimen at a sustained load
duration of 1,967 hours. All test specimens, except for those in the F13-0.1T Series, exhibited a creep
coefficient value of 0.17 regardless of the specimen size. Based on these results, it is concluded that
test specimens larger than ¢75 x 150 mm are suitable for measuring the creep of UHPC, this is
consistent with the ASTM C1856 [10] standard.

While most of the ¢p100 mm test specimens demonstrated smooth and consistent graph patterns,
most of the ¢75 mm test specimens displayed data outside the normal range and exhibited
fluctuations. These results suggest that the stability of measurement data is compromised when using
an embedded strain gauge in a ¢$75 mm test specimen for measuring the creep of UHPC. This may
be due to a higher likelihood of errors occurring during the installation of the embedded strain gauge
and the casting of concrete within the narrow interior of the ¢75 mm specimen. Although the creep
measurement results were consistent across different specimen sizes, it is considered more desirable
to use the ¢100 mm test specimen rather than the $75 mm specimen when employing an embedded
concrete gauge to ensure stable data.

Table 7. Creep coefficient according to specimen size (t — to=1,967 hrs.).

Specimen size

Specimen $75 mm ®100 mm
F13-0.1T Series 0.12 0.27
1st-stage F13-0.2T Series 0.17 0.17
F13-0.4T Series 0.17 0.17
F19-0.4T Series 0.17 0.17

nd_
2r-stage F19-0.4B Series 0.17 0.17
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3.4. Effect of Fiber Length

Tests were conducted by varying the length of steel fibers mixed in UHPC to 13 mm and 19.5
mm. The strain patterns according to the fiber length are shown in Fig. 12. The strain of all test
specimens was measured using embedded strain gauges. When examining the results of test
specimens without data errors, the strain patterns of the specimens mixed with 13 mm fibers were
nearly identical to those of the specimens mixed with 19.5 mm fibers.
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Figure 12. Strain pattern according to fiber length: (a) 75-0.4T Series; (b) 100-0.4T Series.

For accurate quantitative analysis, the creep coefficient patterns for the 75-0.4T Series and 100-
0.4T Series with no data errors are shown in Fig. 13. As illustrated in Fig. 13, the creep coefficient
patterns were very similar despite the difference in fiber length. Figs. 13 and 14 confirm that the
elastic strain and creep coefficient of the specimens mixed with 13 mm fibers are slightly larger than
those of the specimens mixed with 19.5 mm fibers. This is attributed to the compressive strength of
the specimens mixed with 13 mm fibers (198.8 MPa) being approximately 18 MPa higher than that of
the specimens mixed with 19.5 mm fibers (180.8 MPa).
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Figure 13. Creep coefficient pattern according to fiber length: (a) 75-0.4T Series; (b) 100-0.4T Series.

Table 8 summarizes the creep coefficient differences according to fiber length at a sustained load
duration of 1,967 hrs. All test specimens showed a creep coefficient value of 0.17 regardless of fiber
length. Therefore, it was concluded that the fiber length does not affect the creep behavior up to 19.5
mm of steel fiber mixed in UHPC.
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Table 8. Creep coefficient according to fiber length (t — to=1,967 hrs.).

Specimen Fiber length
13 mm 19.5 mm
75-0.4T Series 0.17 0.17
100-0.4T Series 0.17 0.17

3.5. Comparison with Creep Prediction Models

To predict the creep deformation of concrete structures, various prediction equations have been
developed and employed, such as the ACI209-92 model [14], the fib MC2010 model [15], the B3 model
[16-17], and so on. Most of these concrete creep prediction models are semi-empirical, based on
experimental data obtained from numerous creep tests. The influencing factors and prediction
accuracy considered in each model differ. According to a previous study on the creep of UHPC by
Xu et al. [18], most creep prediction models, except for the B3 model, overestimated the creep
deformation of UHPC. The B3 model is a complex model that considers the mixing ratio of concrete,
thereby underestimating the creep deformation of UHPC due to the very low water-to-binder ratio
of UHPC.

The existing creep models for ordinary concrete are fundamentally based on experimental
observations of ordinary concrete and therefore cannot be directly applied to predict the creep
deformation of UHPC [19]. Consequently, numerous efforts have been made to modify these existing
creep models based on UHPC creep test data to accurately predict UHPC creep. Xu et al. [18] and
Chen et al. [20] have proposed creep models specifically for UHPC.

The creep coefficient patterns for representative test specimens F13-75-0.4T, F13-75-0.35B, and
F19-100-0.4T in three groups with different compressive strengths are compared with the creep
prediction models, which are illustrated in Fig. 14. The creep coefficient measurements of each test
specimen and the creep coefficient prediction values of the creep models at a sustained load duration
of 1,967 hrs are presented in Table 9. The creep prediction models used were the ACI209-92 model
[14], the fib MC2010 model [15], the B3 model [16-17], the Xu et al. model [18], and the Chen et al.
model [20]. The compressive strengths of the representative test specimens F13-75-0.4T, F13-75-0.35B,
and F19-100-0.4T were 198.9 MPa, 160.9 MPa, and 180.8 MPa, respectively.

As shown in Fig. 14, all creep prediction models except for the Xu et al. model [18] were found
to overestimate the creep coefficient of UHPC. In particular, the ACI209 creep model [14]
overestimated the creep coefficient of UHPC the most, with a significant difference of about 5.6 to 6.2
times. Additionally, this model did not account for variations in UHPC compressive strength,
resulting in identical creep coefficient predictions for the three groups.

The Chen et al. model [20], which aimed to predict UHPC creep deformation, overestimated the
creep coefficient by 21% to 35% at a sustained loading duration of 1,967 hours and showed the closest
prediction result to the actual UHPC creep measurements. However, the pattern of the predicted
creep coefficient graph differed from the measured creep coefficient pattern, with the creep
deformation being underestimated until approximately 600 hours. This discrepancy arises because
the Chen et al. creep model [20] was developed by modifying the coefficient based on the ACI209
model [14] and incorporating the fiber mixing ratio factor. Consequently, it is deemed a model that
can accurately predict the creep deformation of UHPC with a specific mixing ratio and strength.

The B3 model [16-17] overestimated the creep coefficient by 47% to 68% at a loading sustained
time of 1,967 hrs, showing lower accuracy than the Chen et al. creep model [20]. However, the creep
coefficient pattern was very similar to the measured result pattern, and it reflected the influence of
the mixing ratio and compressive strength of UHPC well. In addition, the higher the compressive
strength, the more accurately the creep coefficient was predicted. The B3 model was found to predict
UHPC creep deformation measured in this study best despite the mixing conditions of UHPC used
in this study exceeding the B3 model [16-17] application constraints of 0.35 < w/c < 0.85, 17 MPa < fous
<70 MPa, and 160 kg/m? < ¢ < 720 kg/m3. Where w is water contents, fan2s is compressive strength
measured at the age of 28 days, and ¢ is cement contents.
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The fib MC2010 model [15] showed similar patterns to the B3 model [16-17], but its prediction
accuracy was slightly lower than that of the B3 model. The creep coefficient was overestimated by
65% to 76% at the loading sustained time of 1,967 hrs, and the influence of the difference in the
compressive strength of UHPC was reflected in the prediction results.

The creep model of Xu et al. [18] greatly underestimated the creep deformation of UHPC, and
predicted a creep coefficient close to 0 at a sustained load duration of 1,967 hrs. This is because the
compressive strength of the cylindrical test specimen of UHPC, the subject of creep measurement
applied to the development of the Xu et al. model [18], was relatively low at 130 MPa or less, and the
influence factor of the fiber mixing ratio was not reflected. Since the model was developed by simply
subtracting the difference of 0.3 between the creep coefficient measurement results and the fib
MC2010 model prediction results, it can show very low prediction accuracy depending on the
difference in the compressive strength and fiber mixing ratio, and can show non-conservative

prediction results.
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Figure 14. Comparison with creep prediction models: (a) F13-75-0.4T; (b) F13-75-0.35B; (c) F19-100-

0.4T.

Table 9. Creep coefficient comparison with creep prediction models (t — to = 1,967 hrs.).

Measured Creep coefficient predicted by creep models
Specimen TP fibMC2010  ACI209 B3  Chenetal. "
coefficient et al.
F13-75-0.4T 0.17 0.28 1.06 0.25 0.23 -0.02
F13-75-0.35B 0.19 0.33 1.06 0.32 0.23 0.03
F19-100-0.4T 0.17 0.30 1.06 0.28 0.23 0.00
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4. Conclusions

To verify the existing standard test method for compressive creep of concrete and to present a
compressive creep test method suitable for application to UHPC, the strain measuring method,
sustained load intensity, specimen size, and fiber length were set as variables and a compressive
creep test was performed on UHPC, and the following conclusions were drawn.

1) The strain meter method using a standard rod showed limitations in its use due to errors in
the verification process using the standard rod and observation errors of the measurer. Although
either method, an embedded strain gauge or an attached strain gauge, can be used to measure the
creep of UHPC, it is considered more desirable to use both strain measurement methods
simultaneously to ensure correction and reliability of the measurement data.

2) The creep test results according to the sustained load intensity variables of UHPC showed
that the creep strain increases in a nonlinear relationship as the applied sustained stress increases.
Since data errors are likely to occur at sustained loads of approximately 14% or less of the actual
compressive strength, it is considered desirable to load at sustained loads of 15% to 40% of the actual
compressive strength.

3) The creep test results for the specimen size variables showed similar creep strain and creep
coefficient patterns regardless of the specimen size. Accordingly, it seems possible to perform a
compressive creep test for UHPC using a specimen of ¢p75 mm or larger, as in the ASTM C1856
standard [10]. However, since there is a high probability of errors occurring when installing the
embedded concrete gauge in the narrow interior of the ¢75 mm mold, casting concrete, and setting
the specimen when using the embedded strain gauge, it is considered more desirable to use a $100
mm specimen in terms of securing stable data.

4) Through creep tests on the length variables of steel fibers mixed in UHPC, it was found that
the length of the steel fibers mixed in UHPC did not affect the creep behavior up to 19.5 mm.

5) The creep deformation prediction results of the ACI209-92 model [14], fib MC2010 model [15],
B3 model [16-17], Xu et al. model [18], and Chen et al. model [20] were compared with the
experimental results, and the B3 model was found to be relatively accurate in prediction. The B3
model overestimated the creep coefficient, however, the creep coefficient pattern was very similar to
the measured result pattern, and it well reflected the influence of the mixing ratio and compressive
strength of UHPC.
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