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Abstract

Existing concrete creep coefficient prediction models have the limitation of not considering the structural charac-
teristics of CFT. For this reason, these models tend to overestimate the creep deformation of CFT. Therefore, in order
to overcome the limitations of existing CFT creep experiments, this study proposes a creep-experiment method
involving the use of CFT that passively changes the load applied to a single concrete specimen by calculating

the stress redistribution between the concrete and a steel tube in CFT based on a step-by-step method. Further-
more, by actually applying the proposed experimental method, a creep experiment of CFT lasting for approximately
163 days was performed and a superficial creep coefficient model of CFT was proposed based on long-term strain
data from the experiment. In order to verify the proposed superficial creep coefficient model, it was compared

with two design criteria (CEB-FIP and ACl) based on the experimental results of this study and references. As a result,
compared to the existing design criteria, the value predicted by the proposed superficial creep coefficient model
showed good agreement with the experimental results of this study and the references, proving that the proposed
creep-experiment method of CFT and superficial creep coefficient model are reasonable.

Keywords CFT, Creep-experiment method, Superficial creep coefficient, Stress redistribution, Step-by-step method

1 Introduction

The concrete-filled steel tube (CFT) is a composite struc-
ture made with concrete filled into a round or square
steel tube. Such tubes show excellent structural perfor-
mance by maximizing the advantages of both materials.
The lateral deformation of concrete is restrained by the
steel tube, which can have the effect of enhancing the
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strength, and due to the concrete inside, the steel tube
can overcome the material limitation of being vulnerable
to buckling. However, when a load is applied, CFT causes
different levels of deformation in concrete and steel tubes
over time due to the long-term behavioral characteris-
tics of the internal concrete (Kwon et al., 2005; Wang &
Zhao, 2018; Wang et al., 2019). Such unequal deforma-
tion may adversely affect the durability of the structure
by generating unnecessary stress at the joints of the
structure. The drying shrinkage and dry creep of CFT
is greatly reduced compared to that of general concrete
because contact between the concrete and the outside air
is blocked by the steel tube (Lai et al., 2019; Nakai et al.,
1991; Zhang et al., 2015). In addition, a stress-redistribu-
tion effect occurs between the two materials of the CFT
because the steel tube additionally receives the stress loss
caused by creep in the concrete while the CFT behaves
integrally. Although slips phenomenon may occur
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between concrete and steel tube, this study assumes inte-
gral behavior between the two materials to analyze the
superficial creep behavior due to the effect of stress redis-
tribution. As such, because the long-term behavior char-
acteristics of CFT differ from those of general concrete,
in order to secure the stability and proper maintenance
of structures using CFT, it is necessary closely to analyze
the time-dependent behavior with regard to the struc-
tural characteristics of the CFT.

In order to predict the long-term deformation of CFT,
various studies of the long-term behavioral characteris-
tics of CFT have been conducted by many researchers.
Chen et al. (Chen et al.,, 2017) evaluated the predictive
performance of four creep models (CEB-FIP (CEB-FIP,
1993), fib MC2010 (fib., 2010), ACI (Committee&209., ),
and B4 (Bazant & Wan-Wendner, 2015)) based on experi-
ments on 13 specimens and 35 experimental data points
in the literature to evaluate the creep behavior of CFT;
the temporal behavior of a CFT arch bridge was evalu-
ated by applying the model with the best predictive per-
formance. As a result, the ACI 209 (Committee&209.,
) model was found to predict the creep behavior better
than other models, but the predictive performance of the
creep model differed depending on the variables of the
experimental data. The conclusion was that it is impossi-
ble to propose the most suitable model for CFT. Nguyen
et al. (Nguyen et al., 2021) conducted a creep experiment
on normal concrete and CFT specimens over a period of
400 days to study the effect of the redistribution of the
stress between the steel tube and concrete caused by
creep, where the predicted values of creep deformation
in creep models [B4 (Bazant & Wan-Wendner, 2015),
B4-TW (Chin, 2017; Liu, 2017)] were compared with
experimental data. As a result, the loading day according
to the age of concrete had the greatest effect on the basic
creep, with the creep and shrinkage strain of the CFT
specimen being 33% and 62% lower, respectively, com-
pared to a general concrete specimen. In addition, for
the CFT specimen, the stress in the steel tube increased
by approximately 33%, while the stress in the concrete
decreased by about 16% at 375 days due to the stress-
redistribution effect. The B4-TW (Chin, 2017; Liu, 2017)
model had better creep deformation prediction per-
formance than the B4 (Bazant & Wan-Wendner, 2015)
model, but the values predicted by both models tended
to be too high compared to the actual experimental data.
Yi et al. (Yi & Yuan, 2012) studied the creep behavior
of CFT for 380 days with four CFT specimens (HCFT)
using high-strength concrete. The creep coefficient of
their high-strength concrete-filled (HCFT) specimen was
lower by about 15% compared to a CFT specimen filled
with normal-strength concrete. Based on these experi-
mental results, a modified B3 (Baweja & Bazant, 1995)
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model was proposed based on a regression equation to
propose a reasonable HCFT creep model. Wang et al.
(Wang et al.,, 2011) conducted an experiment involving
different loading days and axial load levels on 11 short
expanded concrete-filled steel tube (ECFST) specimens
to provide experimental data pertaining to the tempo-
ral behavior of ECFST, studies of which are relatively
rare. The accuracy rates of four creep models (Eurocode
2 (BS EN, 2004), fib MC 2010 (fib., 2010), AFREM (Roy
et al., 1996), B3 (Baweja & Bazant, 1995)) were evaluated
based on the experimental data. As a result, it was rec-
ommended to use the Eurocode 2 (BS EN, 2004) model
to predict the long-term behavior of ECFST specimens.

However, studies of methods that can be used to pre-
dict the long-term behavior of CFT are still insufficient.
Most of the design criteria currently used to predict
creep deformation are empirical equations derived based
on experimental data on the long-term behavior of con-
crete. Therefore, existing design criteria overestimate the
creep deformation of CFT because they do not reflect
structural characteristics of CFT such as blocking drying
shrinkage and stress redistribution effects. For these rea-
sons, in order to predict the creep deformation of CFT
accurately, a creep model capable of properly reflect-
ing the long-term behavior characteristics of CFT must
be devised. However, for CFT, of which relatively few
long-term experimental datasets exist compared to con-
crete, creep prediction models are extremely rare. One
of the reasons for the lack of research involving creep
experiments on CFT is that devising a long-term behav-
ior experimental method for CFT is more difficult than
doing so for general concrete due to the structural char-
acteristics of the concrete filling the steel tube. When
the height of the concrete and the steel tube are differ-
ent, it is difficult to accurately pressurize the two materi-
als simultaneously. In addition, there is a high possibility
of errors in the process of measuring the creep strain of
internal concrete. It is also difficult to diversify certain
design parameters, such as the steel ratio, because the
manufacturing process of these types of specimens is
complicated. Therefore, in order to perform CFT creep
experiments efficiently given the wide range of design
conditions, a method that can complement existing CFT
creep experimental methods is required.

Therefore, this study proposes an experimental method
that can overcome the limitations present in existing
CFT creep experiments. A long-term behavior experi-
ment on CFT is also conducted by applying the pro-
posed experimental method. Furthermore, a superficial
creep coefficient model that considers the long-term
behavioral characteristics of CFT is derived based on the
experimental result. Here, the creep coefficient model
is derived based on the superficial deformation data
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that occurs due to the interaction of CFT concrete and
steel tube. In order to verify the proposed CFT creep-
experimental method and the superficial creep coeffi-
cient model of CFT, experimental results and predicted
values are compared. In addition, the proposed method
is also compared to the existing creep coefficient pre-
diction models CEB-FIP 1990 (CEB-FIP, 1993) and ACI
209 (Committee&209., ) based on CFT creep experiment
data compiled by previous researchers.

2 Creep Properties of CFT

2.1 Creep and Shrinkage of CFT

Creep strain means the strain increase over time when
a load applied to a concrete structure remains constant.
Creep strain is an important factor to consider when
designing concrete structures because it affects not only
the modulus of elasticity but also the strength of the
structure over time. Creep strain is characterized by con-
vergence to an almost constant value over time, and the
creep coefficient of Eq. (1) is used as an index for deter-
mining the amount of creep strain. In addition, as shown
in Fig. 1, the principle of strain superposition can be
applied when calculating the total creep strain because
the load and creep strain within the working load range
of a structure are proportional:

g— Ecreep Creep strain

Selastic  Elastic strain’

(1)

In general, creep can be classified into basic creep
and dry creep depending on whether the concrete is in
contact with outside air. Basic creep refers to the defor-
mation that occurs in concrete over time assuming that
there is no contact between the concrete and the out-
side air, and dry creep is the deformation that occurs
in concrete in dry conditions other than basic creep

eq:(1) ¢ Creep strain

esn () ¢ Shrinkage strain
(Drying & Autogenous)

0 g T t

(a) Time-dependent strain of concrete
Fig. 1 Creep and shrinkage of concrete and CFT
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deformation. Concrete placed in a dry environment has
a greater amount of total creep than concrete placed
in a wet state because basic creep and dry creep occur
together (Pickett, 1942). However, for the concrete
used with CFT, only basic creep is considered while dry
creep is ignored because the concrete is blocked from
contact with outside air due to the steel tube (Lai et al.,
2019; Nakai et al., 1991; Zhang et al., 2015).

Another long-term behavioral property of concrete
is shrinkage, referring to an increase in deformation
over time without the action of a load. Shrinkage is
classified into two types: autogenous shrinkage and
drying shrinkage. Autogenous shrinkage is caused by
the hydration reaction of cement. Therefore, CFT can
increase autogenous shrinkage strain because high-
strength concrete is often used to increase the effi-
ciency of the CFT application, and the water-to-cement
ratio is lower than that of general concrete (Larrard &
Roy, 1992). Drying shrinkage is caused by the evapo-
ration of pore water in concrete due to low humidity
in the external environment. However, as mentioned
above, CFT scarcely reacts with moisture and carbon
dioxide in the air due to the steel tube, meaning that
the amount of deformation caused by drying shrink-
age is very low (Nakai et al., 1991; Terrey et al., 1994).
As such, CFT has long-term behavior characteristics
different from those of general concrete because the
effects of drying creep and drying shrinkage can be
ignored due to the structural characteristics of CFT.
Another reason why the long-term behavior charac-
teristics of CFT differ from those of general concrete
is that the interaction occurs between concrete and
steel tube because the steel tube restrains the concrete.
Accordingly, when a load is applied to the member, a
stress-redistribution effect occurs between the two
materials. (Committee&209., 1997).

er(1) ¢ Creep strain

______________________

(Autogenous)

0 T4 Tp t

(b) Time-dependent strain of CFT
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Earlier, Terrey et al. (1994) and Ichninose et al. (2001)
conducted long-term behavior experiments under the
same design conditions shown in Table 1 to compare the
different long-term behavior characteristics of concrete
specimens and CFT specimens.

According to the experimental results of Terrey et al.
(1994), the average ultimate creep coefficients of the
concrete and the CFT specimen were 2.23 and 1.20,
respectively, indicating that the creep coefficient of the
CFT specimen was approximately 54% less than that of
the concrete specimen. In addition, the drying shrinkage
strain values of the concrete and the CFT specimen were
625 pe and 130 pe, respectively. In other words, the dry-
ing shrinkage strain generated in the CFT specimen was
much lower than that of the concrete specimen. In the
experimental results of Ichninose et al. (2001), the aver-
age ultimate creep coefficients of concrete and CFT spec-
imens were 2.78 and 1.53, respectively, indicating that the
creep coefficient of the CFT specimen was approximately
55% less than that of the concrete specimen. In addition,
the drying shrinkage strain was about 426 pe in the con-
crete specimen and close to 40 pe in the CFT specimen.
In other words, in both experiments, the deformation of
CFT due to drying shrinkage was negligible and small,
and creep deformation of CFT was less than half that of
the concrete specimens. This indicates that CFT is rela-
tively more effective than concrete in terms of long-term
deformation.

2.2 Existing Creep Coefficient Model

When stress f.(¢7) is applied to a concrete structure,
the total strain &.(¢, ¢/) at time t is expressed as Eq. (2).
Here, t’ is the time the load was applied, E; is the initial
elasticity modulus of concrete, and ¢(¢,¢/) is the creep
coefficient:

/ / 1 1 /
ec(t,t') =fe(t) m“‘gi‘ﬂ(f’f) : ()

The creep coeflicient is used as a method to predict
creep deformation in concrete. However, it is difficult
accurately to calculate the creep coefficient because it
is determined by a wide variety of variables, such as the
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compressive strength and age of the concrete, the tem-
perature, and the humidity level (Neville, 1970). Never-
theless, design criteria such as CEB-FIP 1990 (CEB-FIP,,
1993) and ACI 209 (Committee&209., ) were used in a
model to predict the creep coefficient with several design
variables. Equation (3) is the CEB-FIP 1990 (CEB-FIP,
1993) creep coefficient model equation, which is pre-
sented as the multiplication of the conceptual creep
coeflicient and a time function representing the change
in creep over time. The conceptual creep coefficient
and time function are expressed here as Egs. (4) and (5),
respectively. The conceptual creep coefficient represents
the change in the strength of concrete with age as a func-
tion of time based on the concrete age of 28 day. Here,
Dry is a coefficient determined by the relative humid-
ity, and By is determined as a function of the concep-
tual member dimension (2 = 2’:”). B(fom) is a coefficient
determined by the 28-day compressive strength of con-
crete, and S(¢/) is a coefficient determined by the age of
the concrete under a load:

gceB(t,t') = wo_ces % Be(t —t'), (3)

9o_ces = ¢ri X B(fom) x B(t'), (4)
, t—t 1%

w0 =[Gl ©

Unlike other creep coefficient models, the ACI 209
(Committee&209., 1997, 2008) model predicts the creep
coefficient by considering a range of different variables,
particularly the degree of slump, the fine aggregate ratio,
the air volume, and the concrete age and humidity. The
ACI 209 (Committee&209., 1997, 2008) model presents
the creep coefficient equation by multiplying the ulti-
mate creep coefficient ¢/ by the time function, as shown
in Eq. (6). The ultimate creep coefficient is calculated
by multiplying the correction coefficient based on the
variables affecting the creep, as shown in Eq. (7). Here,
CeuCyCiCsCrandC, are correction coefficients deter-
mined by the curing conditions of concrete, the rela-
tive humidity, the member thickness, the slump value,

Table 1 Long-term behavior experimental conditions and results from concrete and CFT

Refs. Diameter and fe(MPa) E.(MPa) Creep coefficient (2) Drying shrinkage, &y,
thickness (mm) (ne)
Concrete CFT Concrete CFT
Terrey et al, (1994) @200 x 1.5 452 30800 223 1.20 625 130
@200 x 1.0
Ichinose et al,, (2001) 1652 x 4.5 278 22736 278 153 426 40

@165.2 x 5.0
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the amount of fine aggregate, and the amount of air,
respectively:

t— t/)0.6

t; t/ = (— ! ) (6)
¢Ac1( ) 10+(t—t/)°‘6¢AC[

@ch] =235 CcuCthCsCfCa. (7)

As mentioned above, it is necessary to exclude the
effect of dry creep when calculating the creep coefficient
of CFT (Lai et al., 2019; Nakai et al., 1991; Zhang et al.,
2015). However, existing concrete creep coefficient pre-
diction models do not reflect these structural characteris-
tics of CFT in their design criteria, causing these models
to overestimate the creep deformation of CFT. There-
fore, in order to predict the creep deformation of CFT
accurately, a creep model capable of properly reflecting
the long-term behavior characteristics of CFT must be
devised. In order to do this, it is necessary to compile a
range of experimental data on the long-term behavior of
CFT. However, studies that focus on creep experimen-
tally in relation to CFT remain insufficient. Therefore,
this study proposes a creep-experiment method for CFT
that can be performed more efficiently with different
design variables by complementing the existing experi-
mental method.

3 Long-Term Behavior Analysis Method
Considering the Stress Redistribution of CFT

3.1 Stress Redistribution of CFT

According to Nguyen et al. (2021), over time after a
load is applied, stress is redistributed between the two
materials of the CFT concrete and the steel tube due to
creep. This stress redistribution can be explained by the
concept of relaxation. As shown in Fig. 2, in the rapid
load curve and the slow load curve, which represent
the elastic deformation that occurs immediately after
the load is applied and the long-term deformation that
occurs over time after the load is applied, respectively,
creep is a phenomenon in which strain increases over
time when constant stress is maintained, and relaxation
is a phenomenon in which stress gradually decreases
over time when a constant level of strain is maintained.
Creep and relaxation are closely related to one another,
as when constant stress is maintained in a concrete
structure, the creep deformation of concrete increases
continuously over time, while the stress applied to the
structure by relaxation gradually decreases over time
in order to suppress the creep deformation. Therefore,
when a load is applied to the CFT, the stress of the con-
crete gradually decreases over time due to creep, and
the stress of the steel tube gradually increases because
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Rapid loading
! Slow loading

———————————

\ Relaxation

Fig. 2 Creep and relaxation of concrete

the steel tube additionally bears the reduced stress in
the concrete. Therefore, the stress between the two
materials is redistributed.

3.2 Step-by-Step Method (SSM)

A step-by-step method (henceforth SSM) is used to ana-
lyze the long-term behavior of composite structures over
time by considering the stress-redistribution effect (Gil-
bert & Ranzi, 2010). SSM is calculated under the assump-
tion that the creep strain applied at each time increment
section does not affect other time increment sections.
SSM increment the time slightly based on time point 7o
when the load is applied and then sums the creep defor-
mation caused by stress in each time increment section
to calculate the deformation after some time has elapsed.
In Fig. 3, when the incremental stress of concrete occur-
ring between the ith time increments section is Aoy, the
incremental values of the elastic strain and creep strain
caused by stress increment Aoy, are calculated by the
elastic modulus E.(t;) and the creep coefficient @ (%, ;)
at the end of the incremented section, respectively. The
total strain at the end of each time increment section is
calculated as the superposition of the strains in all pre-
ceding time increment sections. The concrete strain
ec(tiy) at the end point 7,4 of the ith time increment sec-
tion can be obtained using Eq. (8). At this time, because
the effect of shrinkage can be ignored in CFT, the shrink-
age strain &g (7;y) is not considered in the long-term
behavior analysis:

0c0
Ec (fO )

ec(Tiy) = [1+44(t, 70)]

~ Aoe(7) o |
* }Z:; m [1+ (4 5) ] + ean(Tiv)-

(8)
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—_ Ao (1)

Fig. 3 Time increment of the step-by-step method

Here, 0.9 and E.(7p) indicate the initial concrete stress
and the elastic modulus, respectively, and @(¢, 79) is the
initial creep coefficient.

The initial concrete stress o,y can be calculated by
Eq. (9) based on the force equilibrium equation, and the
initial concrete strain g9 can be calculated by dividing
the initial stress by the initial concrete elastic modulus:

p

" A ) Y

Here, n is the ratio of the elastic modulus of steel and
concrete (Es/E.), and p is the steel ratio.

Under the assumption that the steel tube and concrete
behave integrally, the stress loss of concrete during each
time increment can be obtained based on the strain com-
patibility equation of Eq. (10) and the force equilibrium
equation of Eq. (11):

ec(Tit) = &s(Tit), (10)

l
oc(t)Ac + Y Ao (1) A, + 0g(Tiy )As = P.
j=1

(11)

Here, e.(t;+) and &;(t;+) are the strain of concrete and
steel at 7;1, respectively, and Ao (7)) denotes the incre-
mental stress of concrete. oy is the stress of steel at 7,4,
and A.,andA; are the cross-sectional area of concrete
and steel, respectively. P is the axial load applied to the
member.

When Egs. (10) and (11) are combined, the incre-
mental stress of concrete and the stress of steel at 7;4
can be obtained. In addition, the strain of the steel can
be determined by dividing the stress of the steel by the
elastic modulus of the steel. At this time, based on the

strain compatibility equation, the strain of the steel is
equal to the strain of the concrete. As a result, the creep
strain e.,(7;4) at 74 can be calculated with Eq. (12):

Ecr(Tit) = €c(Tit) — €e(Tit) — Esn(Tit)- (12)

Here, . (t;+) denotes the elastic strain of concrete.

SSM is the most accurate method among various meth-
ods for analyzing the long-term behavior of composite
structures. Moreover, the amount of the stress redistri-
bution occurring in composite structures due to creep
can be predicted prior to an experiment because it can
quantitatively calculate how much the stress levels in the
concrete and steel change at an arbitrarily divided time
step. Therefore, in this study, an experimental method
was devised to illustrate the stress-redistribution effect
between the concrete and the steel tube using only the
concrete part of the CFT by calculating how much stress
redistribution is occurring in the two materials before the
CFT creep experiment is performed using SSM.

4 Proposal of the Creep-Experimental Method
of CFT

The existing CFT creep-experiment method initially
introduced a constant load onto the CFT specimen using
a pressure plate and then periodically measured the strain
using a strain gauge. However, when using this method,
if the heights of the concrete and the steel tube do not
precisely match at the joint surface between the CFT and
the pressure plate, it may be difficult to apply the load
simultaneously to the two materials. In addition, it is dif-
ficult accurately to measure the creep strain of concrete
due to the structural characteristics of CFT, in which
concrete fills the inside of the steel tube. It is also difficult
to establish various design parameters such as the steel
ratio because steel tubes are mainly manufactured as
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standardized products. Therefore, in this study, a creep-
experiment method for CFT called the continuous-load
change creep experiment is devised to overcome the lim-
itations of existing experimental methods used with CFT.
The continuous-load change experiment is a method of
simulating the long-term behavior characteristics of CFT
with only the concrete part of the CFT. In other words,
this method predicts the degree of stress redistribution
between the concrete and the steel tube due to creep in
CFT based on SSM. And researchers passively remove a
load equal to the amount of stress loss generated in the
concrete due to creep in the initial load. At this time,
the complete surfaces of the concrete specimen must be
sealed in order to apply the same outdoor air blocking
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effect of CFT. Here, the friction force between the two
materials is ignored because the proposed method is
performed under the assumption that the concrete and
the steel pipe behave as one unit. Therefore, this method
cannot perfectly represent the long-term behavior of
actual CFT, but it can represent the superficial long-term
behavior phenomenon due to stress redistribution.

The creep experimental procedure of CFT is shown in
Fig. 4. First, the creep experimental conditions and the
design variables of CFT are set. The conditions and the
design variables include the temperature and humidity,
the diameter and thickness of the CFT, and the com-
pressive strength. The size of the initial load applied to
the specimen at the working load level is then planned,

Setting the creep experimental conditions and the
design variables of CFT

l

Planning the size of the initial load, and the date on

L which to introduce the load

}

that amount of stress loss that occurs in the concrete

X - B
( Planning the date on which to remove the load such

q due to creep is matched )

Preliminary preparation

l

p
Calculating the stress loss of concrete by age caused
by creep (using Step-by-Step Method)
I

Setting time increments At

I

T

L2

Producing the creep and autogenous shrinkage
specimens (without steel tube) by embedding a
vibrating wire gauge at mid-height of the specimen

Ve

Sealing the specimens to prevent contact with the
outside air

}

Applying the load planned in the preliminary
preparation step

l

(" For continuous-load change creep specimens, the

load values are passively adjusted on each planned
L unloading day

Experiment preparation

Calculating initial concrete stress
00 and strain .o by Eq. (9)

I

Calculating creep coefficient ¢ ]

I

Calculating concrete stress increment
Ao (t;) and steel stress og5(7;4) by
combining Eq. (10) and Eq. (11)

Calculating steel strain
&s(Tiy) = 0s(Ti4) /Es

e N e N e e

poyloN doig-Aq-doyg

I

Calculating creep strain €.,(7;4 ) by Eq. (12)
I

[

p
Collecting the load applied to the specimens and the
strain during experiment period

l

Calculating creep strain
gcree}}(t) = sroml(t) - gelasric(t) - sauro(t)

Fig. 4 Proposed CFT creep experiment procedure
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as is the date on which to introduce the load and the
date on which to remove the load such that amount of
stress loss that occurs in the concrete due to creep is
matched. When planning the load-removal day, consid-
ered the characteristics of creep, where the deforma-
tion is large at the beginning of the load and gradually
decreases over time (Altoubat & Lange, 2001). There-
fore, it is set to one to three days, i.e., densely, at the
beginning of the experiment, with the interval gradu-
ally increasing over time. Then, preparations are com-
pleted by calculating the stress loss of concrete by age
caused by creep using SSM. In this study, 50% of the
concrete creep coefficient specified by the CEB-FIP
1990 (CEB-FIP, 1993) model was applied during the
process of calculating SSM. This was determined based
on the fact that, according to the experimental results
of Terrey et al. (1994) and Ichninose et al. (2001), the
CFT specimen occurred at about half of the creep
deformation of the concrete specimen. In addition, for
the CEB-FIP 1990 (CEB-FIP., 1993) model, when cal-
culating the creep coefficient of concrete, the degree of
deformation due to dry creep is specified as half of the
total creep deformation (Kim & Jeon, 2002).

After the preliminary preparation steps are com-
pleted, a vibrating strain gauge is buried to measure
creep and autogenous shrinkage strains. At this time, to
ensure that the effects of drying shrinkage and drying
creep can be disregarded in the same way as CFT, the
entire surface of the specimen must be sealed to block
contact with the outside air. When the specimens were
created, the load planned in the preliminary prepara-
tion step is applied to the creep specimen. Then, for
continuous-load change creep specimens, the load val-
ues are passively adjusted on each planned unloading
day. The load applied to the specimens and the strain
are collected from the loading date until the creep
experiment is over, and the creep strain is calculated
using Eq. (13):

Ecreep(t) = €total (V) — Eelastic(t) — Eauto(t). (13)

Here, &creep(t); Erotai(t), Eelastic(t), and &40 (t) are the
creep strain, the total strain, the elastic strain, and the
autogenous strain, respectively.

[ Creep experiment (CR) ]

|
l
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5 Methodology

5.1 Experimental Design

According to Aitcin et al. (1998), rapid autogenous
shrinkage occurs after the initial setting of concrete at the
early age when the tensile strength is low because autog-
enous shrinkage consumes the internal mixing water
during the hydration reaction of cement. CFT using high-
strength concrete with a relatively small mixing quantity
and small voids has a higher probability of drying inside
at an early stage, which can cause greater deformation
due to autogenous shrinkage. Therefore, it is important
to measure the strain due to autogenous contraction
during a long-term behavior experiment on CFT. For
this reason, as shown in Fig. 5, during the experimental
process used here, an autogenous shrinkage experiment
and a creep experiment were performed independently.
At this time, the creep experiment was also performed
independently by dividing the continuous-load change
experiment and the static load creep experiment in which
a constant load is introduced at 7, 14, and 28 days of con-
crete age, respectively.

All specimens in the experiment were manufactured in
pairs according to each design variable. The specimens
were demolded and cured in a wet condition on the first
day after the concrete was poured. The specimens that
underwent autogenous shrinkage were manufactured
under conditions identical to the creep experiment speci-
mens, and the shrinkage strain was measured in a room
with a constant temperature and humidity level. In order
to ensure conditions identical for the CFT, the autoge-
nous shrinkage specimens and the creep specimens were
sealed from contact with outside air using butyl rubber,
as shown in Fig. 6.

In the experiment, the concrete mixing strength was
50 MPa. The mixing design is shown in Table 2 below.
The diameter and height of the specimens are 150 mm,
300 mm, respectively. The compressive strength and
modulus of elasticity of the concrete were tested accord-
ing to ASTM C469, and the compressive strength and
modulus of elasticity of the concrete at 28 days were
measured and found to be 61 MPa and 34.2 GPa, respec-
tively. The compressive strength and modulus of elasticity
of concrete by age are correspondingly shown in Table 3.

LAutogcnous shrinkage experiment (AS)]

\ 4

Continuous-load change experiment }

L Static load creep experiment J

Fig. 5 Types of long-term behavior experiments
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(a) Autogenous shrinkage specimens
Fig. 6 Sealed autogenous shrinkage specimens and creep specimens

Table 2 Concrete mix design

(b) Creep specimens

W/B (%) S/a (%) Unit weight/(kg/m?)
Water Cement Blast furnace slag Fly ash Coarse aggregate Fine aggregate Superplasticizer

33 458 165 225 225 50 871 736 0.8
Table 3 Compressive strength by concrete age
Age (day) Compressive strength (MPa) Elastic modulus (GPa)

Specimen #1 Specimen #2 Specimen #3 Average Specimen #1 Specimen #2 Specimen #3 Average
7 437 455 46.2 4511 29.0 30.8 325 30.8
14 56.1 559 553 55.8 29.0 30.8 336 33.1
28 614 60.8 60.9 61.0 341 33.6 348 34.2

A hydraulic cylinder with a load cell capacity of 1000
kN was used to introduce the load onto the specimens. In
this case, the size of the load was about 25% of the com-
pressive strength considering each age of the specimen
and considering the actual working load of the CFT. The
strain was measured by embedding one vibration-type
embedded gauge per specimen at the mid-height point of
the specimen. The autogenous shrinkage experiment was
conducted on the concrete at one day of age, the static
load creep experiment was performed on the concrete at
7, 14, and 28 days of age, and the continuous-load change
creep experiment was conducted on the concrete seven
days of age. In the continuous-load change creep experi-
ment, the long-term deformation characteristics of CFT
according to the steel ratio were analyzed using two steel
ratios of 10% and 12%, under the assumption that the
steel tube exists. All experiments lasted for 163 days, and
a summary of the experimental design variables is shown
in Table 4.

Fig. 7 shows the change in the load introduced onto the
specimen over time in the continuous-load change creep
experiment. The stress reduction in concrete due to creep
was calculated for each day. In addition, the load reduc-
tion cycle was set considering the concrete deformation
characteristics in which creep deformation increases
rapidly at the beginning of load introduction and then
becomes gradual decrease (Aitcin, 1998). The load-
removal days were set at narrow intervals of one to two
days at the onset of load introduction, and at 1 month
from the start of the creep experiment, the interval was
as long as 30 days. At this time, the load reduction when
the steel ratio is 12% is greater than when the steel ratio
is 10% because as the steel ratio increases, the additional
stress burden of the steel tube increases as the degree of
the suppression of the properties of the concrete defor-
mation due to creep increases. That is, the increase in the
additional stress burden of the steel tube according to the
increase in the steel ratio causes an increase in the stress
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Table 4 Experimental design variables
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Type of experiment Specimen Diameter (mm) Steel ratio (%) Age (day) Load size (kN) Condition
Autogenous shrinkage AS-1D #1 150 - 1 - No exposure to external envi-
AS-1D #2 ronment
Static load creep CR-7D #1 150 - 7 202
CR-7D#2
CR-14D #1 - 14 247
CR-14D #1
CR-28D #1 - 28 269
CR-28D #1
Continuous load change creep  CR-7D-p 10-D #1150 10 7 202
CR-7D-p 10-D #2
CR-7D-p 12-D #1 12
CR-7D-p 12-D #2
260 500
240 - - - CR-7D-p10-D
2 ——CR-7D-p12-D
~ 200
)
= 180
g w 300
= 160 =
140 '8
A 9
120 ¢ 200
100
0 50 100 150
Time (day) 100
Fig. 7 Load change curve of the continuous-change load creep —AS-1D
specimen by age 0
0 50 100 150 200

reduction amount of the concrete. Consequently, as the
steel material ratio increases, the amount of the actual
load reduction increases.

5.2 Experiment Result

In order to measure the autogenous shrinkage strain
of CFT accurately, the strain was measured during the
experimental period in a room with a constant tempera-
ture and humidity immediately after the concrete was
poured. Fig. 8 presents the strain curve of autogenous
shrinkage generated over time from the concrete age of
one day. The strain increased rapidly from the first to
the seventh day of age and then stabilized, converging to
about 249 pe on the 163rd day, which was the end of the
creep experiment.

The various factors that influence the long-term
behavior of concrete are internal factors determined
in the design of the concrete mixture and external fac-
tors determined by the curing method and temperature

Time (day)
Fig. 8 Autogenous shrinkage strain by age

used, for instance. However, because it is time-consum-
ing and costly to conduct an experiment that takes into
account all of these factors, it is important to estab-
lish the minimum design variables so as to understand
the creep characteristics of general CFT. Therefore, in
this study, a creep experiment with a static load was
designed to identify the creep behavior character-
istics of CFT according to the age of the concrete. In
the static load creep experiment, the specimens were
sealed to ensure conditions similar to CFT, and loads
were applied at concrete ages of seven, 14, and 28 days.
These specimens were correspondingly labeled as
CR-7D, CR-14D, and CR-28D depending on the age of
the concrete at the time of loading. The magnitudes of
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the loads applied to each specimen were 202 kN, 249
kN, and 269 kN, which are 25% of the strength of each
age. Fig. 9a shows the total strain curve of the speci-
mens in the static load creep experiment. The elastic
strains of the CR-7D, CR-14D, and CR-28D specimens
were similarly 368 pe, 398 pe, and 397 pe, respectively,
because all specimens were introduced with the same
level of the load according to the compressive strength
for each age. After elastic behavior, it was observed
that the rate of increase in the strain in each specimen
over time differed depending on the age of the concrete
when the load was introduced. The rate of increase
in the strain decreased as the age of the concrete
increased when the load was introduced. According
to Fig. 9b, which is the creep coefficient curve by age,
the creep strains of the CR-7D, CR-14D, and CR-28D
specimens at 163 days were 312 pg, 250 pe, and 201 pe,
respectively; the creep strains of the CR-14D specimen
and the CR-28D specimen were reduced to 20% and
36%, respectively, based on that of the CR-7D speci-
men. In addition, the creep coefficients at 163 days for
the specimens at 7, 14, and 28 days were 0.85, 0.63, and
0.44, respectively; the creep coefficients for the CR-14D
and CR-28D specimens were reduced to 26% and 48%,
respectively, based on that of the CR-7D specimen.

Fig. 10 shows the total strain curve from the con-
tinuous-load change experiment. CR-7D-p 10-D
and CR-7D-p 12-D are specimens in which the load
equivalent to the stress loss of concrete due to creep
is removed from the initial load when the steel ratio
of CFT is 10% and 12%, respectively. In Fig. 10, when
removing the load from the initial load, the elastic
strain decreases and the creep strain increases until
the next stress-removal date. Therefore, the curve of

800

700

600

500

Strain (ue)
S
(=3
(=]

0 50 100 150 200
Time (day)

a) Time-total strain curve

Fig. 9 Total strain and creep coefficient in the static load creep experiment
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800
700
600
— 500
9
=400 || Load
s Reduction
“ 300 Point
200
—CR-7D-p10-D
100 CR-7D-p12-D
0
0 50 100 150 200

Time (day)
Fig. 10 Total strain in the continuous-change load creep experiment

Fig. 10 is not smooth, unlike the curve in Fig. 9, because
a rapid decrease and a gentle increase are repeated
whenever the load is removed passively. The initial
elastic strain of the CR-7D-p10-D and CR-7D-p12-D
specimen is 365 pe and the creep strains are 219 pe and
186 e, respectively. Hence, the amount of creep strain
decreased as the steel material ratio increased. This
occurred because when the steel ratio increases while
the steel tube additionally bears the stress lost in the
concrete due to creep, the creep deformation amount is
reduced due to the suppression of the properties of the
concrete that would have been further compressed due
to creep deformation.

0.8
g
'3 0.6
L=}
L
[=]
Q
504
&)
—CR-7D
02
—CR-14D
—CR-28D
0
0 50 100 150 200

Time (day)

(b) Time-creep coefficient curve
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6 Proposed and Validated Superficial Creep
Coefficient Model of CFT

6.1 Proposed Superficial Creep Coefficient Model of CFT
The CEB-FIP 1990 (CEB-FIP, 1993) and ACI 209
(Committee&209., 1997, 2008) creep coefficient models
were not suitable for use when attempting accurately to
predict the creep that occurs in CFT because the dry-
ing shrinkage blocking effect and stress-redistribution
effect of the CFT cannot be considered. Table 5 com-
pares the creep coefficient at 163 days, representing the
end date of the creep experiment, with the predicted
values for the CEB-FIP 1990 (CEB-FIP, 1993) and ACI
209 (Committee&209., 1997, 2008) models and with
the experimental data from this study. As a result of
the comparison, both models had significant differ-
ences from the experimental results. In particular, the
CEB-FIP 1990(CEB-FIP,, 1993) model tended to over-
estimate by 1.3 times more than the ACI 209(Commit-
tee&209., 1997, 2008) model. This occurred because the
ACI 209 (Committee&209., 1997, 2008) model consid-
ers the effects of various experimental variables, i.e.,

Table 5 Comparison of creep coefficient predicted values of
existing models and experimental values

Loading Design standard model Exp. Creep
age (day) coefficient
CEB-FIP 1990 AClI 209 (t=163)
(CEB-FIP,, 1993) (Committee&209.,
1997, 2008)
7 1.95 144 0.85
14 1.70 131 0.63
28 146 118 0.44

Pu(to =7) =091
0.8
@u(to = 14) = 0.68
8
506
e @u(to = 28) = 0.50
3
$04
<
—t0 = 7day
02 —1t0 = l4day
—t0 = 28ay

0 200 400 600 800
Age (days)

1000 1200

(a) Ultimate creep coefficient of CFT by age
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the relative humidity, member thickness, and slump
value as well as the curing conditions when calculat-
ing the creep coefficient. Nevertheless, it can be seen
that both models tend to overestimate the actual value
by 1.7-3.3 times compared to the experimental data.
In particular, as the concrete age increases, the differ-
ence between the experimental data and the predicted
value increases. Therefore, in order to overcome the
limitations of the existing creep prediction models, this
study proposes a superficial creep coefficient correc-
tion model that can be applied to CFT by considering
the age of the concrete based on the creep experimental
data.

In the static load creep experiment introduced here,
during the 163-day experiment period, the creep strain
data generated at concrete ages of seven days, 14 days,
and 28 days were compiled. Based on the accumulated
experimental data, a creep coefficient regression equa-
tion was derived for each CFT age. The superficial
creep coefficient used the form of the ACI 209 (Com-
mittee&209., 1997, 2008) model, which is calculated
as the product of the function of time and the ultimate
creep coefficient. A regression analysis was conducted
based on the experimental results of the CR-7D, CR-
14D, and CR-28D specimens to derive the function of
the ultimate creep coefficient according to the age of
the CFT concrete. Fig. 11a is a graph predicting the
ultimate creep coefficient according to the regression
analysis of the experiment specimens. As a result of the
regression analysis, the ultimate creep coefficients of
the specimens aged 7 days, 14 days, and 28 days were
0.91, 0.68, and 0.50, respectively. Fig. 11b is the result

12
e 1
.8
2
5 038
Q
Q
506
5
2 y = 2.3893x70422
s 04 R?=0.9913
502

0

0 10 20 30

Loading age (days)

(b) Regression equation of the ultimate creep

coefficient of CFT

Fig. 11 Ultimate creep coefficient and regression equation for each age of CFT
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of a second regression analysis conducted when setting
the age of concrete as the x-axis and setting the ulti-
mate creep coefficient for each age as shown in Fig. 11a
as the y-axis.

Hence, the ultimate creep coefficient for each age of
CFT was derived as shown in Eq. (14). Then, by multiply-
ing Eq. (14) by the time function of the ACI 209 (Com-
mittee&209., 1997, 2008) model equation, the superficial
creep coefficient estimation equation was derived. This
is expressed as Eq. (15). However, it may be difficult to
represent the ultimate creep coefficient of CFT concrete
because the regression analysis conducted in this study
used only three data for ages 7, 14, and 28 days:

¢, = 2.389¢' 70422, (14)

N0.6
ot )= —=F) (15)

T 104 (—)s

Here, ¢, denotes the ultimate superficial creep coeffi-
cient, and t’ is the age of concrete at the time of loading.
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6.2 Validation of the Superficial CFT Creep Coefficient
Model

In order to verify the creep coefficient derived in the
previous section and with the continuous-load change
creep-experiment method, the predicted values calcu-
lated by the superficial creep coefficient and the contin-
uous-load change experimental result were compared.
Fig. 12 and Table 6 compare the values calculated with
the superficial creep coefficient and the results of the
continuous-load change creep experiment, and Fig. 12a,
b are the experimental results assuming a steel ratio
of 10% and 12%, respectively. As a result, the predicted
value showed results similar to those in the experimental
data. However, after 70 days of loading, a difference arose
of approximately 3 to 16% between the predicted value
and the experimental data. This difference is considered
to be caused by errors that occur during the process
of passively adjusting and introducing the load by the
experimenter or errors due to temperature and humidity
during the long-term behavior experiment.

Additionally, in order to verify the superficial creep
coefficient model, it was compared with the CEB-FIP

250
200
*
o) * ¢
= 150
g
g .
vl
<
5100
3 : ¢ CR-7D-p12-D Ave.
CR-7D-p12-D #1
50 | X B
CR-7D-p12-D #2
1 Cal.value
0 L
0 50 100 150 200

Time (day)

(b) Steel ratio 12%

Fig. 12 Comparison curve of the continuous-load change experimental data and the predicted values

Table 6 Comparison of continuous-load change experimental data and the predicted values

Creep strain (pg) CR-7D-p 10-D CR-7D-p 12-D
Specimen #1 Specimen #2 Average Specimen #1 Specimen #2 Average
Eexp 209 228 219 192 180 186
€cal 236 215
Eexp/Ecal 0.89 097 093 0.90 0.84 0.87
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(CEB-FIP, 1993) and ACI 209 (Committee&209.,
1997, 2008) models, with both of these models calcu-
lated with the drying shrinkage ignored. Table 7 pre-
sents experimental creep data for approximately 29
CFT specimens from Chen et al. (2017), Wang et al.
(2011), and Geng et al. (2015). The design variables of
the experiment are the loading days, the diameter and
thickness of the CFT, and the compressive strength of
the concrete. g is the creep strain that occurs in the
CFT specimen. All creep strain predicted values were
calculated based on SSM under identical experimen-
tal conditions for reference. As a result, the ratio of
the predicted value of the superficial creep coefficient
model to the experimental result showed an average of
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1.09 and the standard deviation was close to 0.1, indi-
cating that the predicted value and the experiment data
were in good agreement. In this case, Fig. 13 shows
some of the experimental data compared in Table 7,
where it can be seen that the experimental data and
the prediction curve are in good agreement over time.
On the other hand, The ratio of the values predicted
by the CEB-FIP (CEB-FIP,, 1993) and ACI 209 (Com-
mittee&209., 1997, 2008) models and experimental val-
ues showed averages of 0.62 and 0.19, respectively, and
corresponding standard deviations of 0.44 and 0.11,
despite the fact that the effect of drying shrinkage was
excluded. In most cases, the two models overestimated
the creep strain of CFT by about 40 ~60% compared to
the experimental results.

Table 7 Comparison of the design criteria models and the proposed model

Refs. Specimen to(days) D (mm) ts(mm) fem(MPa) N (kN) Ecrexp Ecr,exp/Ecr.cal
Proposed CEB ACI
Chen etal, (2017) CFT-0.1-CR 7 140 2 62.3 100 104 1.15 091 0.59
CFT-0.2-CR 7 140 2 62.3 200 228 1.26 1.00 0.64
CFT-0.3-CR 7 140 2 62.3 300 349 1.29 1.02 0.66
CFT-04-CR 7 140 2 62.3 400 441 1.22 0.96 0.62
CFT-0.5-CR 7 140 2 623 500 567 1.26 0.99 0.64
CFT-0.6-CR 7 140 2 62.3 600 660 1.21 0.96 0.62
CFT-C40—14-0.2-CR 14 140 2 46 182 136 1.03 0.62 043
CFT-C50—14-0.2-CR 14 140 2 63 198 109 0.82 0.56 034
CFT-C40—28-0.2-CR 28 140 2 46 182 123 1.25 0.66 043
CFT-C40—28-0.2-CR 28 140 2 63 198 106 1.06 0.63 0.36
Wang et al,, (2011) II-1 7 140 262 236 304 0.78 0.78 043 038
Il 27 140 262 37.2 290 118 1.05 0.58 040
% 27 140 2.66 327 290 1.36 091 0.66 0.46
V 30 140 26 37.2 441 1.02 1.12 053 0.37
\Y 30 140 2.65 327 441 1.26 092 0.65 0.45
VII-1 29 140 259 37.2 515 1.00 0.92 052 0.36
VII-2 29 140 26 372 515 0.90 1.03 047 0.32
Geng et al, (2015) R100-T6-a 6 139.8 2.69 276 187 185 1.19 0.49 0.44
R100-T6-b 6 139.2 2.7 276 187 158 1.39 042 0.38
R100-T14-a 14 139.2 269 276 202 149 1.09 047 039
R100-T14-b 14 1394 27 276 202 176 092 0.56 047
R100-T26-a 26 138.7 26 27.6 205 143 092 0.50 040
R100-T26-b 26 139.1 2.74 276 205 162 0.81 0.58 047
R50-T27-a 27 1395 2.69 259 195 135 1.12 0.50 041
R50-T27-b 27 1388 252 259 195 133 1.06 047 039
RO-T26-a 26 1389 2.69 324 210 129 097 047 0.36
RO-T26-b 26 1393 2.66 324 210 123 093 045 034
R100-T56-a 56 139 2.56 332 230 93 1.05 042 0.30
R100-T56-b 56 1393 267 332 230 99 113 0.46 033
Average 1.09 0.62 044
Standard deviation 0.16 0.19 0.11
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Fig. 13 Comparison curves of the experimental results and the predicted values
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creep experiments. The proposed method calculates the
amount of stress loss occurring in concrete due to creep
before the experiment based on a step-by-step method

7 Conclusion
This study proposed a CFT creep-experiment method
to overcome the limitations that affect existing CFT
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to consider the stress-redistribution effect that occurs
between the concrete and the steel tube of the CFT. Then,
after manufacturing only the concrete part without the
steel tube of the CFT specimen, the load corresponding
to the amount of stress loss is passively removed from the
initial applied load. This is referred to as the CFT contin-
uous-load change creep experiment. In the experiment,
the autogenous shrinkage experiment and the creep
experiment were performed independently. At this time,
the creep experiment was also performed by isolating the
continuous-load change and the static load creep experi-
ment in which a constant load is introduced. A creep
experiment that lasted for 163 days was conducted. And
a superficial creep coefficient model of CFT was pro-
posed through a regression analysis based on experimen-
tally obtained long-term strain data. In order to verify the
proposed CFT creep-experiment method and the super-
ficial creep coefficient model, the values predicted by the
superficial creep coefficient model and the CEB-FIP and
ACI models were compared based on the experimental
results of this study and the experimental results of previ-
ous researchers.

As a result of comparing the values predicted by the
superficial creep coefficient model with the results of the
continuous-load change creep experiment, the predicted
values were found to be in agreement with the real exper-
imental data. Seventy days after introducing the load, a
difference of about 3—16% was shown, but this is consid-
ered to be due to errors that may have occurred during
the process of passively adjusting the load. Alternatively,
they may stem from the effects of the temperature and
humidity. In addition, as a result of comparison, the aver-
age ratio between the CFT experimental data of previ-
ous researchers and the value predicted by the proposed
model in this study was found to be 1.09. Thus, it can be
seen that the proposed model predicts the creep strain
of CFT well. On the other hand, the average ratios of the
predicted value to the experimental data for the CEB-FIP
model and the ACI model were 0.62 and 0.44, respec-
tively, indicating that the two models overestimate the
creep strain of CFT by 40-60%. Therefore, the proposed
superficial creep coefficient model was verified in that it
predicted the creep strain in CFT better compared to the
design models, and the validity of the proposed experi-
mental method was proved as the value predicted by the
proposed model showed results similar to the continu-
ous-load change experimental results. However, the long-
term behavior experiment of CFT as conducted here
utilized limited variables and there were too few experi-
ments. Therefore, it is necessary to update the derivation
formula through various experimental studies to more
accurate creep coefficient prediction model of CFT. In
addition, although this experiment showed results similar
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to the superficial behavior of CFT, the above experiment
cannot completely represent the actual behavior of CFT
because the stress redistribution is mechanical phenom-
enon. Therefore, additional research needs to be con-
ducted to experimentally verify the stress redistribution
of CFT.
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