N

N

Bond behaviour of concrete-filled steel tubes at the
Arctic low temperatures
Jia-Bao Yan, Wenjun Xie, Lingxin Zhang, Xu-Chuan Lin

» To cite this version:

Jia-Bao Yan, Wenjun Xie, Lingxin Zhang, Xu-Chuan Lin. Bond behaviour of concrete-filled steel
tubes at the Arctic low temperatures. Construction and Building Materials, 2019, 210, pp.118 - 131.
10.1016/j.conbuildmat.2019.03.168 . hal-03484769

HAL Id: hal-03484769
https://hal.science/hal-03484769
Submitted on 20 Dec 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03484769
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0950061819306415
Manuscript_b77c¢780c97bc92dbbb39c9aet792116d

Bond behaviour of concrete-filled steel tubes at the Arctic
low temperatures

Jia-Bao Yan?, Wenjun Xie?, Lingxin Zhang®", Xu-Chuan Lin®
“School of Civil Engineering | Key Laboratory of Coast Civil Structure Safety of
Ministry of Education, Tianjin University, Tianjin 300350, China
bKey Laboratory of Earthquake Engineering and Engineering Vibration, Institute of
Engineering Mechanics, CEA, Harbin 150080, China

Abstract: This paper investigated bond behaviour of concrete-filled steel tube (CFST)
columns at the Arctic low temperatures. A testing program with ten square and ten
circular CFSTs were tested under different low temperatures ranging from 30°C to
-80°C. The influences of different low temperature levels, diameter to thickness ratio
(D/1), grades of concrete, length to diameter ratio (L/D), and cross-section type were
checked through these 20 tests. The test results showed that the Arctic low
temperatures significantly improved the bond behaviour of the CEST columns; lower
grade concrete exhibited larger ultimate bond strength (ty); increasing D/t ratio
reduces the ultimate bond strength; L/D ratio has marginal influences on t. values;
and circular CFST columns exhibited higher ultimate bond strength than those of
square ones. Different from the CFST column at ambient temperature, the frozen-ice
bond for the CFST columns at low temperature improves its ultimate bond strength.
A prediction equation was proposed for ultimate bond strength of CFST columns at
low temperatures. The validations against the reported 20 tests show that the
proposed equation offered conservative predictions but more accurate predictions
than the design codes, e.g., Eurocode 4 and ANSI/AISC.
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Nomenclature

D = External Diameter or width of the circular (or square) CFST column
L = Length of the CFST column.
P =Applied load in push-out tests
T =Temperature level, in °C555
f., =Compressive strength of concrete cube
fewr=Compressive strength of concrete at low temperatures
feua = Compressive strength of concrete at ambient temperatures
f,= Yield strength
w/c=Water-to-cement ratio
t = Thickness of the wall in steel tube
T = Bond stress

r = Ultimate bond strength

7y, =Experimental ultimate bond strength

7 up =Predicted ultimate bond strength

Abbreviations

CAB, chemical adhesion bond; CFST, concrete filled steel tube; CCFEST, circular
concrete filled steel tube; SCFST, square concrete filled steel tube; COV, coefficient
of variation; FIB, frozen-ice bond; LNG, liquid nitrogen gas; LVDT, linear varying
displacement transducers; MI-LB, micro-locking bond; MA-LB, macro-locking bond.



1 Introduction

Concrete filled steel tube (CFST) columns, consisting of an external steel tube and a
concrete core, have been developed and put into use in engineering constructions in
recent several decades. This type of composite structure utilizes the concrete
compression and steel tension that exhibits extensive advantages of high strength and
ductility, easy construction, and excellent seismic performance. In addition, the
external steel tubes saves formwork, site construction costs, labour forces that resulted
in the improved construction efficiency. CFST columns have been extensively used as
the columns or other structural elements in high-rise buildings and bridges. More
recently, more and more steel-concrete composite infrastructures has been built in the
cold regions even in the Arctic region, e.g., composite bridges in northern and Tibet

of China. Fig. 1 shows the typical CFST column bridge piers in the cold regions.

In the cold and Arctic region, the engineering infrastructures were exposed to the
environment with low temperatures. The recorded lowest temperature in Tibet, China
is about -60°C [1]. In the Arctic region, this lowest recorded temperature could be
even lower to -70°C [2]. Such low temperatures bring impacts on the mechanical
properties of the constructional materials [3-6] in CFST columns as well as the bond
strength at steel-concrete interface in composite structures [7]. Thus, it is of
importance to investigate these mechanical properties and bond strength of CFST
columns at low or even ultra-low temperatures relevant to the cold region and the

Arctic environment.

Bond strength acts essentially on stress transferring between the concrete core and
3



steel tube in the CFST column. It also plays important roles on preventing steel tube
from local buckling, providing permanent formwork, offering steel-concrete bond
strength that make sure the two different component work compositely to resist the
external different loadings of tension, torsion, shear, and bending moment. Thus, this
bond strength is important to the structural behaviours of CFST columns. Extensive
previous studies have been carried out to investigate the bond strength of CEST
columns at ambient or high temperatures. Virdi and Dowling [8] performed pioneer
research on the bond strength at steel tube-concrete interface through push-out tests
on CFST columns. The key parameters including mechanical properties and curing
conditions of the concrete as well as geometry were selected in the reported testing
program. Continued works was contributed by Morishita et al. [9] and Tomii et al. [10]
in the 1980s. Shakir-Khalil [11] also experimental push-out strength at ambient
temperatures. Roeder et al. [12] studied the bond behaviours of concrete filled tubes
with larger diameter than those used in Japan. Hunaiti [13, 14] studied the steel
tube-concrete bond strength in battened columns and the influence of aging of
concrete on this bond strength. Petrus et al. [15] studied the improvement of tab
stiffeners on the bond strength in CFST columns. Continuous improvements on this
bonding strength were achieved through using bolts [16-17], tab stiffeners [15], and
self-taping screws [18], and headed studs [19]. Aly et al. [20] and Qu et al. [21] also
contributed to this topic of bond strength at ambient temperatures. More recently, the
steel-concrete bond strength post fire have been experimentally studied [22-23]. Song

et al. [24] experimentally studied the steel-concrete bond strength of CFST at elevated



temperatures. All these studies focused on the scenario of the CEST columns exposed
to the fire hazard. Thus, it can be found that all these past studies concentrated on the
bond strength at steel tube-concrete interacting surface at ambient or high temperature.
The studies on the concrete-steel tube bond strength at low temperatures relevant to
the cold and Arctic regions are still quite limited. This bond behaviour so far have not
been fully understood. From this point of view, it is necessary to carry out push-out
tests on CFST columns at the Arctic low temperatures to obtain necessary information
on the concrete-steel tube bond strength of at the low temperatures. All these would
offer useful information on designing CFST columns in the cold and Arctic regions,

and promote the engineering applications of the CFST columns in cold regions.

This paper firstly studied the steel tube-concrete bond strength b at different Arctic
low temperatures through 20 push-out tests. The influences of different parameters on
the bond strength at low temperatures were studied, i.e., low temperatures, diameter to
thickness ratio, different grades of concrete core, and length over diameter ratio.
Based on the reported test results, these influences on bond strength of the CFST were
analysed and discussed. Including the experimental studies, the prediction equation
was also developed to determine the ultimate bond strength of CFST columns at low

temperatures.

2 Testing programme

2.1 Details of specimens

Twenty stub CFST columns were prepared for the push-out tests. The parameters



selected in this testing programme included the shape of the cross section for CFST
column (i.e., circular and square cross section), low temperature level 7, strength of
concrete core f., diameter to thickness ratio (D/f) through fixing the diameter but
using steel tube in different thickness #, and interface length to diameter (or width)

ratio L/D .

Two batches of specimens consisting of ten specimens in each batch were designed
with circular and square cross section, respectively. The same parameters were

studied in each batch.

To study the influence of low temperatures, specimens C1~4 and S1~4 were tested at
temperatures of 30°C, -30°C, -60°C and -80°C, respectively. Since different grade
concrete tends to have different w/c ratio that would affect the bonding strength of
CFST, specimens C5 and S5 were designed with C30 whilst C6 and S6 were designed
with C60 normal weight concrete, which were compared to C1 and S1 designed with
C45 concrete. Mix proportions for C30, C45 and C60 concrete are given in Table 1.
In order to study the effect of D/t, specimens C7 and S7 were fabricated with
3mm-thick steel tube whilst C8 and S8 were made of 6 mm-thick steel tube, which are
different from 4 mm-thick steel tube used for the rest specimens. In order to study L/D
ratio on the bonding strength of the CFST column, specimens C1, C9, and C10 were
designed with L/D ratios of 2.71, 1.58, and 4.21, respectively; specimens S1, S9, and

S10 were designed with L/D ratios of 3.0, 1.75, and 4.25, respectively.

Each specimen, consisting of a steel tube and a concrete core, measures 133 mm (or



120 mm) in diameter (or width) and 400 mm in length, respectively except those
prepared for the length to diameter (or width) ratio. All the specimens were reserved a
gap of 10 mm at the top to locate the steel block for the loading purpose. For each
specimen, a gap of 30 mm was reserved between the bottom end of the steel tube and
lower free surface of concrete core to make sure the slip capacity of inside concrete

core. (see Fig. 2).

The yield strength and elastic Young’s modulus at ambient temperatures for the steel
tube in all the specimens are 320 MPa and 200 GPa, respectively. Table 2 list both

geometric and material details for 20 specimens.

Figure 3 shows the preparation of CFST columns before and after casting of concrete.

All the specimens were tested at 28 days after casting of the concrete.

2.2 Setup of push-out tests

Figure 2 shows the setup of push-out tests on CFST columns at low temperatures.
Before testing, the specimen was firstly moved into a cold storage to make sure
achieving target testing temperature, and it was maintained at this temperature level
for 48 hours as specified in Chinese code GB51081-2015 [25]. After that, the CFST
column was installed into the 300-ton testing machine with a cooling chamber
surrounding the specimen. The low temperature environment was thus simulated by
this cooling chamber. The cooling chamber was made of insulation materials that
minimizes the heat transfer between the specimens and room environment. Moreover,

liquid nitrogen gas (LNG) was also injected into the cooling chamber to maintain the



target testing temperature levels (as shown in Fig. 2(b)). During this testing process, a
PT 100 thermocouple embedded in the CFST column with another four
thermocouples installed at four corner of the cooling chambers were used to monitor
the temperature in the specimen as well as in the chamber. All these readings were
used to control the injection-flow velocity of the LNG that could maintain the testing
temperature. After achieving the low temperature, displacement loading was applied

to the loading end plate through the testing machine in a slow rate of 0.1 mm/min.

Each CFST column was designed with a 30 mm air gap between the bottom end and
inside bottom surface of the concrete core. The relative slip at this free end was
measured by a steel bar that was embedded in the concrete core during the casting and
extended out from the specimen. A horizontal steel angle was connected to this
embedded steel bar and extended out from cooling chamber that facilitates the
measurements of the slip at the free end (see Fig. 2). Two linear varying displacement
transducers (LVDTs) were attached to the extending steel angle to measure the slip at
free end (see Fig. 2). Meanwhile, four LVDTs were installed to measure the slip
occurred to the loading end. A load cell as shown in Fig. 2(b) was installed next to the
loading plate to record the reaction forces during the loading progress. Strain gauges
were attached to the steel tubes to measure the strains in both horizontal and vertical

directions at three different locations as shown in Fig. 2(b).

The readings of slips by LVDT, strains by strain gauges, and reactions forces

recorded by the load cell were recorded by a connected data logger.



3 Test results

There are no obvious changes in the concrete core and steel tube except the
occurrence of slip between the steel tube and concrete. No local buckling or concrete

crushing were observed during the testing progress.

3.1 Bond stress versus slip behaviours
To estimate the bond capacity at the steel-concrete interface, the average bond stress

was adopted as the following;

{P /[mD~-20)L]  for circular CFST 0

P/[4D-21)L] for square CEST

where, P denotes applied load; D denotes external diameter or width of the circular

(or square) CFST column; L denotes the Length of the CFST column.

Fig. 4 and 5 shows the 7 versus slip S at the loading end curves for circular and square
CFEST columns, respectively. These two figures show that these 7-S curves can be
categorized into four types as concluded in Fig. 6. In the first three types of 7-S curve,
the bond stress increases linearly with the increasing slip until achieving about
80%~90% ultimate value. After the peak resistance, the bond stress decreases by
about 5%~20% as the slip increases. After that, the bond stress versus slip curves
exhibit three different behaviours in type I~III z-S curves. Type I 7-S curve exhibits
fast increase in the bond stress as the slip increases; type Il curve exhibits relative
lower increasing magnitude of the bond stress as the slip increases, and the difference

between the first and second peak bond stress is quite limited; type III curve exhibits



decrease of the bond stress in a slow rate or even flat plateau of the z-S curves. The
only difference among these three types of 7-S curve exist only in the post-peak
recession stage. 7-S curves of specimens C2, C3, and C6 are belonged to type I; 7-S
curves of specimens C1, C4, C7, C8, C9, S1-4, and S6-10 are belonged to the second
type of curve; curve of C10 is belonged to type III, and curves of S5 and C5 are
belonged to type IV.

In the first three types of bond stress versus slip curves, the first peak resistance was
contributed by the chemical adhesion, micro-locking, and frozen-ice adhesion. The
chemical adhesion is determined by the capillary action that was produced by the
cement hydration. This chemical adhesion is affected by many factors, e.g., w/c ratio.
The micro-locking is mainly influenced by the interfacial roughness of the steel tube.
Different from the CFST column at ambient temperatures, at low temperatures the
water in the capillary and open pores at the steel-concrete interface tends to be frozen,
which increases the bond stress of the push-out tests on CFST column. After point B,
during the recession stage, the chemical adhesion bond and frozen-ice bond tends to
fail, and macro-locking tends to govern the bond stress versus slip behaviours. The
macro-bonding is mainly produced by the non-uniformity in the straightness or in the
diameter of steel tube that were mainly due to the manufacture tolerance. If this
non-uniformity in the straightness or diameter of steel tube is large, the increasing
magnitude of bond stress after the first peak tends be larger than that of the rest two
types of curves that exhibit much larger slope in the z-S curve after achieving first
peak value, i.e., curve CF in Fig. 6(a). In case of the non-uniformity in the

10



straightness or diameter of the steel tube is small, the bond stress would decrease
gradually with the increasing slip, i.e., curve CD in the type III z-S curve as shown in
Fig. 6(a). If the non-uniformity in the straightness or diameter is intermediate, the
bond stress after the first peak value tends to remain constant or slightly
increases/decreases, i.e., type Il curve in Fig. 6(a).

Type IV 7-S curve exhibits different manner from type I~III curves. In type IV z-S
curve, the bond stress firstly increases almost linearly with the increasing slip until
achieving the peak value, and then exhibits a sharp drop to its 50% ultimate value.
The 7-S curves of specimens with C30 grade concrete (i.e., specimens C5 and S5)
were belonged to this category. Moreover, the ultimate bond stresses of C5 and S5 are
much larger than the rest specimens. This may be due to that the C30 normal weight
concrete in the CFST column was designed with much larger w/c ratio. This leads to
much larger frozen-ice bond stress at the concrete-tube interface. The frozen-ice bond
stress is more brittle compared with the micro-locking bond stress and chemical
adhesion, and this may explain the large magnitude of decrease of the bond stress
after the first peak resistance. After the first peak, the chemical bond stress,
micro-locking, and frozen-ice bond stress lost their functions, and only macro-locking

takes effect that results in much flat and stable bond stress versus slip behaviours.

3.2 Strain distribution on the external surface of steel tube along height of
CFST column
Figure 7 shows the distribution of strain along the height of steel tube at different

loading levels for representative specimens at different low temperatures. It shows
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that at initial different loading levels the strain increases almost linearly with the
distance from the loading end, and the strain near the free end is much larger than that
at the loading end. Most of the strain versus distance from the loaded end curves are
in triangular shape that implies the even distribution of the bond stress along the
height of CFST column. In addition, the strains at different locations increase with the
applied load that implies the chemical adhesion, ice-frozen adhesion and
micro-bonding takes effect. After the peak load, non-uniform distribution of the
strains along the height of the column is observed, which implies the failure of the
chemical and micro-bonding, and the macro-bonding takes effect. One interesting
observation is that all the strain versus distance curves firstly increases with the
distance from the loaded end but exhibit certain degree of decrease at the free end,
which may be produced by the “pinching effect” at the free end as pointed by Tao et

al. [22] .

3.3 Discussions on influences of different parameters

3.3.1 Influence of low temperatures

Fig. 8(a) depicts the effect of low temperatures on ultimate bond strength z,. It shows
that the low temperature 7" exhibits significant improvements on the ultimate bond
strengths for the circular CFST column (CCFST) and square CFST column (SCFST).
It can be also found that both the ultimate bond strengths for CCFST and SCFST
increase almost linearly as the temperature decreases. As the 7 value drops down from

30°C to -30°C, -60°C, and -80°C, the 7, value of the circular CFST column was
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significantly increased by 190%, 248%, and 287%, respectively whilst the 7, value of
the square CFST column was increased by 55%, 167%, 215%, respectively. Fig. 8(a)
also shows that the increments of the ultimate bond strength for the CCFST columns
are much larger than those SCFST values at the same low temperature level, which
implies that the effect of the low temperatures on the ultimate bond strength of

CCEFST columns is more significant than on the square ones.

These increments in ultimate bond strength produced by the low temperature were

due to the following reasons;

(1) At low temperatures, the coefficients of thermal expansion, as, of steel tends to be
larger than that of concrete, o, e.g., the os for steel at low temperatures of 30~ -80°C
are about 11.8~9.4 x10°/°C [26], and the a. values for normal weight concrete at low
temperatures of 30~ -80°C are about 6.85~6.00 x10%/°C, respectively [27, 28]. This
means the steel tends to contract faster than the concrete at low temperatures. Thus,
the confining stress between the steel tube and concrete tends to increase at low
temperatures, which results in increased friction force as well as bond strength.
Moreover, previous studies [29, 30] also observed that the concrete tends to expansion
at low temperatures of -20 °C to -70 °C, which further increases the confining stress
and thus the bond strength at low temperatures.

(2) Low temperature improves the compactness of micro-structure of the normal
weight concrete that increases the roughness of the steel-concrete interface. Under
low temperatures, the water in pores and micro-cracks changes into ice and increases

the micro-lock bond strength of the CFST column. However, previous studies also
13



shows that freezing into ice temperature of the water changes gradually in the
capillary pores that were mainly influenced by the size of the pores and salt
concentration in them [31]. Fig. 9 depicts the freezing temperature versus pore radius
relationship [31]. It can be found that the freezing temperature of water in different
size of pore varies from O to -80°C, which explains the continuous increasing of the

ultimate bond strength of CFST as 7" drops down from 30°C to -80°C.

(3) The frozen water at the steel tube-concrete core interface produces additional bond
stress that act similarly to the chemical adhesion bond. Since the internal concrete is
sealed by the external tube, this prevents evaporation of the water in the surface of the
concrete core. After exposure of the CFST column to low temperatures, the water at
steel-concrete interface tends to be frozen and resulted in additional bond stress,

which exhibits different mechanism from that at ambient temperatures.

(4) At low temperatures, due to different thermal expansion behaviours for steel and
concrete, the external steel tube tends to contract whilst the frozen ice in the capillary
pore and gel pore of the concrete tends to expand that minimize the contraction of the
NWC. Thus, the contracting steel tube would improves the ultimate bond strength of

the specimen.

Thus, this significant influence of low temperatures on the bond behaviour of CFST

column needs to be well considered.

3.3.2  Influence of different grade of concrete
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Fig. 8(b) depicts the effect of different grade of concrete on the ultimate bond strength
of CFST column. This figure shows an interesting finding that under low temperature
of -60°C the CFST column with lower grade normal weight concrete (NWC) exhibits
higher ultimate bond strength. As shown in this figure, reducing the grade of NWC
from C60 to C45 and C30 the ultimate bond strength of the CCFST is increased from
1.31 MPa to 2.15MPa and 3.51 MPa, respectively whilst the ultimate bond strength of
SCFST is increased from 1.29 MPa to 1.55 MPa and 2.22 MPa, respectively. At low
temperature of -60°C, the compressive strength of the C30, C45, and C60 are 47.2
MPa, 53.5MPa, and 65.5MPa, respectively. However, the lower strength concrete
leads to higher ultimate bond strength. This can be explained by that the lower
strength was designed with higher water-to-cement (w/c) ratio, which is more porous
and contains more water. Once exposed to low temperature, the water at the steel
tube-concrete interface tends to be frozen that results in new bond stress, which
results in higher ultimate bond strength. However, this bond strength produced by the
frozen ice cannot be quantified since it relates to the water content, w/c ratio, and
temperature levels. More studies are still required to investigate this ice-frozen bond

strength.

3.3.3  Influence of diameter-to-thickness (D/t) ratio

Fig. 8(c) depicts the influence of D/t ratio on the ultimate bond strength of both
CCFST and SCFST at -60°C. It shows that at -60°C the ultimate bond strength for

both square and CCFST columns is in negative linear relationship with the increasing

15



D/t ratio. As the D/t ratio increases from 23.1 to 29.6 and 44.3, the ultimate bond
strengths are both reduced by 20% for CCFST. Meanwhile, for square CFST column,
as the D/t ratio increases from 24 to 43.6, the ultimate bond strength is reduced by
30%. This can be explained by that increasing the thickness of steel tube results in
higher confinement to internal concrete. All these resulted in improved ultimate bond
strength. Similar findings have been reported in Refs. [12, 22, 32]. Thus, this D/t ratio

on 1y of the CFST columns at low temperatures need to be well considered.

3.3.4  Influence of length to diameter (L/D) ratio

Fig. 8(d) depicts the influence of L/D ratio on tu of the CFST column at low
temperature of -60°C. It shows that the /D ratio exhibits totally opposite effects on tu
for CCFST and SCFST. The increasing L/D ratio has slightly positive influence on tu
of the CCFST. As the L/D ratio increases from 1.6 to 2.7 and 4.2, the ultimate bond
strength of the circular CFST column is slightly increased by 1% and 8%, respectively.
However, as the L/D ratio increases from 1.75 to 3.00 and 4.25, the ultimate bond
strength of the square CFST column is decreased by 23% and 13%, respectively.
Moreover, the correlation coefficient of ty with L/D ratio is only 0.29 that implies
weak correlation between the ultimate bond strength and L/D ratio. Thus, the effects
of L/D ratio on Ty of the CFST column at low temperature -60°C are controversial for
circular and square CFST columns, and this effect may be neglected based on these

limited test data.

3.3.5 Influence of cross-section type

16



Since the first batch of circular CFST columns C1~10 were designed with the same
geometry and materials and tested at the same condition with SCFST columns S1~10,
Fig. 10 compares their ultimate bond strengths at different temperatures. It shows that
the ultimate bond strength of CCFST columns are larger than those of SCFST at low
temperatures. For the prepared ten specimens, the ultimate bond strength of circular
CFST is averagely 46% larger than that of SCFST. This difference tends to be larger
for the CFST designed with thinner steel tube and low grade NWC, e.g., the ultimate
bond strength of specimen C7 with 2.75 mm thick steel tube is 2.14 times of that for
specimen S7. This is because the circular shape of steel tube transfers the
steel-concrete interfacial bond stress more effectively than the square steel tube. At
the working state, the steel tube tends to suffer outward pressure and vertical
compression. Outward buckling more likely occurred to the flat side plate in square
steel tube than circular steel tube, which results in separation at the steel tube-concrete
interface and reduced the ultimate bond strength. The bond stress in square CFST
columns were thus mainly taken by the corner regions in square CFST columns. This
phenomena tends to be more serious for the square steel tube with lower thickness and
suffering larger bond stress. This may explain the large circular-to-square ratios of

ultimate bond strength in specimens C3-4, C7, and C8.

3.4 Mechanism of bond stress for CFST column at low temperatures

3.4.1 Components of bond stress for CFST column at low temperatures

17



There are four components of the bond stress in CFST column at low temperatures,
i.e., chemical adhesion bond, micro-locking bond, macro-bonding, and frozen-ice

adhesion bond.

(1) Chemical adhesion bond

The hydration gel of concrete produces chemical adhesion bond stress at the
steel-concrete interface (see Fig. 11(a)). According to previous studies, this chemical
adhesion bond tends to fail at low slip level at the interface [34]. This chemical
adhesion bonds is usually influenced by the cement and water-to-cement ratio in the

mix proportions.

(2) Micro-locking bond

The micro-locking bond stress is shown in Fig. 11(b). This bond stress was mainly
produced by the reaction crushing force acting on the mechanical keys due to the
roughness of internal surface of steel tube (see Fig. 11(b)). Since the roughness of the
internal surface of steel tube was at about 0.01 mm level, it was also called
micro-tolerance. Previous studies showed that the micro-locking bond stress was
mainly determined by the roughness of the steel tube’s internal surface and only took
effect before the free sliding of internal concrete core, which implies this bond stress

contributes to the ultimate bond strength [8].

(3) Macro-locking bond

18



The manufacture tolerance in the diameter and thickness along the height of the steel
tube resulted in the sliding friction resistance as shown in Fig. 11(c), i.e.,
macro-locking bond. This bond usually determines the post-peak strength behaviour
in the 1-S curves. As shown in Fig. 11(c), in case of the internal diameter of steel tube
shrinks at the mid-height, the sliding-down concrete will be resisted by the thrust
forces provided by the internal wall of steel tube due to wedge effect. The
manufacture tolerance of inner diameter of steel tube determines this macro-locking

bond strength.

(4) Frozen-ice bond

Fig. 11(d) shows the mechanism of the frozen-ice bond in the CFST column at low
temperatures. The steel tube in CFST column effectively prevents evaporation of
water into air. Thus, at low temperatures, the water at the interface tends to be frozen
that resulted in additional adhesion stress and improved roughness of the internal
surface (i.e., macro-locking bong strength). As shown in Fig. 4(a) and 5(a), the low
temperature significantly improved the bond behaviour of the CFST column that

needs well consideration.

3.4.2 Mechanism of bond stress for CFST column at low temperatures

Fig. 12 illustrates the mechanisms of the development of bond stress-slip behaviours.
Fig. 13 depicts the bond stress versus slip curves at loaded and free ends of CFST
columns. Fig. 12(a) and 13 shows that at the early stage of push-out tests there is no

slip occurred at the steel-concrete interface; the bond stress mainly consists of
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chemical adhesion bond (CAB) and frozen-ice bond (FIB). This can be reflected on
the load versus slip at free end curves of the specimens. After that at point “b” in Fig.
12(b), as the applied load increases, slip occurs in the local regions at both ends of the
CFST columns due to failure of the CAB. Meanwhile, micro-locking bond (MI-LB)
starts to work. As the applied load further increases, the slips at both ends continue
increasing and propagate from the ends to the middle region where no slip occurred.
Meanwhile, the CAB and FIB only exists at the middle region of the specimens as
shown in Fig. 12(c). Finally, at point “d” as shown in Fig. 12(d), the CFST achieves
its ultimate bond strength that equals to the sum of CAB, FIB, and MI-LB. Moreover,
at point “d”, slip fully occurred to the concrete-steel tube interface. After the peak
loads, the concrete core slide freely along the height direction; meanwhile, CAB and
FIB failed and the applied load was only taken by the interfacial friction as shown in
Fig. 12(e). After that, macro-locking bond (MA-LB) took place that determines the

bond stress as shown in Fig. 12(f).

4 Comparisons of predictions by design codes with reported test results

The literature review shows that it is still difficult to provide an accurate theoretical
model on ultimate bond strength of CFST columns [19]. In Eurocode 4 [35], the
ultimate bond strength of SCFST and CCFST at ambient temperature are specified as
0.4 MPa and 0.55 MPa, respectively. In ANSI/AISC360-10 [36], this ultimate bond
strength is specified as 0.4 MPa. Cai [37] has proposed a following formula to predict

the ultimate bond strength of the CFST column at ambient temperature;
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— 0.4
r =0.1f, (2)
where, f,, denotes cubic compressive strength of concrete.

Since the low temperature exhibited significant effect on 7, of CFST columns, with
the reported test results, following modifications on equations in Eurocode 4 [35]

were used to incorporate this influence;

3)

u

_ [(1.88-0.026T')%0.55 for circular CFST
(1.41-0.0207)%0.40  for square CFST

where, T denotes temperature, in °C.

Fig. 14 compares the reported 20 test results with those predictions by proposed Eqn.
(3), Eurocode 4 [35], and ANSI/AISC360-10 [36]. It can be found that the design
codes Eurocode 4 [35] and ANSI/AISC360-10 provide much more conservative
predictions on the 7, values of CFST columns at both ambient and low temperatures.
Even though the proposed Eqn. (3) provides more accurate predictions on 7T,

compared with code equations, it is still very conservative. For the 20 tests, the mean
test-to-prediction ratio is 1.36 with a Cov of 0.27. However, this prediction equation
was only validated by 20 tests at low temperatures. Moreover, the influence of the D/t
ratio, w/c ratio, and bond strength of the ice have not considered in the prediction
equation due to insufficient test data. More test results on bond strength at low
temperatures of CFST columns are still required for the development of more accurate

prediction equations.
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5 Conclusions

This paper makes efforts to study the bond behaviour of CFST columns at low
temperatures. 20 push-out tests were performed on both square and circular columns
at low temperatures. Different parameters were studied in the testing programme that
included low temperature level, grades of concrete, D/t ratio, and L/D ratio. Including
the reported test results, available prediction equations in design codes and literature
were used for the prediction on the ultimate bond strength of the CFST columns at

low temperatures. From these studies, the conclusions can be drawn as the following;

(1) Bond behaviours of CFST columns were improved at the Arctic low temperature,
and the circular CFST columns exhibited larger ultimate bond strengths than the
square CFST columns. Decreasing the temperature from 30°C to -30°C, -60°C,
and -80°C increases the ultimate bond strength of CCFST columns by 190%,
248%, and 287%, respectively. Meanwhile, these increments of ultimate bond
strength for the square CFST column are 55%, 167%, and 215%, respectively.
The improved bond strength of the CFST column was due to increased
compressive strength of concrete and frozen of the water at steel tube-concrete
interface.

(2) At low temperatures, using lower strength NWC in the CFST column received
higher ultimate bond strength. As the grade of NWC decreases from C60 to C45
and C30 the ultimate bond strength of CCFST was increased by 64% and 168%,
respectively, and the increments of ultimate bond strength for SCFST are 20% and

72%, respectively. These improved ultimate bond strengths were due to the
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containment of more water at steel tube-concrete interface, which was converted
into ice at low temperatures.

(3) Increasing the D/t ratio at low temperature of -60°C from about 23 to 44, ultimate
bond strengths of CCFST and SCFST column were reduced by 20% and 30%,
respectively due to the reduced confinement of the steel tube on the concrete core.

(4) Increasing the L/D ratio of CFST columns exhibits opposite and limited influences
on the ultimate bond strength on CCFST and SCFST columns at -60°C. As the
L/D ratio increases from 1.6 to 2.7 and 4.2, the ultimate bond strength of CCEST
column is slightly increased by 1% and 8%, respectively. However, as the L/D
ratio increases from 1.75 to 3.00 and 4.25, the ultimate bond strength of the square
CFST column is decreased by 23% and 13%, respectively.

(5) The ultimate bond strength of CCFST columns are larger than SCFST columns at
low temperatures. The ultimate bond strength of CCFST is averagely 46% larger
than that of SCFST columns due to the more effective transfer on steel-concrete
interfacial bond stress.

(6) There are four components in the steel-concrete bond strength of CFST columns
at low temperatures, i.e., chemical adhesion bond, micro-locking bond,
macro-locking bond, and frozen-ice bond. The frozen-ice bond increases both
ultimate bond strength and post first peak bond strength.

(7) Prediction equation was proposed for ultimate bond strength of CFST columns at
low temperatures. Compared with the prediction equations in EC4 and
ANSI/AISC, the proposed equations improves the accuracy of the predictions on
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ultimate bond strength of CFST columns, but still offer conservative predictions
compared with the test results.

(8) The proposed equation was validated by limited test data, further more tests are
still required for the validation purpose as well as investigations on influences of

different parameters.
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Table 1 Mix proportions of different grades of normal weight concrete

Cemen Minera Coarse Fine
) Fly ash Gravel Water Sp
Mix t 1 (ke/m’) sand sand ke/m)  (ke/m®)  (ke/m?) w/c
m m m m
(kg/m*)  (kg/m?) & (kg/m*)  (kg/m?) & & &
C30 220 81 74 719 176 940 165 8.2 0.75
C45 300 105 66 619 155 1005 165 10.4 0.55
C60 410 110 65 540 135 1018 160 12.9 0.39

Table 2 Details and results of push-out tests on CFST columns

D t L T fcu,T fcu,a Tt Tup Tut
Item D/t L/D o
(mm) (mm) (mm) °O) (MPa) (MPa) MPa MPa /7,

&) &) (3) M2 3 (6) ) ®) 9 do) /10

C1 133 450 360 296 271 -60 535 439 215 190 1.13
C2 133 450 360 29.6 271 30 439 439 0.62 0.60 1.02
C3 133 450 360 29.6 271 30 453 439 179 147 1.22
C4 133 450 360 29.6 271 -80 65.8 439 239 219 1.09
G5 133 450 360 29.6 271 -60 472 350 351 190 1.85
Co6 133 450 360 29.6 271 -60 655 550 131 1.90 0.69
C7 133 300 360 443 271 -60 535 439 215 190 1.13
C8 133 575 360 231 271 -60 535 439 270 190 1.42
Cc9 133 450 210 296 1358 -60 535 439 212 190 1.12
C10 133 450 560 29.6 421 -60 535 439 228 190 1.20

S1 120 400 360 30.0 3.00 -60 535 439 155 1.04 1.50
S2 120 400 360 30.0 3.00 30 439 439 058 033 1.78
S3 120 400 360 30.0 3.00 30 453 439 090 0.80 1.13
S4 120 400 360 30.0 3.00 -80 60.7 439 183 1.19 1.53
S5 120 400 360 30.0 3.00 -60 472 350 222 1.04 2.14
S6 120 400 360 30.0 3.00 -60 655 550 129 1.04 1.25
S7 120 275 360 43.6 3.00 -60 535 439 101 1.04 0.97
S8 120 500 360 24.0 3.00 -60 535 439 145 1.04 1.40
S9 120 400 210 300 1.75 -60 535 439 203 1.04 1.96
S10 120 400 510 300 4.25 -60 535 439 177 1.04 1.71

Mean 1.36
Cov 0.27

Jfeuwrdenotes compressive strength of concrete at low temperatures; feu. denotes compressive
strength of concrete at ambient temperatures; 7., denotes experimental ultimate bond
strength; 7., denotes ultimate bond strength predicted by Eqn. (2).
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Fig. 1 CFST columns in steel-concrete composite bridges
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Fig. 2 Push-out test setup
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(a) Steel tubes prepared (b) CFST columns (c) CFST columns for
for casting after casting the push-out tests

Fig. 3 Preparation of CFST columns for the push-out tests
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