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Abstract: Experimental research on circular nano-silica
concrete filled stainless steel tube (C-CFSST) stub columns
after being exposed to freezing and thawing is carried
out in this paper. All of forty specimens were tested in
this paper, including nine C-CFSST specimens at normal
temperature, 28 short columns of C-CFSST for freeze-thaw
treatment and three circular hollow stainless steel stub
columns. The failure mode, load-displacement curves,
load-strain curves and load-bearing capacity were ob-
tained and analyzed in this paper. The main parame-
ters explored in the test include the number of freeze-
thaw cycles (N=0, N=50, N=75, and N=100), wall thick-
ness (T=1.0mm, T=1.2mm, T=1.5mm) andnano-silica con-
crete strength (fc=20MPa, fc=30MPa, fc=40MPa). The re-
sult shows that C-CFSST short columns at normal temper-
ature and subjected to freezing and thawing follow sim-
ilar failure mode. The effect of freeze-thaw cycles (N) of
50 on bearing capacity of C-CFSST column was maximal,
and then the influence of N on the bearing capacity of
specimens was small when N reached to 75, finally the
effect of N on bearing capacity of C-CFSST column was
large when N reached to 100. The bearing capacity of C-
CFSST columns increases with increasing wall thickness.
In addition, the loss percentage of bearing capacity of spec-
imens (fc=40MPa) for freeze-thaw treatment is maximal,
and the loss percentage of bearing capacity of specimens
(fc=30MPa) for freeze-thaw treatment is minimal. Accord-
ing to the test results, this paper proposed a formula to cal-
culate the bearing capacity of C-CFSST short columns for
freeze-thaw treatment.
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Nomenclature
f c Nano-silica concrete strength
C-CFSST Circular nano-silica concrete-filled stainless

steel tube
Es Elastic modulus of steel
D Outside diameter of circular stainless steel tube
H Height of the column
N Number of freezing and thawing cycles
Nu Ultimate strength of specimens
Neu Experimental ultimate load-bearing capacity
Nau Ultimate strength of C-CFSST stub columns without

being exposed to freezing and thawing
Ncu Calculatedultimate load-bearing capacity of C-CFSST

stub columns after being exposed to freezing and
thawing

Per Percentage of force decrease
fy Yield strength of stainless steel
f u Tensile strength of stainless steel
∆y Yield displacement of C-CFSST stub columns
∆u Ultimate displacement of C-CFSST stub columns
T Wall thickness of C-CFSST stub columns
Kr Reduction coefficient
α Parameter of nano-silica concrete strength
β Diameter-thickness ratio

1 Introduction
Nanotechnology has been considered as a main hub
for the convergence and multidisciplinarity of research
fields [1]. The implementation of fluorescent silica
nanoparticles in the laboratory curriculum is introduced
by Rashwan et al. [2]. State-of-the-art achievements on
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typical low-dimensional nanostructured PDs and hybrid
PDs are reviewed by Li, Zhenhui et al. [3]. Pawłowski et
al. [4] proposed thermal silver plating method by means
of nanosilver-based paint could be an alternative to elec-
trochemical processes. John Chelliah et al. [5] highlighted
the importance of the III–V semiconductor nanostruc-
tured channel in MOSFET [5]. Zhang Hailei [6] expanded
the applications of halloysite nanotubes. Recently, nano-
concrete has also received more and more attention. This
is also driving the use of nanotechnology in infrastruc-
ture. Many scholars mixed nanomaterials into concrete
to obtain better performance of modified concrete [7–9].
And the nano-silica concrete used in this paper is one of
them. Adding nano silica to concrete can make it more
compact, increase the strength in the early stage, enhance
the toughness, and significantly improve the durability of
concrete.

Nowadays, concrete filled stainless steel tube columns
are widely used in civil engineering, for example, the off-
shore engineering and bridge engineering owing to its
high strength. Many researchers performed study on the
performance of concrete filled stainless steel tube columns.
Hassanein et al. [10] conducted parametric study on the
behavior of concrete-filled double skin tubular slender
columns. Vipulkumar et al. [11] carried out a test on cir-
cular concrete–filled stainless steel tubular slender beam-
columns, and the result showed that the axial strength of
slender columns is found to increase by using stainless
steel tubes. Han et al. [12] conducted a study on the per-
formance of stainless steel-concrete-carbon steel double-
skin tubular columns. Brian et al. [13] investigated the be-
havior of short and slender concrete-filled stainless steel
tubular columns, which showed that the composite mem-
bers have potential to be extensively used as structure
members. Zhao et al. [14] conducted a study on the per-
formance of stainless steel circular hollow sections. Yuan
et al. [15] investigated the residual stress distributions of
welded stainless steel. Jandera et al. [16] investigated the
influence of residual stress on behavior of stainless steel.

The freezing and thawing is a worldwide problem that
affects the load-bearing capacity and ductility of a series
of structures. For example, in recent years, there have been
many low temperature damage accidents of CFST columns
in northern China. This result is due to the fact that the
mechanical behavior of CFST columns subjected to cycle
of freeze-thaw became bad. So it is of great importance to
conduct a study on the performance of C-CFSST columns
subjected to cycle of freeze-thaw. In addition, freezing and
thawing is an important factor to reduce the service life
of buildings in offshore Engineering. In every seaport of
North of China, the concrete in structures So it is of great

importance to conduct a study on the performance of C-
CFSST columns subjected to cycle of freeze-thawwas dam-
aged.

In recent years, many tests have been conducted to
investigate behavior of different materials subjected to
freeze-thaw cycles. The research on CFST stub columns
subjected to cycle of freeze-thawwas carried out byYang et
al. [17], which indicates that the specimens without being
exposed to freeze-thaw cycles performed a better property
than those specimens subjected to cycle of freeze-thaw. Li
et al. [18] conducted a test on marine concrete subjected
to freezing and thawing, which indicates that the freeze-
thaw cycles accelerated chloride ion corrosion; it could be
found that chloride ions could reduce the freezing resis-
tance of concrete. Vesa et al. [19] conducted a test to inves-
tigate the stress and state of concrete, which verified the
assumption of the critical degree of saturation of the pore
system, that freezing and thawing can accumulate resid-
ual expansion. Tian et al. [20] performed the flexural load
on self-compacting concrete under salt freezing and thaw-
ing cycles. The result showed that the bigger stress levels
will cause earlier brittle failure. And this paper proposed a
prediction model of degree of damage of self-compacting
concrete. Shang et al. [21] conducted a study on steel bar
in recycled coarse aggregate concrete under fast freezing
and thawing in fresh water or sea water, including sixty-
three specimens. Rami H et al. [22] conducted many tests
to investigate the effect of freeze-thaw cycles and alkali-
silica reaction on concrete-steel bond, which found that
the alkali-silica reaction caused a great decrease in criti-
cal bond stress of specimens. Shang et al. [23] performed
biaxial compression on plain concrete subjected to freeze-
thaw cycles to investigate the deformation and strength of
concrete, and proposed a useful formula to predict biax-
ial compressive strength in principal stress space. Marcelo
et al. [24] presented an experimental investigation on Port-
land cement concrete; the experimental result showed
that the freezing and thawing can affect the durability of
concrete.

There are many researches about mechanical proper-
ties of nano-silica concrete [25–27] and a lot of researches
about concrete filled steel tube stub columns after being
exposed to freezing and thawing [17, 28], but there are
very few studies on the performance of nano-silica con-
crete filled stainless steel tube (CFSST) columns subjected
to freeze-thaw cycles. So it is important to conduct a test
on the behavior of CFSST columns subjected to freeze-
thaw cycles. This paper mainly investigated the ultimate
strength of C-CFSST stub columns subjected to freeze-thaw
cycles under axial load. According to the experimental
results, a formal was presented to calculate the ultimate
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(a) Beaker (b) Hydrophilic-380 type (c) Dissolve

Figure 1: Nano silica ratio production

load-bearing capacity of CFSST stub columns subjected to
freeze-thaw cycles.

2 Experimental program

2.1 Specimen preparation

All forty specimens were tested in this paper, including
nine circular nano-silica concrete filled stainless steel
tubes at ambient temperature, three hollow stainless short
columns at ambient temperature and twenty-eight circu-
lar nano-silica concrete filled stainless steel tube exposed
to freezing and thawing. The nano-silica adopts the hy-
drophilic gas phase nano-silica (Hydrophilic-380 type),
with a specific surface area of 390mm2/g and a particle
size of 6-45nm. In engineering practice, adding 1% nano-
silica can better improve the mechanical properties of cir-
cular nano-silica concrete filled stainless steel tube (C-
CFSST) stub columns for freeze-thaw treatment, so the pa-
rameter of nano-silica in this test is 1%. The preparation
process of nano-silica ratio is shown in Figure 1. The de-
tails of specimens are presented in Table 1. The nominal
size of specimens (D×H) for the C-CFSST is 89×300mm,
where D is the outside diameter of specimens; H is the
height of specimens. The main parameters in the test in-
clude:

• Number of freeze-thaw cycles: 0, 50, 75 and 100.
• Wall thickness of stainless steel tube: 1.0mm, 1.2mm
and 1.5mm.

• Strength grade of nano-silica concrete: 20MPa,
30MPa and 40MPa.

2.2 Specimen labeling

All specimenswere labeled according to the strength grade
of nano-silica concrete, wall thickness of stainless steel,
number of freezing and thawing cycles. For instance, the
C20-T1.0-N0 is defined as follows:

• The first part of the label“C20” denotes that the
strength grade of nano-silica concrete is 20MPa.

• The second part of the label “T1.0” denotes that the
wall thickness of stainless steel is 1.0mm.

• The last part of the label “N0” denotes that the num-
ber of freeze-thaw cycles is 0.

2.3 Material properties

All stainless steel tubes aremadeof 201 austenitic stainless
steel. Three long stainless steel tubes (T=1.0mm, 1.2mm
and 1.5mm) are used for manufacturing the stub columns.
The tensile coupons test was conducted to determine the
tensile strength of stainless steel (fu), yield strength of
stainless steel (fy), according to the test procedures of the
Chinese Standard of Metallic Materials (GB/T 228-2002)
[29]. The tensile coupons test was conducted at normal
temperature and all tensile coupons were extracted from
the left long stainless steel pipes. Theperformance of stain-
less steel is shown in Table 2.

The bottom of the stainless steel tube was covered
with a layer of water proof cloth, and then, the nano-silica
concrete was pumped from the top into the stainless steel
tube. The nano-silica concrete was vibrated and was lev-
eledbeforefinishing inorder to ensure that itwaswell com-
pacted. In second day, the top of specimens were cased
over with cement mortar to ensure that the bottom of the
specimens is flat. The detailed nano-silica concrete mixes
were listed in Table 3. At the same time, three nano-silica
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Table 1: Details of specimens

Specimen labels H(mm) T (mm) N D(mm) fc(MPa)
C0-T1.0-N0 300 1.0 0 89 0
C0-T1.2-N0 300 1.2 0 89 0
C0-T1.5-N0 300 1.5 0 89 0
C20-T1.0-N0 300 1.0 0 89 20
C20-T1.0-N50 300 1.0 50 89 20
C20-T1.0-N75 300 1.0 75 89 20
C20-T1.0-N100 300 1.2 100 89 20
C20-T1.2-N0 300 1.2 0 89 20
C20-T1.2-N50 300 1.2 50 89 20
C20-T1.2-N75 300 1.5 75 89 20
C20-T1.2-N100 300 1.5 100 89 20
C20-T1.5-N0 300 1.5 0 89 20
C20-T1.5-N50 300 1.0 50 89 20
C20-T1.5-N75 300 1.0 75 89 20
C20-T1.5-N100 300 1.0 100 89 20
C30-T1.0-N0 300 1.2 0 89 30
C30-T10-N50 300 1.2 50 89 30
C30-T1.0-N75 300 1.2 75 89 30
C30-T1.0-N100 300 1.5 100 89 30
C30-T1.2-N0 300 1.5 0 89 30
C30-T1.2-N50 300 1.5 50 89 30
C30-T1.2-N75 300 1.0 75 89 30
C30-T1.2-N100 300 1.0 100 89 30
C30-T1.5-N0 300 1.0 0 89 30
C30-T1.5-N50 300 1.2 50 89 30
C30-T1.5-N75 300 1.2 75 89 30
C30-T1.5-N100 300 1.2 100 89 30
C40-T1.0-N0 300 1.5 0 89 40
C40-T1.0-N50 300 1.5 50 89 40
C40-T1.0-N75 300 1.5 75 89 40
C40-T1.0-N100 300 1.0 100 89 40
C40-T1.2-N0 300 1.0 0 89 40
C40-T1.2-N50 300 1.0 50 89 40
C40-T1.2-N75 300 1.2 75 89 40
C40-T1.2-N100 300 1.2 100 89 40
C40-T1.5-N0 300 1.2 0 89 40
C40-T1.5-N50 300 1.5 50 89 40
C40-T1.5-N75 300 1.5 75 89 40
C40-T1.5-N100 300 1.5 100 89 40
C40-T1.0-N75 300 1.0 75 89 40

concrete cubeswith dimension of 150mm×150mm×150mm
were made to test the nano-silica concrete strength. The
nano-silica concrete cubes were conducted to load test af-
ter finishing twenty-eight-day curing of the concrete. The
test results were given in Table 4.

2.4 Freeze-thaw test

The fast freezing and thawing testmethod according to the
China standard GB/T 50082–2009 (2009) [30] was applied
in freezing and thawing test because the nations have
not issued freezing and thawing test standard. All twenty-
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Table 2: Properties of stainless steel tube

Specimen(mm) fy(Mpa) fu(Mpa) fy/fu
T=1.0 350 412 0.85
T=1.2 423 508 0.83
T=1.5 531 649 0.82

Figure 2: Freezing and thawing device:1-Specimen; 2-Specimen
for core temperature measurement; 3-Thermocouples; 4-Water;
5-Antifreeze fluid; 6-Rubber box; 7-Container

eight specimens were put into fast freeze-thaw device, in
which one specimen was used to test the core temperature
of specimens. The schematic diagram of fast freeze-thaw
testing device is shown in Figure 2. The core temperature
of the specimen is between −20 and 15∘C; the time of a cy-
cle is four to six hours and ensure that all specimens are ex-
posed to the whole process of freezing-thawing cycle. The
freeze-thaw test lasted twenty-one days. In the test, there
are some technical indexes and parameters as follows:

• The minimum and maximum temperatures of the
specimen center were −17.6∘C±3∘C and 8∘C±6∘C.

• The time of temperature decreased from 8∘C to
17.6∘C accounted for a half of freezing time of
freezing-thawing cycles, and the time of tempera-
ture rising from −17.6∘C to 8∘C accounted for a half
of heating time of freezing-thawing cycles.

• The temperature variation between the center and
the surface of specimens does not exceed 28∘C.

• The conversion between the freezing and thawing is
not more than twenty minutes.

The specimenswere placed into device after curing pe-
riod, and all specimens were immersed into water. When
the number of freezing-thawing cycles was up to fifty,
seventy-five, and one hundred, the specimens were re-

(a) Before freezing and thawing

(b) After freezing and thawing

Figure 3: Cement mortar before and after being exposed to freezing
and thawing

moved from the machine. And then water on the surface
of specimens was wiped up. The freeze-thaw test was
stopped when the number of freezing-thawing cycles was
100. It was found that:

• Specimens had no obvious deformation and there
was not rusty phenomenon on the stainless steel
tube.

• The cement mortar at bottom of the specimens fell
off.

The cement mortar at bottom of specimens for freeze-
thaw cycle treatment has fallen off, as seen from Figure 3.
In addition, the freezing and thawing cycles measured
within 24 hours are shown in Figure 4.
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Table 3: Nano-silica concrete mix proportions

Strength grade of nano-silica
concrete

Water
(kg/m3)

Cement
(kg/m3)

Sand
(kg/m3)

Gravel
(kg/m3)

Nano silica content
(%)

C20 185 350 650 1180 1
C30 183 450 600 1192 1
C40 178 520 525 1220 1

Table 4: Result of nano-silica concrete stress test

Strength grade of nano-silica concrete cube fu1(MPa) fu2(MPa) fu3(MPa) Mean value(MPa)
C20 22.3 23.8 24.4 23.5
C30 35.2 35.5 36.1 35.6
C40 41.4 42.1 43.4 42.3

Figure 4: The temperature of freeze-thaw cycles within 24 hours

2.5 Axial compression on specimens

After finishing the freezing and thawing, all specimens
were tested by Electro-hydraulic servo universal test-
ing machine with the ultimate load bearing capacity of
1000kN, as shown in Figure 5. First, the specimens was
placed on the support andmade the specimens parallel to
the plate, then connected to the DH3816 to ensure the bal-
ance of the strain gages. Finally, the specimenswere under
axially loaded and the strain data were recorded regularly
during the test.

In order to better study the strain of the speci-
mens, local strain distribution was obtained by strain
gauge method. Strain gages were used for nine test spec-
imens (C20-T1.5-N75, C30-T1.5-N0, C30-T1.5-N50, C30-T1.5-
N75, C30-T1.5-N100, C40-T1.0-N50, C40-T1.2-N50, C40-T1.5-
N50, and C40-T1.5-N75.). The strain gages were placed on
the two locationswith interval of 90∘ atmiddle of the outer

Figure 5: Device of loading test

surface of the specimens. Total of four strain gages were
used for each specimens, as shown in Figure 6.

All specimen strain gages are connected to the DH-
3816. In order to ensure the balance of the strain gage,
the strain value collected before loading should be be-
tween −10 and +10. The specimens were loaded at a rate
of 0.5kN/s until failed. The load interval is 1/10 of the limit
bearing capacity of specimens when the material is in the
elastic range, and the load interval is 1/20 of the limit bear-
ing capacitywhen the load is up to 80%of load-bearing ca-
pacity. Each interval was maintained for 1~2 minutes. All
specimens after load test are shown in Figure 7.
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Figure 6: Arrangement of strain gages

Figure 7: All specimens after axial compression

3 Test result

3.1 Failure modes

When the load reached to eighty percent of limit bearing
capacity, some small deformation appeared at bottom of
the specimens. Some obvious deformation appeared at
surface of the specimens as the load increases. When the
load reached to ninety percent of limit bearing capacity,
there was obvious buckling around the center or the bot-
tom of the specimens. When the load was up to ultimate
bearing capacity of the specimens, there was some axial
displacement occurring in specimens.

The thermal expansion coefficient of stainless steel is
similar to that of concrete, so under the influence of freeze-
thaw, the deformation of stainless steel tube and concrete
is close. The shrinkage deformation of the stainless steel
tube is close to that of the inner core concrete, so the trans-
verse binding force exerted by the stainless steel tube on
the inner core concrete does not changemuch and all spec-

imens with different number of freezing and thawing cy-
cles have similar failure mode.

However, the positions of local buckling happened to
the specimens are different, as illustrated in Figure 8. As
shown from Figure 8(a), the bottom of specimens is com-
plete, and the upper of specimens presents obvious buck-
ling in surface of specimens, which was named mode one.
Mode two was shown in Figure 8(b), there is obvious buck-
ling around whole specimens, and specimens have obvi-
ous axial deformation. The number of specimens of mode
one and mode two is total of fourteen and twenty-three re-
spectively. In addition, the nano-silica concrete at bottom
and the top of the specimens after load is complete, which
was illustrated in Figure 8(c).

Figure 9 shows the failure mode of circular hollow
stainless steel tube. It shows that there is a certain buck-
ling at the top of the stainless steel hollow short columns,
and the bottom andmiddle part of short columns are com-
plete.

3.2 Load-displacement curves

In order to evaluate the influence of three parameters on
the mechanical behavior of specimens, the axial deforma-
tion (∆) versus load (P) curves of the columns was shown
in Figure 10. All curves have two stages: elastic stage and
elastic-plastic stage.

As seen from Figure 10, the wall thickness and nano-
silica concrete strength are the key influence factor of ul-
timate loads of specimens for freeze-thaw treatment. As
seen from Figure 10(a), 10(b), 10(c), 10(d), and 10(e), the
influence of the number of freezing-thawing cycles on the
limit bearing capacity of the specimen was discrete. As
seen from Figure 10(a), 10(b), 10(c) and 10(d), the freez-
ing and thawing reduced the initial stiffness of specimens,
and the initial stiffness of the specimen decreases as the
freezing-thawing cycle’s number increases. As seen from
Figure 10(f), 10(g), 10(h), 10(i), the curves of specimens
for freeze-thaw treatment were basically similar. The limit
bearing capacity of specimenswith T=1.5mm is larger than
that of another specimens with T=1.2mm and T=1.0mm,
which shows that the limit bearing capacity of specimens
improve as wall thickness increases. As seen from Fig-
ure 10(j), 10(k), and 10(l), it shows that the limit bear-
ing capacity of C-CFSST specimens increases with the in-
crease of nano-silica concrete strength. In addition, it was
found that, as the thickness of the wall increases, the neg-
ative effect of freezing and thawing on initial stiffness of
C-CFSST stub columns became small from the comparison
among Figure 10(a), 10(b), and 10(c). With the improve-
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(a) Failure mode one (b) Failure mode two

(c) The bottom of the specimens after loading test (d) The bottom failure phenomenon

Figure 8: Typical failure modes and the bottom failure phenomenon

ment of nano-silica concrete strength, the negative effect
of freezing and thawing on initial stiffness of C-CFSST stub
columns became small from the comparison among Fig-
ure 10(a), 10(d), and 10(e).

3.3 Load-strain curves

Figure 11 shows the load-strain curves of C-CFSST stub
columns. The solid line refers to the value of strain of
point one of specimens and the dash line refers to the
value of strain at point two of specimens. As seen from
Figure 11(a), for the C30-T1.5-N75 and C30-T1.5-N0, the

rate of increase in strain values of the specimen (N=75)
is larger than that of strain values of the specimen (N=0).
The rate of increase in value of strain of specimens (N=75)
is larger than the rate of increase in value of strain of
specimens (N=100). It shows that the rate of increase in
value of strain of specimens for freeze-thaw treatment is
respectively greater than the rate of increase in value of
strain of specimens at ambient temperature. The value of
strain of specimens (fc=30MPa) subjected to cycle freeze-
thaw under same load is respectively smaller than value
of strain of specimens at normal temperature, which indi-
cates that the behavior of deformation resistance of speci-
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(a) Axonometric view (b) Front view

Figure 9: Failure mode of hollow stainless steel tube

mens (fc=30MPa, T=1.5mm) was improved by freezing and
thawing.

Figure 11(b) shows the comparison of load-strain
curves of different nano-silica concrete strength. As seen
from this figures, the rate of increase in numerical axial
and transverse strain values of specimens (fc=20MPa) at
point two is smaller than the rate of increase in numer-
ical value of axial and transverse strain values of spec-
imens (fc=30MPa and fc=40MPa), which indicates that
the strain of axial and lateral of specimens (fc=20MPa) at
point two is worse than strain of axial and lateral of spec-
imens (fc=30MPa and fc=40MPa). The rate of increase in
numerical axial and transverse strain values for specimens
(fc=30MPa) is basically equal to specimenswith fc=40MPa,
which indicates that the number of freeze-thaw cycles has
greater effect on core concrete of specimens (fc=40MPa)
than core concrete of specimens (fc=30MPa).

It could be seen that the comparison of load-strain
curves of different thickness from Figure 11(c). It could
be found that the limit bearing capacity of specimens
(T=1.0mm) is basically equal to that of specimens
(T=1.2mm), and the specimens (T=1.5mm) have the largest
limit bearing capacity, which indicates that the speci-
mens (T=1.5mm) have the largest load-bearing capacity.
When load reached to ultimate bearing capacity of spec-
imens, the maximum strain of specimens (T=1.5mm) is
greater than the maximum strain of specimens (T=1.2mm
and T=1.0mm), and the maximum strain of specimens
(T=1.2mm) is greater than the maximum strain of speci-
mens (T=1.0mm). As seen from Figure 11(c), the greater

the wall thickness is, the better ductility the specimens
have. As a result, the behavior of specimens was improved
by wall.

Generally speaking, the change rule of lateral strain is
similar to that of axial strain.

4 Analysis of test result
All test results of all specimens tested in this paper are
shown in Table 5. The experimental ultimate strength (Nu),
percentage of force decrease (Per), yield strength (Ny),
yield displacement (∆y), ultimate displacement (∆u) and
ductility coefficient (∆u/∆y) are presented in Table 5.

4.1 Effect of number of freezing and thawing
cycles

As seen from Figure 10, Figure 12 and Table 5, the effect
of freezing and thawing cycles (N) on load-bearing ca-
pacity of specimens is discrete. As seen from Figure 10(a)
and 10(b), the initial stiffness of specimens (N=100) for
freeze-thaw cycles treatment is smaller than that of spec-
imens (N=75, N=50 and N=0), and the initial stiffness of
specimens at normal temperature is larger than the ini-
tial stiffness of specimens subjected to freeze-thaw cycle,
which indicates that the number of freezing-thawing cy-
cles reduced the initial stiffness of C-CFSST stub columns.
In addition, as shown in Figure 10(a), 10(b) and 10(c), the
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(a) fc=20MPa, T=1.0mm (b) fc=20MPa, T=1.2mm

(c) fc=20MPa, T=1.5mm (d) fc=30MPa, T=1.0mm

(e) fc=40MPa, T=1.0mm (f) fc=20Mpa, N=0

Figure 10: Load-displacement curves
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(g) fc=20MPa, N=50 (h) fc=20MPa, N=100

(i) fc=20MPa, N=75 (j) T=1.0mm, N=0

(k) T=1.0mm, N=50 (l) T=1.0mm, N=75

Figure 10: ...continued
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(m) T=1.0mm, N=100

Figure 10: ...continued

effect of freezing and thawing cycle on initial stiffness of
C-CFSST stub columns became smaller with the improve-
ment of wall thickness (T). The percentage loss of ultimate
bearing capacity increases from −12.63% to 10.64% when
the N ranges from 0 to 100, as listed in Table 5.

As seen from Figure 10(b), the specimens (N=100), the
elastic stage of specimens (N=100) is shorter than elastic
stage of specimens with another N, which indicates that
the N could reduce the deformation resistance of speci-
mens with small nano-silica concrete strength and small
wall thickness.

As seen from Figure 10(a), 10(d) and 10(e), similar to
specimens without being exposed to cycle of freeze-thaw,
the C-CFSST stub columns subjected to cycle of freeze-
thawusually have steady load versus displacement curves.
It could be found that the influence of N on initial stiff-
ness of specimens became smaller with the improvement
of nano-silica concrete strength. In addition, the influence
of N of 100 on initial stiffness of specimens (T=1.0mm and
fc=20MPa, T=1.0mm and fc=30MPa) is the greatest, but
the influence of N of 50 and 100 on initial stiffness of
specimens (T=1.0mmand fc=40MPa) is the greatest,which
means that the damage of the material does not increase
as the freeze-thaw cycles increase.

As seen from Table 5, the limit bearing capacity of
some specimens subjected to cycle of freeze-thaw was
improved, especially for specimens with fc=30MPa and
T=1.5mm, the improvement of ultimate bearing capacity
is great. The maximum percentage of increase in load-
bearing capacity reached to 12.63%. It can be explained
that the freezing and thawing has particular effect on the
core concrete due to the particular mix proportion of C30
and the fact that the constraining effect to core concrete

(a) Load-strain curves of different N

(b) Load-strain curves of different fc

(c) Load strain curves of different T

Figure 11: Load-strain curves
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Table 5: Experimental result for all specimens

Specimen labels Nu (kN) Per Ny(kN) ∆y(mm) ∆u(mm) ∆u/∆y
C20-T1.0-N0 385.00 0% 288.75 4.50 20 4.44
C30-T1.0-N0 412.10 0% 309.08 4.13 20 4.84
C40-T1.0-N0 478.25 0% 358.69 3.80 20 5.26
C20-T1.2-N0 394.20 0% 295.65 6.75 20 2.96
C30-T1.2-N0 481.10 0% 360.83 4.90 20 4.08
C40-T1.2-N0 492.10 0% 369.08 3.26 20 6.13
C20-T1.5-N0 487.35 0% 365.51 5.48 20 3.65
C30-T1.5-N0 498.55 0% 373.91 4.87 20 4.11
C40-T1.5-N0 575.45 0% 431.59 4.83 20 4.14
C20-T1.0-N50 389.15 −1.08% 291.86 5.84 20 3.42
C30-T1.0-N50 409.85 0.55% 307.39 2.65 20 7.54
C40-T1.0-N50 439.90 8.02% 329.93 4.37 20 4.58
C20-T1.2-N50 393.85 0.09% 295.39 6.91 20 2.89
C30-T1.2-N50 440.70 8.40% 330.53 3.40 20 5.88
C40-T1.2-N50 439.75 10.64% 329.81 4.55 20 4.40
C20-T1.5-N50 473.15 2.91% 354.86 4.77 20 4.19
C30-T1.5-N50 524.60 −5.23% 393.45 6.80 20 2.94
C40-T1.5-N50 519.40 9.74% 389.55 6.13 20 3.26
C20-T1.0-N75 369.80 3.95% 277.35 6.22 20 3.22
C30-T1.0-N75 426.35 −3.46% 319.76 5.192 20 3.85
C40-T1.0-N75 449.95 5.92% 337.46 3.70 20 5.41
C20-T1.2-N75 382.25 3.03% 286.69 7.64 20 2.62
C30-T1.2-N75 433.35 9.93% 325.01 6.31 20 3.17
C40-T1.2-N75 500.40 −1.69% 375.30 4.38 20 4.57
C20-T1.5-N75 499.15 −2.42% 374.36 6.34 20 3.15
C30-T1.5-N75 539.65 −8.24% 404.74 4.87 20 4.11
C40-T1.5-N75 542.85 5.67% 407.14 4.36 20 4.59
C20-T1.0-N100 398.50 −3.51% 298.88 10.57 20 1.89
C30-T1.0-N100 385.65 6.42% 289.24 5.62 20 3.56
C40-T1.0-N100 441.10 7.77% 330.83 4.55 20 4.40
C20-T1.2-N100 379.15 3.82% 284.36 10.09 20 1.98
C30-T1.2-N100 445.40 7.42% 334.05 4.43 20 4.51
C40-T1.2-N100 466.15 5.27% 349.61 4.32 20 4.63
C20-T1.5-N100 488.65 −0.27% 366.49 8.98 20 2.23
C30-T1.5-N100 561.50 −12.63% 421.13 5.44 20 3.68
C40-T1.5-N100 541.70 5.86% 406.28 4.57 20 4.38

becomes better with the increase of wall thickness. In ad-
dition, on average, the influence of the N of 50 on bearing
capacity is greatest, as seen from Table 5.

Figure 12 shows the influence of N on experimental
bearing capacity of C-CFSST specimens with same nano-
silica concrete strength. As seen from Figure 12(b), the ex-
perimental limit bearing capacity of specimens (fc=30MPa
and T=1.5mm) increases as the N increase. The limit
bearing capacity of specimens (T=1.0mm and fc=20MPa,
T=1.2mm and fc= 20MPa) decreased when the N reached

to 75. The limit bearing capacity of specimens (fc=40MPa)
decreased when the N reached to 50. In addition, it could
be seen that the specimens (T=1.5mm) always have the
largest ultimate bearing capacity, the limit bearing capac-
ity of specimens (T=1.2mm) is larger than bearing capac-
ity of specimens (T=1.0mm), which indicates that the limit
bearing capacity of specimens increases as the wall thick-
ness improves. On average, the specimens (T=1.0mm and
T=1.2mm) subjected to cycle of freeze-thaw had lower the
limit bearing capacity over the specimens without being
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(a) fc=20MPa

(b) fc=30MPa

(c) fc=40MPa

Figure 12: P-N curves

exposed to cycle of freeze-thaw by 2.23% to 5.21%. It can
be explained that under the influence of freeze-thaw the
remaining water of unhydrated cement results in the gen-
eration and development of micro-cracks in the concrete,
which reduces the compressive strength of concrete.

4.2 Effect of nano-silica concrete strength

Figure 10(j), 10(k), 10(l) and 10(m) shows load-
displacement curves of different nano-silica concrete
strength in the same wall thickness (T) and number
of freezing-thawing cycles (N). The specimens with
fc=40MPa have the greatest ultimate load-bearing capac-
ity, which shows that the specimens with high nano-silica
concrete strength have larger ultimate bearing capacity
than the specimenswith lownano-silica concrete strength.
It can be explained that the specimens with higher con-
crete strength grade have a smallerwater-cement ratio and
therefore have less residual freezable water content. Thus
freezing-thawing cycle has less influence on the strength
of specimens with high nano-silica concrete strength. As
seen from Figure 11(b), the specimens with fc=20MPa have
lowest rate of increase in numerical value of lateral and
axial strains at point two, and it can be seen from Table 5
that on average, the C-CFSST stub columns with fc=20MPa
have minimum ultimate bearing capacity in the same T
and N, which means that the specimens with fc=20MPa
have the worst mechanical behavior in the same T and N.

Figure 13(a), 13(b), and 13(c) show the effect of nano-
silica concrete strength (fc) on limit bearing capacity of
specimens with same wall thickness. As seen from Fig-
ure 13(a), except the specimen with N=75, the curves have
an uptrend with the increase of fc. As seen from Fig-
ure 13(b) that except the specimen with N=50, the curves
have an uptrend with the increase of fc. On average, the
limit bearing capacity increases as the strength grade
of nano-silica concrete increases. In addition, as seen
from Figure 13(c), the limit bearing capacity of specimens
with fc=30MPa and T=1.5mm subjected to cycle of freeze-
thaw is greater than the limit bearing capacity of spec-
imens with fc=30MPa and T=1.5mm without being sub-
jected to cycle of freeze-thaw, which could be found that
the strength of internal nano-silica concrete of specimens
with fc=30MPa and T=1.5mm subjected to freeze-thaw cy-
cles was improved. The freezing and thawing has particu-
lar effect on internal nano-silica concrete of C-CFFST stub
columns with fc=30MPa and T=1.5mm due to the particu-
lar mix proportion and great constraining to core concrete
provided by wall.
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(a) T=1.0mm

(b) T=1.2mm

(c) T=1.5mm

Figure 13: P-fc curves

4.3 Effect of thickness

As seen from Figure 10(f), 10(g), 10(h), and 10(i), the spec-
imens with T=1.5mm have longer elastic stage than that
with other wall thickness. The ductility of C-CFSST stub
columns with T=1.5mm is the best, and the limit bearing
capacity of specimens with T=1.5mm is the largest, which
indicates that the specimens with T=1.5mm have the best
performance on deformation resistance and load-bearing
capacity. It can be explained that the stainless steel tube
with high thickness has larger transverse binding force.

Figure 14 shows the influence of wall thickness on the
limit bearing capacity of C-CFSST stub columns with same
fc. It could be found that the broken line has an uptrend
with the increase of all thickness, which shows that the
specimens with greater wall thickness have larger load
bearing capacity.

In addition, as seen from Table 5, the limit bearing ca-
pacity of some specimens with T=1.5mm subjected to cy-
cle of freeze-thaw is larger than limit bearing capacity of
specimens with T=1.5mmwithout being subjected to cycle
of freeze-thaw, which could be explained that the greater
wall thickness is, the larger constraining effect to internal
nano-silica concrete have, and then the freezing and thaw-
ing has strengthened the core concrete of specimens with
T=1.5mm.

4.4 Analysis of variables

Figure 15 shows the effect of three parameters on Per-
centage of force decrease (Per) of specimens subjected to
cycle of freeze-thaw. It could be found that the freezing
and thawing reduced the bearing capacity. The freezing
and thawing has the greatest influence on specimens with
fc=40MPa, and the freezing and thawing has minimal ef-
fect on C-CFSST stub columns with fc=30MPa. However,
the specimens with T=1.5mm and fc=30MPa subjected to
cycle of freeze-thaw have larger bearing capacity than the
specimens (T=1.5mm and fc=30MPa) without being sub-
jected to cycle of freeze-thaw, which indicates that freeze-
thaw cycles strengthened internal nano-silica concrete of
specimens. As seen from Figure 14, the limit bearing ca-
pacity of C-CFSST short columnswithN=50 hasmaximum
loss, then the loss of l limit bearing capacity of C-CFSST
short columns decreased when N to 75, but the loss of
limit bearing capacity of specimens became larger when
N reached to100.
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(a) fc=20MPa

(b) fc=30MPa

(c) fc=40MPa

Figure 14: P-T curves

Figure 15: The effect of three parameters on Per

Figure 16: Distribution of Ncu/Neu

5 Parameter formulas
It could be found that the limit bearing capacity of spec-
imens is determined by Kr (reduction coefficient), which
is mainly affected by T(wall thickness), fc(nano-silica con-
crete strength),N(number of freeze-thawcycles), as shown
in the following equation (1).

Kr = Nu
Nau

(1)

To simplify the calculation, α and β are introduced, and Kr
is calculated by equation (2), the definition of fc0, α and β
are shown in equation (3).

Kr = f (α) × f (β) × f (N) (2)

α = fc
fc0
fc0 = 30MPa and β = DT (3)

D represents the diameter of specimens, T represents the
wall thickness of specimens, N represents the number of
freeze-thaw cycles. The functions of α, β and N are shown
in equation (4), (5), (6).

f (α) = −0.063α + 1.045 (4)
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Table 6: Comparison of calculated ultimate loading capacity between formula and tests

Specimens label α β N fc0(MPa) Kr Ncu(kN) Neu(kN) Ncu/Neu
C20-T1.0-N50 0.67 89.00 50 30 1.01 370.19 389.15 0.95
C30-T1.0-N50 1.00 89.00 50 30 0.99 387.95 409.85 0.95
C40-T1.0-N50 1.33 89.00 50 30 0.92 440.59 439.90 1.00
C20-T1.2-N50 0.67 74.17 50 30 1.00 371.95 393.85 0.94
C30-T1.2-N50 1.00 74.17 50 30 0.92 444.44 440.70 1.01
C40-T1.2-N50 1.33 74.17 50 30 0.89 444.88 439.75 1.01
C20-T1.5-N50 0.67 59.33 50 30 0.97 480.34 473.15 1.02
C30-T1.5-N50 1.00 59.33 50 30 1.05 481.09 524.60 0.92
C40-T1.5-N50 1.33 59.33 50 30 0.90 543.42 519.40 1.05
C20-T1.0-N75 0.67 89.00 75 30 0.96 370.43 369.80 1.00
C30-T1.0-N75 1.00 89.00 75 30 1.03 388.20 426.35 0.91
C40-T1.0-N75 1.33 89.00 75 30 0.94 440.88 449.95 0.98
C20-T1.2-N75 0.67 74.17 75 30 0.97 372.19 382.25 0.97
C30-T1.2-N75 1.00 74.17 75 30 0.90 444.73 433.35 1.03
C40-T1.2-N75 1.33 74.17 75 30 1.02 445.17 500.40 0.89
C20-T1.5-N75 0.67 59.33 75 30 1.02 480.66 499.15 0.96
C30-T1.5-N75 1.00 59.33 75 30 1.08 481.41 539.65 0.89
C40-T1.5-N75 1.33 59.33 75 30 0.94 543.78 542.85 1.00
C20-T1.0-N100 0.67 89.00 100 30 1.04 374.18 398.50 0.94
C30-T1.0-N100 1.00 89.00 100 30 0.94 392.13 385.65 1.02
C40-T1.0-N100 1.33 89.00 100 30 0.92 445.34 441.10 1.01
C20-T1.2-N100 0.67 74.17 100 30 0.96 375.96 379.15 0.99
C30-T1.2-N100 1.00 74.17 100 30 0.93 449.23 445.40 1.01
C40-T1.2-N100 1.33 74.17 100 30 0.95 449.67 466.15 0.96
C20-T1.5-N100 0.67 59.33 100 30 1.00 485.52 488.65 0.99
C30-T1.5-N100 1.00 59.33 100 30 1.13 486.28 561.50 0.87
C40-T1.5-N100 1.33 59.33 100 30 0.94 549.28 541.70 1.01
C40-T1.0-N75 * 1.33 89.00 100 30 0.98 455.07 469.20 0.97

Max 1.05
Min 0.87
Mean 0.97
Vari 0.002

f (β) = 0.00014β2 − 0.0216β + 1.8 (5)

f (N) = 7.35 × 10−6 × N2 − 0.000893 × N + 0.998 (6)

The calculated bearing capacity (Ncu) by the formula
was compared with the experimental bearing capacity
(Neu) of C-CFSST short columns to verify the validity of
the formula. As seen from Table 6 and Figure 16, the mean
value of Ncu/Neu is 0.97, the maximum value is 1.05, the
minimum value is 0.87, and the variance is 0.002. The re-
sults show that the method has the characteristics of high
precision and small fluctuation. Therefore, it is reasonable

to use the formula to predict the ultimate bearing capac-
ity of C-CFSST short columnunder freezing-thawingaction.
Overall, these forecasts are somewhat conservative.

6 Conclusions
1. The freezing and thawing has little effect on the fail-

ure mode of C-CFSST stub columns.
2. On average, the number of freezing and thawing cy-

cles (N) of 50 has maximal influence on limit bear-
ing capacity of specimens, and the influence on limit
bearing capacity of specimens decreased when N
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reached to 75, finally the influence of N became
larger when N reached to 100.

3. The limit bearing capacity of specimens with the
same N and nano-silica concrete strength (fc) in-
creases as the wall thickness (T) increases. The in-
fluence of N on the initial stiffness of C-CFSST stub
columns decreases with the thickness (T) increases.
The specimens with T=1.5mm have the best perfor-
mance ondeformation resistance andmaximal load-
bearing capacity.

4. The load-bearing capacity of C-CFSST stub columns
increases with the increase of fc of C-CFSST stub
columns in limitedN. The loss of bearing capacity of
fc=40MPa specimen under freeze-thaw cycle is the
biggest, and the loss of bearing capacity of speci-
mens with fc=30MPa under freeze-thaw cycle is the
minimal. The influence of cycle of freeze-thawon ini-
tial stiffness decreases with the nano-silica concrete
strength increases.

5. The load-bearing capacity of specimens with
fc=30MPa and T=1.5mm subjected to cycle of freez-
ing and thawing is greater than bearing capacity of
specimens with fc=30MPa and T=1.5mm at normal
temperature. It can be explained that the freezing
and thawing has strengthened the internal nano-
silica concrete of C-CFSST stub columns due to par-
ticularmix proportion of C30 and great constraining
to nano-silica concrete provided by wall.
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