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A B S T R A C T

Prestressed carbon fiber reinforced polymer (CFRP)-reinforced steel columns behave differently under extreme
temperature conditions because CFRP prestress changes with temperatures varying and is a key factor
influencing the buckling behavior of such columns. This paper deeply studies the temperature effect on the
buckling behavior of the composite columns. First, varying material properties from −80 to 80 ◦C are studied,
and the temperature effect mechanism on the buckling behavior of such column is investigated. Moreover,
analyses of two temperature situations are conducted using finite element modeling. When the column is
loaded at a certain temperature, the buckling capacity maintains almost constant with temperature varying
from 20 to 80 ◦C, while it increases 3%–7% when the temperature drops from 20 to −80 ◦C. When the column
is preloaded and then the temperature changes, from 20 to 80 ◦C, the column extends, and the deformation is
first symmetric and global and then changes to local and asymmetric when the temperature reaches a turning
point; from 20 to −80 ◦C, the column shrinks, and the deformation is symmetric and global. Additionally,
varying temperature may lead to a large change in CFRP stress (as high as 321.9 MPa), which causes significant
reduction in the buckling capacity (as much as 18%). These findings provide valuable references for the design
of such columns and related thin-walled structures under extreme temperature conditions.
. Introduction

Extreme temperatures occurred in the world. The coldest tempera-
ure was −89.2 ◦C [1,2]; the highest air temperature was above 53 ◦C,
nd the ground temperatures are considerably higher [3]. Notably, in
he summer of 2022, very high temperature weather patterns occurred
n the U.S., China, Spain, India and other places [4,5]. For example,
n intense heatwave swept through northern India with temperatures
itting 49.2 ◦C. The temperature difference between day/night or
ifferent seasons is also large, as shown in Fig. 1 [5,6]. For example,
or many places in the middle of the USA, the temperature varies from
34.4 ◦C to 43.3 ◦C from winter to summer. Considering the effects
f global warming and the explorations of extreme environments, such
ituation is likely to last for a long time and even become serious in the
uture [5].

Many structures are exposed to the natural environment and are
herefore subjected to extreme temperatures and periodically changing
tmospheric temperatures over the long term. Due to the function
f solar radiation, the temperature difference of structures could be
uch higher than air temperature difference [7]. Composite structures

∗ Corresponding author at: State Key Laboratory of Ocean Engineering, School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong
niversity, Shanghai, 200240, China.

E-mail address: haiting.li@sjtu.edu.cn (H.-T. Li).

composed of different materials (e.g., steel, concrete, fiber reinforced
polymer (FRP)) are widely applied in civil engineering [8–10], and
those materials show significant differences in thermal performance.
Therefore, the temperature effect is one of the major factors dominating
the designs and applications [11]. There have been many valuable
studies on the temperature effect of steel-concrete composite struc-
tures [12,13]. It is found that the periodic change in temperature
(i.e., annual/daily temperature cycle) and the sudden temperature
change may lead to cracks and even structural damage. For example,
the Foreland bridge of the River Main Bridge in Germany dropped
by 38 cm and caused numerous cracks in its superstructure due to
extremely high temperature [14].

FRP material, known for its high strength, light weight, and ex-
cellent durability, has been increasingly employed in the construction
of buildings and bridges. Studies on FRP-steel composite structures
show the advantages of good flexural behavior [15,16], buckling be-
havior [17,18] and fatigue behavior [19,20]. These structures also face
a similar situation of temperature effects for the following two reasons.
First, steel has a positive coefficient of thermal expansion (CTE), while
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Fig. 1. Large temperature differences between seasons: (a) Minimum temperature in 2021 in the U.S., (b) Maximum temperature in 2021 in the U.S., (c) Minimum temperature
in 14–15, Feb, 2021 in China, (d) Maximum temperature in June–July, 2021 in China.
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the FRP’s CTE is close to 0 [21]. Second, the properties of steel and
FRP materials change with temperature [21–23]. Specifically, for FRP
bonded steel structures, the behavior and failure mode are determined
by the adhesive properties and are influenced by temperature [24–
26]. For steel structures anchored with FRPs, this influence can be
mitigated, but due to the mismatch of the CTE between steel and CFRP
materials, the CFRP stress increases as the temperature increases [27,
28], which could lead to behavior change in the structures.

Specifically, a prestressed CFRP-reinforced steel column was pro-
posed [29], which can have a buckling capacity 1.5 times higher
than that of a pure steel column under axial compression [30]. It
is composed of a steel column, two prestressed CFRP laminates, two
prestressing chairs, and two anchorages, as shown in Fig. 2. The high
buckling capacity is attributed to the prestressed CFRPs, which restrain
the lateral displacement at the midspan of the steel column and reduce
the initial imperfection due to the self-balancing procedure [29,30].
This type of column is similar to prestressed stayed column [31–33],
both of which are suitable for open structures, bridges, tall buildings,
and towers where slender components are required. They have been
successfully applied in ‘‘Rock in Rio III’’ stadium in Brazil and Algarve
Stadium in Portugal [32,34]. Notably, the thermal stress not only
affects the stress state of the steel structure but also changes the CFRP
stress, which directly affects the buckling capacity and stiffness of this
member due to the special self-balancing system [30,35]. Therefore,
prestressed CFRP-reinforced steel columns are more sensitive to tem-
perature, and the mechanism is more complex compared with other
composite components; thus, the temperature effect of this member
should be seriously considered.

Many significant research works on prestressed stayed columns
have been conducted at room temperature (e.g. [31–33]), while its
2

behavior considering temperature effect is limited. Zhou et al. [36]
studied the behavior of prestressed steel stayed columns under fire and
found that the failure was dependent on prestress level and external
load at high temperature. Hu et al. [37] investigated the behavior of
prestressed CFRP-reinforced steel column under fire and proposed a
design method. These two types of columns in [36] and [37] behave
differently due to the different mechanical and thermal property change
of the prestressed materials (e.g. steel and FRP) with temperature. In
addition, as stated above, in real engineering, even if fire does not
occur, the slow temperature change could also have a large influence
on this member. Considering the recorded lowest/highest temperatures
and the increasingly intense greenhouse effect, the temperature range
studied in this paper was selected from −80 ◦C to 80 ◦C, which could
cover the possible temperature range of the structure. To the best of
our knowledge, related studies on the temperature effect of this range
on prestressed CFRP-reinforced steel column have not been carried out
thus far, which may hinder the real applications of this member.

Therefore, this paper conducts a systematic study on the temper-
ature effect on the buckling behavior of prestressed CFRP-reinforced
steel columns based on the typical specimens in Ref. [30]. The tem-
perature effect on the material properties and the temperature effect
mechanism on the component are firstly studied. Then, the influence
of temperature on the CFRP prestress (𝑇i) and buckling capacity (𝑃b)
elationship is analyzed by finite element method (FEM). In addition,
he situation that the column is preloaded and then the temperature
hanges is also considered using FEM. Large displacement and stress
hanges are obtained and analyzed; parameter influencing rules on the
hermal sensitivity of such columns are revealed. Finally, the change
n buckling capacity of the preloaded column after the temperature
hanges is obtained, which provides good references for the design of
uch columns.
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Table 1
Mechanical properties of the steel at different temperatures.
𝜃 (◦C) 𝐸s (GPa) (𝐸s − 𝐸s𝑟)/𝐸s𝑟 𝑓y (MPa) (𝑓y – 𝑓y𝑟)/𝑓y𝑟 𝑓u (MPa) (𝑓u − 𝑓u𝑟)/𝑓u𝑟
−80 223 8.3% 744 9.1% 845 10.5%
−60 219 6.3% 724 6.2% 821 7.3%
−40 215 4.4% 706 3.5% 800 4.6%
−20 211 2.4% 689 1.0% 781 2.1%
0 208 1.0% 674 −1.2% 763 −0.3%
20 to 80 206 0.0% 682 0.0% 765 0.0%
Fig. 2. Prestressed CFRP-reinforced steel column.
Fig. 3. Influence of temperature on the mechanical properties of steel and CFRP.

2. Temperature effect

2.1. Temperature effect on mechanical and thermal properties of materials

(1) Mechanical properties
For the Q690 steel, the material properties at ambient temperature

are as follows: the yield point (𝑓y), ultimate strength (𝑓u) and elastic
modulus (𝐸s) are 682 MPa, 765 MPa and 206 GPa, respectively [30].
Based on Refs. [22,23], the mechanical properties of this steel at
different temperatures can be calculated, and the calculated formulas
of 𝐸s and 𝑓y are Eqs. (1) and (2), respectively. 𝜃 (◦C) is an arbitrary
temperature, and the subscript r of parameters (i.e., 𝐸s𝑟, 𝑓y𝑟, 𝑓u𝑟, 𝐸P𝑟,
𝑓P𝑟 and CTEs𝑟) refers to their values at room temperature (20 ◦C).
Based on this, the mechanical properties of this steel at −80 to 80 ◦C
are calculated, as shown in Table 1 and Fig. 3. An obvious improve-
ment in material properties was found from 20 to −80 ◦C, while the
corresponding decrease from 20 to 80 ◦C was very limited.

𝐸s(𝜃) =

⎧

⎪

⎨

⎪

⎩

1
1 + (𝜃∕534)5.5

𝐸s𝑟 (20 < 𝜃 ≤ 80)

3.068𝐸s𝑟(𝜃 + 273.15)−0.198 (−80 ≤ 𝜃 ≤ 20)
(1)

𝑓y(𝜃) =

⎧

⎪

⎨

⎪

⎩

1
1 + (𝜃∕538)10

𝑓y𝑟 (20 < 𝜃 ≤ 80)

1.975𝑓 1.139
y𝑟 (𝜃 + 273.15)−0.285 (−80 ≤ 𝜃 ≤ 20)

(2)

For the CFRP laminates at ambient temperature, the elastic modulus
(𝐸 ) and the ultimate strength (𝑓 ) are 171 GPa and 2450 MPa,
P P

3

Fig. 4. Low temperature model of CFRP strength.

respectively. The reduction in the strength and stiffness of CFRP at high
temperatures can be defined by Eqs. (3)–(4) [21]. Low temperature
increases the probability of stress concentration and results in degra-
dation of the CFRP strength. Due to the difficulty of obtaining valid
data of CFRP strength at low temperatures [38], a reduction factor in
CFRP strength is proposed by fitting existing experimental data [38–
40] (Fig. 4), as shown in Eq. (3). 𝐸P for unidirectional CFRP laminates
depends on the carbon fibers and the matrix and is therefore affected by
temperature with the same tendency as that of the matrix [41]. Because
the fiber volumetric content is approximately 80% for the CFRP, 𝐸P at
low temperature can be obtained. The mechanical properties of CFRP at
high/low temperatures are summarized in Table 2 and shown in Figs. 3
and 4. Because the volumetric content of fibers is very high for this
CFRP, the increase in 𝐸P under low temperature is not obvious.

𝑓P(𝜃)∕𝑓P𝑟 =

{

0.45 tanh[−5.83 × 10−3(𝜃 − 339.54)] + 0.55 (20 < 𝜃 ≤ 80)

0.000871𝜃 + 0.984 (−80 ≤ 𝜃 ≤ 20)

(3)
𝐸P(𝜃)∕𝐸P𝑟 = 0.475 tanh[−8.68 × 10−3(𝜃 − 367.41)] + 0.525 (20 < 𝜃 ≤ 80)

(4)

(2) Thermal properties
The thermal properties include the unit mass 𝜌, the thermal conduc-

tivity 𝜆, CTE and specific heat c. The subscripts s and P represent steel
and CFRP, respectively.
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Table 2
Mechanical properties of the CFRP at different temperatures.
𝜃 (◦C) 𝑓P (MPa) (𝑓P − 𝑓P𝑟)/𝑓P𝑟 𝐸P (GPa) (𝐸P − 𝐸P𝑟)/𝐸P𝑟

−80 2240 −8.6% 172.7 1.2%
−60 2283 −6.8% 172.3 1.0%
−40 2325 −5.1% 171.9 0.8%
−20 2368 −3.3% 171.5 0.5%
0 2411 −1.6% 171.0 0.2%
20 2450 0.0% 170.6 0.0%
40 2384 −2.7% 170.4 −0.1%
60 2368 −3.3% 170.2 −0.2%
80 2348 −4.2% 169.9 −0.4%

Table 3
The thermal properties of the steel at different temperatures.
𝜃 (◦C) 𝜌s (kg/m3) 𝜆s (W/(m K)) CTEs (10−6 ◦C−1) 𝑐s (kJ/(kg K))

−80

7850

53.33 11.8 0.415
−60 53.33 12.3 0.426
−40 53.33 12.8 0.437
−20 53.33 13.3 0.445
0 53.33 13.7 0.46
20 53.33 14.3 0.440
40 52.67 14.3 0.453
60 52.00 14.3 0.466
80 51.34 14.4 0.477

For steel, 𝜌s is 7850 kg/m3. 𝜆s at high temperature can be calcu-
ated by Eq. (5) [42]; 𝜆s slightly changes within the range of 0 to
80 ◦C [43], and thus, its value at low temperature is taken as the value
t 20 ◦C (i.e., 53.33 W/(m K)). 𝑐s at high temperature is calculated by
q. (6) [42]; 𝑐s at low temperature is proposed by fitting credible ex-
erimental data from the literature [44] (Fig. 5(a)), as shown in Eq. (6),
hich is in good accordance with [42]. The thermal strain (𝛥l/l)s can

be calculated by Eq. (7) when 𝜃 ranges from 25 to 720 ◦C [45], which is
in good accordance with [42], and CTEs equals (𝛥𝑙∕𝑙)s∕𝛥𝜃; CTEs at low
temperature under 25 ◦C is proposed by fitting credible experimental
data from the literature [46] (Fig. 5(b)), as shown in Eq. (7). The
thermal properties of steel at high/low temperatures are summarized
in Table 3.

𝜆s =

⎧

⎪

⎨

⎪

⎩

54 − 0.0333𝜃 (W∕ (m K)) (20 < 𝜃 ≤ 80)

53.33 (W∕ (m K)) (−80 ≤ 𝜃 ≤ 20)
(5)

𝑐s =

⎧

⎪

⎨

⎪

⎩

425 + 0.773𝜃 − 1.69 × 10−3𝜃2 + 2.22 × 10−6𝜃3 (J∕ (kg K)) (20 < 𝜃 ≤ 80)

0.000568𝜃 + 0.46 (J∕ (kg K)) (−80 ≤ 𝜃 ≤ 20)

(6)
⎧

⎪

⎨

⎪

⎩

(𝛥𝑙∕𝑙)s = 1.42 × 10−5 ⋅ 𝜃 + 0.113 × 10−8 ⋅ 𝜃2 − 3.545 × 10−4 (25 < 𝜃 ≤ 80)

CTEs = (0.00167𝜃 + 0.96) ⋅ CTEs𝑟 (−80 ≤ 𝜃 ≤ 25)

(7)

For CFRP, the unit mass 𝜌P is 1600 kg/m3. CTEP varies slightly
between −80 ◦C and 20 ◦C [47] and thus is taken as the value at
ambient temperature (0 ◦C−1) [21] for the temperature range studied
in this paper. 𝜆P at high temperature is calculated by Eq. (8) [21];
𝜆P varies slightly between −80 ◦C and 0 ◦C [48], and thus, 𝜆P at low
temperature is set the same as that at 0 ◦C (i.e., 1.4 W/(m ◦C)). 𝑐P at
high temperature is calculated by Eq. (9) [21]; 𝑐P at low temperature
is assumed to be the same as that at 0 ◦C due to limited studies. The
thermal properties of CFRP at high/low temperatures are summarized
in Table 4.

𝜆P =

⎧

⎪

⎨

⎪

1.4 + −1.1
500

𝜃 (W∕
(

m ◦C
)

) (0 < 𝜃 ≤ 80)

1.4 (W∕
(

m ◦C
)

) (−80 ≤ 𝜃 ≤ 0)
(8)
⎩

4

Fig. 5. Low temperature models of the thermal properties of steel: (a) Specific heat,
(b) CTE.

Table 4
Thermal properties of the CFRP at different temperatures.
𝜃 (◦C) 𝜌P (kg/m3) CTEP (◦C−1) 𝜆P (W/(m ◦C)) 𝑐P (kJ/(kg ◦C))

−80 to 0

1600 0

1.4 1.25
20 1.356 1.308
40 1.312 1.367
60 1.268 1.425
80 1.224 1.484

𝑐P =

⎧

⎪

⎨

⎪

⎩

1.25 + 0.95
325

𝜃 (kJ∕kg ◦C) (0 ≤ 𝜃 ≤ 80)

1.25 (kJ∕kg ◦C) (−80 ≤ 𝜃 ≤ 0)
(9)

2.2. Temperature effect mechanism on the component

Based on Section 2.1 and the specific structure of the compo-
nent, the mechanism of the temperature effect on the component
is illustrated in Fig. 6. Two typical ideal boundary conditions are
considered.

The physical change process of the component with temperature
change is explained in Fig. 6(a), which takes the temperature increase
as an example. In the case that one end is movable and the other one is
fixed, as the temperature increases, there is no thermal deformation of
the CFRP due to its zero CTE, but the steel column and the prestressing
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Fig. 6. Mechanism of the temperature effect on the component: (a) Physical change process (taking increasing temperature as an example), (b) Schematic diagram of the deformation
hange (not to scale).
c
s
a
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hair elongate due to the positive CTE of steel. Therefore, the CFRP
tress tends to increase 𝛥𝜎𝑇 1 and 𝛥𝜎𝑇 2 due to the elongation of the
teel column and prestressing chair, respectively, which will lead to
n increase in the steel column compressive stress (𝛥𝜎𝑁1). Because the
teel column’s stiffness is not infinite, there is a self-balancing process.
n such a process, the steel column shrinks 𝛥𝐿2 (<𝛥𝐿1), and the CFRP
5

shrinks with the steel column. Meanwhile, the CFRP stress decreases
𝛥𝜎𝑇 3 (<(𝛥𝜎𝑇 1+𝛥𝜎𝑇 2)), and the steel column compressive stress de-
reases 𝛥𝜎𝑁2 (<𝛥𝜎𝑁1). The compression of the prestressing chair in the
elf-balancing process is negligible. Compared with the initial state,
fter the temperature increases, the steel column and prestressing chair
ength increase; the CFRP tensile stress increases 𝛥𝜎𝑇 1+𝛥𝜎𝑇 2−𝛥𝜎𝑇 3, and
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Table 5
The details of the typical specimen.
𝐴s (mm2) 𝐴P (mm2) 𝐼s (mm4) 𝜆 L (mm) 𝐿c (mm) a (mm) Initial geometric

imperfection (mm)
Residual stress
(MPa)

1220 150 2.87 × 105 140 2150 2240 70 2.15 (0.1%L) 0

Notes: As and AP are the section areas of steel and CFRP, respectively. I s is the inertia moment of the weak axis of the steel section. 𝜆 is the column slenderness. L and Lc are
the length and calculation length of the steel column, respectively. a is the supporting length of the prestressing chair at the midspan.
a
b

e
a
e
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d
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s
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2

Fig. 7. FE modeling of the prestressed CFRP-reinforced steel column.

he steel column compressive stress increases 𝛥𝜎𝑁1–𝛥𝜎𝑁2 (regardless of
he influence of lateral deformation of the column).

In the case that two ends of the component are fixed, which forms
statically indeterminate system, as the temperature increases, both

he CFRP and steel column have no thermal deformations, but the
restressing chair elongates. The CFRP stress increases 𝛥𝜎𝑇 1 due to
his elongation, which results in an increase in the steel column’s com-
ressive stress (𝛥𝜎𝑁1); meanwhile, the steel column is constrained by
he fixed ends but tends to elongate, which forms another compressive
tress 𝛥𝜎𝑁2. Because the component with such boundary conditions is
n indeterminate structure, 𝛥𝜎𝑁1 will be transferred to the ends. There-
ore, compared with the initial state, after the temperature increases,
he steel column length is unchanged, and the prestressing chair and
FRP length increase; the CFRP tensile stress increases 𝛥𝜎𝑇 1, and the
teel column compressive stress increases 𝛥𝜎𝑁2.

More specifically, with the variation in temperature, schematic dia-
ram of the deformation change in the component is shown in Fig. 6(b).
onsidering such a complex process as well as the change in materials
ith temperature change (Section 2.1) and the real constraints, the

emperature effect on the reinforced column is studied by FEM in the
ollowing sections.

. Buckling analysis at steady state

This section studies the buckling behavior of the column at a certain
emperature in the range of −80 ◦C to 80 ◦C. A typical case is used and
he details are shown in Table 5. It is an I-section steel column with
eb/flange thickness of 5 mm and section height of 114 mm. The steel

s hot-rolled; most residual stress was released due to manufacturing
rocess [35], thus residual stress is set 0. The Euler load 𝑃E of the
olumn before reinforcement is 118.36 kN. One of the important factors
etermining the buckling capacity (𝑃b) of the reinforced column is the
FRP prestress (𝑇i) [35,48], where 𝑇i refers to the prestress value after
he self-balancing of the reinforced column. Thus, this section focuses
n the influence of temperature on this 𝑇i and 𝑃b relationship, which
hows the difference in buckling capacities for the same column at
ifferent temperatures. Meanwhile, the influence of temperature on the
eformation/stiffness/yielding of the columns is also revealed.

.1. Finite element modeling

Finite element (FE) modeling using ANSYS 11.0 was basically the
ame as that in Ref. [35], as shown in Fig. 7. The steel column and the
FRP were meshed using SOLID45 and LINK10 elements, respectively.
wo hinged supports were simulated, and a compressive load was
pplied on one end of the column in the axial direction. 0.1%L initial
eometric imperfection based on the first-order buckling mode were
6

Fig. 8. 𝑇i–𝑃b relationship when the column is loaded at a certain temperature.

pplied. Then an arc length method was used to conduct a nonlinear
uckling analysis. For more details, refer to [35].

This FE model at room temperature has been verified by many
xperiments [35], and this paper conducted analysis of such columns
t different temperatures using the validated model. The temperature
ffect on the reinforced column includes two parts. The first is temper-
ture effect on the materials, and the mechanical properties of steel
nd CFRP at different temperatures were set according to the solid
ata in Section 2.1. The second is temperature effect on the component
nalyzed in Section 2.2, which is based on the thermal expansion
nd contraction effect. It is determined by the thermal properties of
teel and CFRP, which were also set according to the solid data in
ection 2.1. Thus, the analysis result by the FE model in this paper
s reliable [49,50].

As stated in Refs. [35,48], with the change in 𝑇i, 𝑃b obviously
hanges. Therefore, we set the CFRP prestress before the column self-
alancing as an arithmetic sequence from 0 to 540 MPa and thus have
i as 0, 7.6, 15.9, 25.3, 32.7, 41.1, 49.5, 57.8, 65.9, and 74.1 kN,
nd conducted 21 tests to obtain the influence of temperature on the
i–𝑃b relationship. In addition, typical force–deformation curves were
btained, which show the temperature effect on the yield point and
tiffness of specimens.

.2. Results and discussion

The results of temperature effect on 𝑇i–𝑃b relationship are shown
n Figs. 8–9. At room temperature, the theoretical model by Hafez
t al. [51] shows a three-zone tendency for such columns under ideal
onditions; FEM results and the theoretical model by Hu et al. [52]
eflect the influence of 𝑇i on 𝑃b under real conditions, which have very
imilar tendencies. From Fig. 8, the following findings are obtained.
1) High temperature: Due to the very limited change in 𝐸s, 𝐸P, 𝑓y
nd 𝑓u from 20 to 80 ◦C and the fact that the strength of CFRP is very
arge and is not the controlling factor of 𝑃b, the 𝑇i–𝑃b relationship is
lmost the same from 20 to 80 ◦C and can be represented by one line.
2) Low temperature: Due to the increase in 𝐸s, 𝐸P, 𝑓y and 𝑓u from
0 to −80 ◦C, the 𝑇 –𝑃 relationship at a low temperature is different
i b
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Fig. 9. The ratio of 𝑃b at −80 ◦C to 20 ◦C/80 ◦C.

rom that at room temperature. Thus, a different line representing the
elationship at −80 ◦C is shown in Fig. 8. For temperatures between
0 and −80 ◦C, the 𝑇i–𝑃b relationship is between the two lines. At the
ame value of 𝑇i, when the temperature drops from 20 ◦C/80 ◦C to
80 ◦C, there is a 3% to 7% increase in 𝑃b, and the optimal value of
i, which corresponds to the maximum value of 𝑃b, is shifted from 66
N to 58 kN. This is because steel has an 8.3% increase in 𝐸s and a
.1% increase in 𝑓y while CFRP only has a 1.2% increase in 𝐸P.

Additionally, the ratio of 𝑃b at −80 ◦C and 20 ◦C/80 ◦C when 𝑇i
aries is shown in Fig. 9. Fig. 9 excludes the reinforced situation of
i = 0 because FRP is not prestressed and thus does not fully work. The
emperature effect is more obvious on the pure column (ratio > 1.08)
han on the reinforced column. This implies that the temperature effect
s weakened by the prestressed CFRPs. When focusing on the reinforced
olumn with different 𝑇i values, the following conclusions are found. As
i increases, this ratio gradually decreases when 𝑇i is not very large,
hich proves that a highly prestressed CFRP works more efficiently
gainst the temperature effect; however, when 𝑇i surpasses its optimal
alue at room temperature (66 kN), this ratio suddenly becomes large,
hich is because 𝑃b at room temperature is small in this situation.

Fig. 10 shows four typical force-lateral displacement curves of pure
nd reinforced steel columns at −80 ◦C and 20 ◦C/80 ◦C. The lateral
isplacement was determined by the node at the neutral axis of the I-
ection at the midspan of the specimen. It can be seen that in addition
o buckling capacity 𝑃b, the yield point and stiffness are also influenced
y the temperature with a similar tendency.

. Buckling analysis considering temperature change

This section studies the buckling behavior of the column considering
emperature change. To simulate the real behavior of the column when
he temperature changes, compressive preloading is first added to the
olumn, and then thermal loading reflecting the temperature change
s added to the column. Based on this model, the lateral displace-
ent, axial displacement, CFRP and steel stress change and the failure
echanism can be obtained.

.1. FE modeling

The basic model is the same as that in Section 3.1, except that the
oundary conditions are as follows: a compression load named 𝑃pre was
pplied to the column at 20 ◦C, and then thermal boundary conditions
rom the heat transfer analysis were applied to the specimens [37].
7

Fig. 10. Force-lateral displacement curves at different temperatures when the column
is loaded at a certain temperature.

Two thermal change situations are included: one is from 20 ◦C to
80 ◦C, and the other is from 20 ◦C to −80 ◦C. Because the thick-
esses of FRP and steel of this column are very small, the temperature
radient was not considered; in addition, thermal convection, thermal
adiation, and heat conduction are not considered in this paper; thus,
he whole specimen is set as the same temperature. The material
arameters at different temperatures are based on Section 2.1. Three
ypical specimens with different CFRP prestress values were considered.
he specimen of 𝑇i = 7.56 kN refers to a small value of CFRP prestress,
hich is in the first zone in Fig. 8 [51]. The specimens of 𝑇i = 32.67

smaller than the optimal value of 𝑇i) and 57.78 kN (the optimal value)
efer to middle and large values of 𝑇i, respectively, which are both in
he third zone in Fig. 8 [51].

For each specimen, 𝑃pre was set as 0.1, 0.5 and 1.0 times 𝑃E, thus
orming 9 cases. Therefore, the ratio of 𝑃pre to 𝑃b for every case is
ifferent, as shown in Tables 6–7. 𝑃pre∕𝑃b reflects the utilization rate of
he bearing capacity of the column and is a key factor in engineering.
herefore, studying the effect of temperature change on the buckling
ehavior of reinforced columns with different values of 𝑃pre∕𝑃b is of

practical engineering significance.

4.2. Results and discussion

4.2.1. Results
The results are shown in Tables 6–7 and Figs. 11–15. The positive

values of CFRP stress refer to tensile stress; the positive values of
steel stress refer to compressive stress; the positive and negative lateral
displacements depend on the coordinate system, as shown in Fig. 7;
and the positive axial displacement of the steel column refers to the
compressive displacement.
(1) General tendency

First, after the self-balancing of the prestressed CFRP-reinforced
steel column, the axial compressive displacement and the steel com-
pressive stress increase from zero, and the CFRP tensile prestress on
both sides simultaneously decreases. Second, preloading 𝑃pre is added;
therefore, lateral displacement occurs, the CFRP prestress of the con-
cave and convex sides becomes different, the axial compressive dis-
placement increases, and the steel stress also changes. Therefore, the
initial values of the lateral and axial displacements, CFRP and steel
stresses at 20 ◦C are not zero.

When the temperature starts to change, the following phenomenon
occurs. Two typical deformations referring to high and low tempera-
tures are shown in Fig. 11. From room to high temperature, the column
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Table 6
CFRP stress of specimens when temperature changes.

Case No. 𝑇i (kN) 𝑃pre∕𝑃E 𝑃pre∕𝑃b
Concave (MPa) Convex (MPa)

−70 ◦C 20 ◦C 80 ◦C −70 ◦C 20 ◦C 80 ◦C

1
7.56

0.1 0.08 0 (−100%)a 80.2 155.4 (+94%) 0 (−100%) 82.4 218.4 (+165%)
2 0.5 0.39 0 (−100%) 50.2 76.0 (+51%) 0 (−100%) 59.4 216.0 (+264%)
3 1.0 0.79 0 (−100%) 12.8 0 (−100%) 1.8 (−94%) 30.7 352.6 (+1049%)

4
32.67

0.1 0.06 71.7 (−68%) 223.7 301.0 (+35%) 73.8 (−68%) 227.1 357.0 (+57%)
5 0.5 0.31 42.8 (−78%) 193.6 225.6 (+17%) 54.5 (−73%) 204.2 352.7 (+73%)
6 1.0 0.61 2.3 (−98%) 151.1 49.9 (−67%) 34.6 (−81%) 180.6 380.5 (+111%)

7
57.78

0.1 0.06 215.2 (−36%) 336.8 425.3 (+26%) 218.7 (−36%) 342.2 500.6 (+46%)
8 0.5 0.28 186.0 (−45%) 337.1 301.3 (−11%) 199.8 (−43%) 349.0 501.6 (+44%)
9 1.0 0.56 143.8 (−51%) 292.7 109.2 (−63%) 180.8 (−44%) 324.8 529.7 (+63%)

aForm: Absolute value (relative change).
Table 7
Displacement of specimens when temperature changes.

Case No. 𝑇i (kN) 𝑃pre∕𝑃E 𝑃pre∕𝑃b
Axial displacement (mm) Lateral displacement (mm)

−70 ◦C 20 ◦C 80 ◦C −70 ◦C 20 ◦C 80 ◦C

1
7.56

0.1 0.08 1.9 −0.3 −1.5 0.2 0.1 3.9
2 0.5 0.39 2.3 0.0 −0.9 1.8 0.5 8.2
3 1.0 0.79 3.1 0.4 2.2 15.9 0.9 36.1

4
32.67

0.1 0.06 2.1 0.0 −1.1 0.1 0.2 3.4
5 0.5 0.31 2.4 0.3 −0.5 0.6 0.6 7.3
6 1.0 0.61 2.8 0.8 0.8 1.7 1.6 18.8

7
57.78

0.1 0.06 2.4 0.3 −0.7 0.2 0.3 4.5
8 0.5 0.28 2.7 0.7 0.3 0.8 0.7 11.6
9 1.0 0.56 3.1 1.1 1.9 2.0 1.8 23.7
t
t
t
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c
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Fig. 11. Typical deformations under low and high temperatures in FEM.

tends to extend, and the deformation is first symmetric and global
and finally changes to local and asymmetric deformation. From room
temperature to low temperature, the column tends to shrink, and the
deformation is always symmetric and global. More specific details are
presented as follows.

For the high temperature effect, from 20 to 80 ◦C, there is a tem-
perature that divides the whole changing process into two parts, which
is defined as a turning-point temperature (as shown in Figs. 12–14).
 d

8

Main characteristics of stress and displacement changes before/at/after
turning-point temperature are summarized in Table 8. Specifically,
before the temperature reaches the turning-point temperature, the
axial displacement is mainly controlled by the ‘‘thermal expansion and
contraction effect’’ rather than the CFRP stress. At this stage, when the
temperature increases, the steel column length increases; therefore, the
compressive axial displacement of the steel column decreases to zero
and even becomes negative (i.e., tensile displacement), the CFRP is
stretched, and its stress increases rapidly. This increase in CFRP stress
leads to a slow increase in steel stress, and the lateral displacement is
still almost unchanged, especially for a small 𝑃pre.

After the turning-point temperature, the axial displacement is con-
rolled by both the ‘‘thermal expansion and contraction effect’’ and
he large CFRP stress. Due to the large CFRP stress at this stage, the
ensile axial displacement increases if 𝑃pre is small, but it increases for
while and then decreases if 𝑃pre is large. At this stage, the difference in
FRP stresses of the two sides becomes obvious; the convex CFRP stress
ontinues to increase and thus has a large value; the concave CFRP
tress starts to increase at a very slow speed when 𝑇i is small (7.56 kN)
r 𝑃pre is small (0.1𝑃E) and starts to decrease when 𝑇i and 𝑃pre are both

large. Due to this large CFRP stress, the lateral displacement rapidly
increases, and asymmetric local buckling of the flange occurs (Fig. 11),
which causes a sudden change in the steel stress and a nonmonotonic
change afterward.

For the low temperature effect, from −80 to 20 ◦C, for specimens
with a middle/large value of 𝑇i (𝑇i = 32.67 and 57.78 kN), the general
tendency is similar to that from 20 ◦C to the turning-point temperature,
as described above; this trend is also due to the change of material prop-
erties. When temperature becomes lower, elastic modulus increases,
which leads to a stress reduction of steel and CFRP. However, the low
temperature effect of the specimen with a small value of 𝑇i (𝑇i = 7.56
N) is different, as shown in Fig. 12. Specifically, when the temperature
ecreases from 20 to −80 ◦C, the CFRP stresses gradually decrease to
ero (i.e., the CFRP becomes slack). After the CFRP stresses decreases to
certain small value, the steel column loses lateral supports; therefore,

here is an increase in the lateral displacement when the temperature
ecreases, which is especially obvious for specimens with a large 𝑃 .
pre
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Fig. 12. Results for specimens with 𝑇i = 7.56 kN when temperature changes.

Fig. 13. Results for specimens with 𝑇i = 32.67 kN when temperature changes.

9
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Fig. 14. Results for specimens with 𝑇i = 57.78 kN when temperature changes.
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Fig. 15. A typical CFRP prestress change in the 𝑇i–𝑃b relationship.

This increase in lateral displacement causes a large change in steel
stresses; that is, the convex side steel stress increases and the concave
side decreases, and the difference in steel stresses on the concave and
convex sides becomes very large.

Furthermore, when considering temperature effect, because the
overall stress state is affected by the temperature, there is a possibility
of the prestressed columns, with longer supporting length or stiffer
FRPs, suffering from buckling mode interactions [32]. Thus, there are
two situations. (1) For a column whose buckling loads for Modes 1 and
2 (i.e., symmetric and antisymmetric) vary widely, symmetric buckling
occurs at room temperature, and interactive buckling does not occur
after temperature change; (2) for a column whose buckling loads for
Modes 1 and 2 are relatively close, symmetric buckling occurs at room
10
temperature, and interactive buckling occurs after a small temperature
change. For the studied column, because its supporting length is small
(70 mm), it belongs to situation (1).
(2) Change in stress and displacement

The absolute and relative changes in stress and displacement are
important for determining the buckling capacity of the columns after a
temperature change, which are shown in Tables 6–7.

From 20 to −70 ◦C, for specimens with a middle/large value of
i (32.67 and 57.78 kN), the absolute change in CFRP stress is large,
hich is 121.6–153.3 MPa (i.e., Cases 4–9), and the maximum value

s in Case 4. The increase in axial compressive displacement of all
he specimens is significant (i.e., 2.0–2.7 mm), and the maximum
isplacement is in Case 3. Most specimens have an increase in lateral
isplacement (i.e., varying from 0 to 15.0 mm), and the maximum
isplacement is in Case 3, while Cases 4 and 7 demonstrate a 0.1 mm
ecrease.

From 20 to 80 ◦C, the CFRP stress change can be as high as 321.9
Pa (i.e., convex side of Case 3). Most specimens show a decrease in

xial compressive displacement (i.e., 0.4–1.2 mm), and the maximum
isplacement is in Case 1, while the specimens with 𝑃pre = 𝑃E exhibit an
ncrease in compressive displacement in the range of 0.1–1.8 mm, and
he maximum displacement is in Case 3. All specimens demonstrate an
ncrease in lateral displacement (i.e., 3.2–35.2 mm), and the maximum
isplacement is in Case 3.

.2.2. Discussion
1) Influence of 𝑃pre on thermal sensitivity

Before adding the thermal loading, with the same 𝑇i, a larger 𝑃pre
eads to a larger lateral/axial displacement. Thus, a larger 𝑃pre leads to
larger drop in the initial CFRP stress and a higher compressive steel

tress because of this larger axial compression, and a larger difference
n the stresses of the concave- and convex-side CFRPs and a larger
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Table 8
Main characteristics of stress and displacement changes when temperature increases before/at/after turning-point temperature.

Before turning-point temperature At turning-point temperature After turning-point temperature

Steel stress a slow increase a sudden change a nonmonotonic change

CFRP stress a very small and unchanged
difference of the two sides

/ an increasingly obvious
difference of the two sides

Axial displacement / a sudden change /

Lateral displacement a limited change / a rapidly increasing
i
d
t
o
o

difference in stresses of the concave- and convex-sides of the steel
section because of this larger lateral displacement.

In terms of thermal sensitivity, the high temperature effect on spec-
imens with a larger 𝑃pre is more significant, while the low temperature
ffect is almost the same for all cases. This is because high temper-
ture causes CFRP stress increasing, which easily leads to nonlinear
uckling of the specimens under a large 𝑃pre. Therefore, the stress
nd displacements of specimens with a large 𝑃pre are more thermally
ensitive.
2) Influence of 𝑇i on thermal sensitivity

Before adding the thermal condition, with the same 𝑃pre, a larger 𝑇i
ontributes to a larger axial displacement because of the larger vertical
omponent of force and a smaller lateral displacement because of the
tronger lateral support by CFRP. In addition, because 𝑇i is no larger
han the optimal value for all the cases, a larger 𝑇i contributes to a
igher buckling capacity and leads to a lower value of 𝑃pre∕𝑃b.

In terms of thermal sensitivity, as shown in Tables 6–7, in general,
or cases with a larger value of 𝑇i, when the temperature changes, the
FRP stress change is larger, while the axial and the lateral displace-
ents do not show a unified rule. Therefore, the stress of specimens
ith a larger 𝑇i is more thermally sensitive, but the thermal sensitivity
f displacement does not have a clear relationship with 𝑇i from this
iew. However, from another view, due to the relatively lower value
f turning-point temperature for specimens with low 𝑇i (7.56 kN), it
an be inferred that a high temperature could easily have an impact
n specimens with higher values of 𝑇i. Furthermore, the turning-point
emperatures of specimens with 𝑇i = 7.56 kN are almost the same
i.e., 35 ◦C); those with 𝑇i = 32.67 kN vary slightly with different values
f 𝑃pre (46 ◦C for 𝑃E, 50 ◦C for 0.1 and 0.5𝑃E); those with 𝑇i = 57.78 kN
ary greatly with different values of 𝑃pre (35 ◦C for 𝑃E, 50 ◦C for 0.1 and
.5𝑃E). Therefore, for specimens with a higher 𝑇i, their turning-point
emperatures are more sensitive to the preloading.

. Residual buckling capacity after temperature change

Combined with Sections 3 and 4, the residual buckling capacity
i.e., the total buckling capacity 𝑃b minus the 𝑃pre) after a temperature
hange can be obtained.

Taking Case 7 in Tables 6–7 as an example, before adding 𝑃pre, 𝑇i is
7.78 kN; after adding 𝑃pre of 0.1𝑃E, 𝑇i decreases to approximately 51
N. A typical CFRP prestress change with temperature change is drawn
n the 𝑇i–𝑃b relationship, as shown in Fig. 15. 𝑇i of both sides decreases
o approximately 31 kN if the temperature decreases to −80 ◦C; 𝑇i of
he concave and convex sides increase to 64 and 75 kN, respectively,
f the temperature increases to 80 ◦C. 𝑃b of the column is sensitive to
i, and the temperature change after adding 𝑃pre also causes changes in
he steel stress, displacements, and material properties. Therefore, the
emperature change after adding 𝑃pre has an obvious influence on the
otal and residual buckling capacity of the column.

To further clarify this point, an additional compressive loading
s added to this specimen after the temperature change. The force–
isplacement curve during the whole process is shown in Fig. 16 by
he gray line with square symbols. A red line with circle symbols
epresenting the same specimen that is loaded by compressive loading
irectly is also drawn for comparison (referred to as the normal case).
he total buckling capacity decreases by 20 kN if the temperature
 b

11
Fig. 16. Force–displacement curves under preloading-temperature change-loading: (a)
Temperature decreasing, (b) Temperature increasing.

decreases to −80 ◦C after preloading, and the residual buckling capacity
s 189.4 kN. When the temperature increases to 80 ◦C after preloading,
ue to the large lateral displacement caused by the temperature, the
otal buckling capacity decreases more significantly (i.e., 40 kN, 18%
f the total buckling capacity), and the residual buckling capacity is
nly 169.1 kN.

In conclusion, the temperature change leads to a large drop in the
uckling behavior of the prestressed CFRP-reinforced column. Based on
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results of Section 4.2, the specimens with a higher 𝑇i have a greater
influence on the turning-point temperatures; the lateral displacement
of specimens with higher 𝑃pre increases more rapidly after the turning-
point temperatures. This indicates that when designing the columns
with a high value of 𝑇i or 𝑃pre in regions with large temperature
differences between the four seasons, a reduction coefficient of buckling
capacity could be introduced to consider the temperature effect.

6. Conclusions

The following conclusions can be drawn:

(1) When the column is loaded at a certain temperature between
−80 to 80 ◦C, high temperature does not have an obvious
influence on its buckling capacity. However, when the temper-
ature dropped from 20 ◦C to −80 ◦C, the buckling capacity
increased 3%–7%, and the optimal CFRP prestress decreased; the
prestressed CFRP can mitigate the temperature effect, and CFRP
with 𝑇i closer to its optimal value works more efficiently.

(2) When the column is preloaded and the temperature changes
from 20 to 80 ◦C, a turning-point temperature exists. Before
the turning-point temperature, the deformation is symmetric
and global; when the temperature increases, the CFRP stress
increases rapidly, the steel stress increases slowly, and the lateral
displacement is almost unchanged. After that, the difference
in the CFRP stresses on the two sides becomes significant, the
lateral displacement rapidly increases, and the asymmetric local
buckling of the flange occurs.

(3) When the column is preloaded and the temperature changes
from 20 to −80 ◦C, the deformation is symmetric and global.
For most specimens, the CFRP stress decreases rapidly, the steel
stress decreases slowly and the lateral displacement is almost
unchanged. However, for specimens with a small CFRP prestress,
after the CFRP stresses decrease to a small value, the steel col-
umn loses lateral supports. Therefore, the lateral displacement
may increase suddenly, and the steel stress undergoes a large
change.

(4) The influences of preloading and CFRP prestress on the thermal
sensitivity of such columns are obtained. The high temperature
effect on specimens with a larger 𝑃pre or 𝑇i is more significant.
In addition, for specimens with a larger 𝑇i, their turning-point
temperatures are more sensitive to 𝑃pre.

(5) The temperature change leads to a large decrease in the buckling
capacity (e.g., 18%). This decrease is more significant with tem-
perature increasing rather than decreasing. It is recommended
that such temperature effect be considered in design under
extreme conditions.
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