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Study on Thermal Stress of Concrete Beams with Carbon-Fiber-

Reinforced Polymers at Low Temperature
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Abstract: Concrete beams reinforced with carbon-fiber-reinforced polymers (CFRPs) are subjected to considerable ther-
mal stress at low temperatures. To mitigate this problem, this study conducts a series of tests on three concrete specimens
at various temperatures, analyzes the change rule of thermal stress in CFRP-reinforced concrete beams, and discusses the
influence of CFRPs on thermal stress in terms of the elastic modulus, thickness, thermal expansion coefficient, beam
height, and concrete grade. The results show that when the temperature decreases, CFRP has an obvious restraining effect
on the thermal curve of concrete beams. The thermal stress on the interface of CFRP-reinforced concrete beams is suffi-
ciently large and should not be ignored. In particular, in cold areas, thermal stress should be taken into account when rein-
forcing structures such as concrete bridges. The CFRP sheet’s elasticity modulus and thickness are the main factors affect-
ing the thermal stress; in comparison, the expansion coefficient and beam height have lesser effect on the thermal stress;
finally, the concrete grade has little effect on the thermal stress. Thermal stress can be prevented feasibly by using pre-
stressed CFRP sheets to reinforce concrete beams. This study can serve as a reference for concrete reinforcement design.
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INTRODUCTION

In recent years, -carbon-fiber-reinforced polymers
(CFRPs) have emerged as a new building material and have
been widely used for concrete reinforcement. However, their
use in this regard poses some problems. In particular,
CFRP’s thermal expansion coefficient is negative -(0.6-
3)x10 °C" and is much smaller than that of concrete. As a
result, when the temperature changes, CFRP and concrete
deform differently from and therefore restrain each other.
This causes unavoidable thermal stress at the interface of the
CFRP sheet and the interior of concrete beams, thus affect-
ing the durability of the concrete reinforcement.

In cold regions, especially, the temperature can change
considerably—even by up to 60°C—within one year. A large
thermal stress will thus be produced in reinforcing concrete
beams in structures such as bridges. As an example, Fig. (1)
shows a photograph of Tengao Town Bridge, Northeastern
China,that was built in 1993 and fully reinforced with
CFRPs in 2008. The structure system of this bridge fully
consists of a prestressed concrete small box-girder structure.
Since this bridge has been opened to traffic, it has often been
overloaded, and as a result, many cracks have appeared in its
beams. To ensure the bearing capacity of the main beam,
after reinforcement, heavy vehicles were strictly restricted
from passing over this bridge. In 2010, low-temperature
thermal stress damages, as shown in (Fig. 2), began to ap-
pear in this bridge; this type of damage is common in cold
regions. In this light, it is necessary to study the thermal

*Address correspondence to this author at the School of Civil Engineering,
Liaoning University of Science and Technology, Anshan 114051, China;
Tel: +86-13942206793; Fax: +86-0412-5599006;

E-mail: tian_shuail29@126.com

1874-8368/14

stress induced at low temperatures in CFRP-reinforced con-
crete beams.

= it

Fig. (1). Full view of reinforced Tengao Town Bridge.

RESEARCH BACKGROUND AND SIGNIFICANCE

Theoretical and experimental studies have widely fo-
cused on the thermophysical properties and behavior of con-
crete structures reinforced by fiber-reinforced polymer (FRP)
materials. Specifically, studies have focused on the
fire resistance [1-4], warm temperatures [5], freeze-thaw
cycles [6], and other environmental conditions [7-12]. How-
ever, few studies have investigated the thermal stress in-
duced in CFRP at low temperatures, which differs from that
induced in freeze-thaw cycles.

To bridge this gap, the present study investigates the
thermal stress induced in CFRP-reinforced concrete beams at
low temperatures through experiments, theoretical deriva-
tions, and simulations. A quantitative analysis is used to de-
termine the change rule of thermal stress at low temperature.
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Fig. (2). Structural cracks caused by thermal stress (a) Cracks (b) Cracks.

The experimental, theoretical, and simulation results show
good agreement. From the equations derived, the main fac-
tors influencing thermal stress are clarified. Finally, a
method to reduce thermal stress is discussed.

EXPERIMENTAL INVESTIGATION

To experimentally analyze the thermal stress in a CFRP-
reinforced concrete beam, four specimens—of which nos.
1-3 were test specimens and no. 4 was a compensating speci-
men—were prepared, as shown in Fig. (3). Fig. (4) shows
the size and configuration of the specimens. According to
China’s concrete code, standard concrete’s compressive
strength and tensile strength is 20.1 and 2.01 MPa, respec-
tively, for specimens consisting of C30 grade concrete with
a. of 1.0x107 °C" and E, of 3.0x10* MPa. After the speci-
mens are aged to 28 days, they are reinforced along their
height with CFRPs. An AEC200 CFRP sheet (Taiwan,
China) with 0.11-mm thickness was used in this study. Ac-
cording to the CFRP’s mechanical performance specifica-
tions, a= -1.4x10° °C" and E,; = 2.35x10° MPa. All four
specimens were bonded with CFRP sheets. A special CFRP
bonding glue (Beijing) was used for this purpose. When rein-
forcing, bottom glue (AECP), impregnating resin adhesive
(AECR), a CFRP sheet, and impregnating resin adhesive
(AECR) were applied in order. Both of the glues are two-
component adhesives and are mixed in the proportion of 4:1.
A glass sheet is bonded to the beam bottom as a support to
ensure that the beam can stretch freely.

Fig. (3). Thermal stress specimens.

The specimens are placed into a calorstat oven at 20°C
until their temperature becomes stable. Then, they are pre-
served in an ice tank, as shown in Fig. (5), where their tem-
perature is successively reduced to -10°C, -20°C, -30°C, and
-40°C. When the specimens are completely frozen, their
thermal stress is measured at different temperatures using an
electric resistance strain gauge, shown in Fig. (6). For each
test specimen, 15 gauging points are used. At every tempera-
ture, the strain is measured at each gauging point once every
30 min, three times in all, and the average of the three meas-
urements is used as the average strain at this point for analy-
sis. Fig. (7) shows the configuration of the strain gauge
sheets on specimens; Fig. (8), the testing apparatus; and Fig.
(9), a simple graphical flowchart of the testing phases.

At predetermined experimental temperatures, each of the
three test specimens had five sectional measuring points, for
a total of fifteen sectional measuring points, and their statis-
tical averages were used for analysis. The statistical data
showed that the strain of CFRP-reinforced concrete speci-
mens had a linear distribution along the beam height that
satisfies the plane section assumption. By the least squares
method, linear equations were obtained for every tempera-
ture with strain ¢ as the dependent variable and X as the
position coordinate, as shown in Fig. (10).

In these figures, y is the position coordinate (unit: cm).
At the bottom and top edges of the specimens, y=0 and
x=15, respectively. ¢ denotes the strain (unit: pe).

The strain values are calculated at the measured points,
interface, and top of the concrete specimen at every experi-
mental temperature according to Fig. (10). Then, the meas-
ured values are considered the experimental strain values;
the strain of normal concrete and CFRP caused by tempera-
ture is considered the free strain; and the difference between
the experimental and free strain is considered the restrain
strain. The restrain strain is multiplied by the elastic modulus
of CFRP and concrete, respectively, to obtain the corre-
sponding thermal stress. The results, shown in Table 1, indi-
cate that when the temperature drops, the CFRP has an obvi-
ous restraining action on the thermal curve of concrete
specimens. With the difference in temperature, a compres-
sive stress is produced on the CFRP. The bottom of the
specimens bears tension. The tensile stress at the concrete
interface is the largest. The top of the specimens bears pres-
sure.
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Fig. (5). Refrigeration equipment (a) calorstat oven (b) ice tank.

Fig. (6). Electric resistance strain gauge.
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(@) (b)
Fig. (8). Testing apparatus (a) specimen in ice tank (b) testing apparatus.

Prepare concrete specimens, and conduct reinforcement

l

Bond strain gauge onto specimens at designed spots

Place all four specimens into a calorstat oven at 20°C until their
temperature becomes stable

>
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Place specimen i in a particular environment J until the
temperature becomes stable. At first, i = 1, and J = -10°C

Take J as -10°C,
-20°C, -30°C, and
-40°C in sequence to

A\ 4

Measure thermal stress using an electric resistance strain

Takeias 1,2, and 3 gauge once every half hour, three times in total conduct four cycle
in sequence to experiments
conduct three cycle
experiments three Take the average of the three measurements as the strain value '
times of specimen i in environment J
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Complete the four low-temperature cycle experiments

Obtain all strain values of specimen i in four low-temperature environments

Obtain all strain values of specimens 1-3 in four low-temperature environments

Conduct statistical analysis on the values above

Fig. (9). Flowchart of testing phases.
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Table 1. Values of restrain strain and thermal stress.
Position of Measured Points
Difference N; Interface N, N3 Ny Beam top
of
temperature | Restrain | Thermal | Restrain | Thermal | Restrain | Thermal | Restrain | Thermal | Restrain | Thermal | Restrain | Thermal
strain stress strain stress strain stress strain stress strain stress strain stress
(ne) (MP2) (ne) (MP2) (ne) (MP2) (ne) (MP2) (ne) (MP2) (ne) (MPa)
30°C -332.70 -78.18 9.29 0.28 8.49 0.25 3.22 0.10 -2.05 -0.06 -2.87 -0.09
40°C -449.12 -105.54 6.88 0.21 6.22 0.19 1.95 0.06 -2.32 -0.07 -2.98 -0.09
50°C -554.90 -130.40 15.10 0.45 13.77 0.41 5.13 0.15 -3.51 -0.11 -4.84 -0.15
60°C -666.86 -156.71 17.14 0.51 15.56 0.47 5.29 0.16 -4.98 -0.15 -6.56 -0.20
PS: “-” stands for compressive stress; “+” stands for tensile stress

THEORETICAL RESEARCH OF THERMAL STRESS
Analytical Values of Thermal Stress

If CFRP sheets are reliably bonded to concrete elements,
no slippage would occur. Fig. (11) shows the sectional force
analysis of a concrete element unit.

When the temperature drops by A¢, the interfacial de-
formation between the CFRP sheet and the concrete element
should cohere. In the following equations, a. and o are the
thermal expansion coefficients of concrete and CFRP, re-
spectively; dAc¢ and dAcf are the elongation of concrete
and shortening amount of the CFRP sheet, respectively; 4.
and A, are the sectional areas of concrete and the CFRP
sheet, respectively; ¥, and v, are the distances from the
centers of concrete and the CFRP sheet, respectively, to the
interface; and v is the distance between the center of the
concrete element and that of the CFRP sheet. N, and N are

axial forces acting on the centers of sections of concrete and
the CFRP sheet, and M. and M., are bending moments of
sections of concrete and the CFRP sheet.
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Fig. (11). Force diagram of a concrete element unit.
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o Atdx — dAc = ot Atdx + dAcf (1)

No external force acts on the element, and the internal
force must maintain the balance, assuming

chch=NﬂMc+Mcf:Ncy (2)
According to the mechanics of materials,
E1l Egly
M, ==, My =—— 3)
R. RCf

The curvature radius of the concrete R, and CFRP sheet
R, at the interface is equal. According to equations (2) and

3,
E(f I('Nr M — E"f ILffNr

T, g =
EI +E,I,; EIl +E,l,;

4)

The elongation of concrete d/\¢ and the shortening of
the CFRP sheet dA\cf at the interface are respectively given
by

dAc:[N(.+ﬂ} N VL 5)
"2 |EA, 2 JEL,
dN am
dAcf =| N, +—2 d_, M, +—1 iyz (6)
"2 JE,A, 2 |EI,

Substituting equations (4)-(6) into equation (1) and ignor-
ing high-order micro-quantities gives
EAE A (EL +EI )0, — o)A

c“ e ef

(EA +E A NEI +E/)+YyEAEA,

N(':sz:N: (7)

According to equations (4) and (7), the thermal stress
caused by temperature drop 4\ t can be analytically given by

o E A.E,

superior border of concrete beam __

Ay (Bl + Eg Lo )0, — 0y )AL 1
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able for 3D stable stage and transient state analysis. Unit
Solid45, which corresponded to Unit Solid70 used in the
thermal analysis, was adopted in the structural analysis. It
consisted of eight nodes, and each node had degrees of free-
dom in three directions for translational motion. It had the
properties of plasticity, peristalsis, creepage, and stress stiff-
ening. For CFRP materials, Unit Shell57, a quadrangle with
four nodes, was adopted in the thermal analysis. It had only
one degree of freedom (temperature), and it is therefore suit-
able for 3D stable stage and transient state analysis. Unit
Shell63, which corresponded to Unit Shell57 used in the
thermal analysis, was adopted in the structural analysis. It
was a quadrangle with four nodes, and it had six degrees of
freedom (three degrees of freedom for translational motion
and three degrees of freedom for turning motion). It had the
property of membrane bending and was suitable for stress
stiffening and large deformation.

By the mapped meshing method, the experimental beam
(Fig. 4) was divided into 400 units of concrete and 40 units
of CFRP. The entity model figure is shown in Fig. (12) and
the finite element figure, in Fig. (13). A horizontal sliding
support is used on both ends of the experimental beams, and
therefore, the zero point of temperature is at the mid-section
of the beam span. For boundary conditions, a displacement
constraint was applied to the supporting points vertically, on
the nodal points of the beam span mid-section axially, and
on the nodal points of the beam axes horizontally. Fig. (13)
shows a simulation of the horizontal sliding support and the
vertical and horizontal zero point of temperature. When the
temperature drops were 30°C, 40°C, 50°C, and 60°C, the
simulation analysis was conducted on the CFRP-reinforced
experimental beam using ANSY'S software.

Figs. (14 and 15) respectively show the concrete and the
CFRP stress map for a temperature difference of 40°C. Ac-
cording to these stress maps, the stress was concentrated at
the margin of the bonding interface between the concrete

(o3

inferior border of concrete beam

EAE A (EL +E,],)c,

o superior border of CFRP sheet __

+
2
(B A+ Ey Ay NE I+ Eyl )+ Y E,AEyAy A Ed +E Iy

o inferior border of CFRP sheet (Ec Ac + Eq/' Aqf )(Eclc + ch]cf) + 7/2E

Simulation Values of Thermal Stress

ANSYS is a general-purpose finite element analysis
software that is applied to structural, heat, fluid, electromag-
netism, and acoustics studies. It is widely used in the field of
civil engineering. This study analyzed CFRP-reinforced con-
crete beams by the indirect method, beginning with thermal
analysis of the structure to obtain the node temperature.
Upon returning to the preprocessor, thermal units are trans-
formed to corresponding structural units, and the temperature
obtained in the thermal analysis is applied to the structural
units as body loads. Finally, the structural stress and defor-
mation are obtained by the finite element method.

For concrete materials, Unit Solid70, a hexahedron with
eight nodes, was adopted in the thermal analysis. It had only
one degree of freedom (temperature), and it is therefore suit-

ECW] (8)
- O‘c/ )At _L T chW2 ) (9)
CACEc:fAc_‘f Ac:f Eclc‘ +E6f1¢f

beams and the CFRP sheet, especially at angle points and
sidelines. Compressive stress is produced in the CFRP sheet,
with the largest stress at its center. The stress decreases at
angle points and sidelines, but the amplitude is small. Ten-
sile stress is produced at the concrete interface, and it is
smaller at the center and larger at angle points and sidelines.
The tensile stress at angle points is 4.2 times that at the cen-
ter. In both concrete and CFRP, the thermal stress distribu-
tion at the center of the interface is uniform, and the distribu-
tion area is large. This means that the thermal stress at the
center is typical in nature.

ANALYSIS OF THERMAL STRESS
Analysis on Rule of Thermal Stress

According to equations (8) and (9) and the model estab-
lished by ANSYS, the analytical and simulated values of
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Fig. (12). Entity model figure.

Fig. (13). Finite element figure.
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Fig. (14). Concrete stress map for temperature difference of 40 °C (CFRP on top).

thermal stress for the experimental beams shown in (Fig. 4)
were calculated. The analytical and simulated values and
measured values (in Table 1) were plotted as distribution
curves at every experimental temperature, as shown in Fig.
(16).

Fig. (16) shows that the measured, analytical, and simula-
tion values of thermal stress are basically consistent and in
agreement with each other, suggesting that the values meas-
ured in this study are reliable and that the analytical equa-
tions and simulation models are relatively precise. Owing to
the temperature difference, tensile stress is produced at the
concrete interface. When the temperature drops by 60°C, the
maximum tensile stress is close to 0.5 MPa, which is 24.8%
of the standard tensile strength of C30 concrete (2.01 MPa).

Thermal compressive stress is produced on the CFRP sheet,
and the maximum compressive stress reaches 156.71 MPa,
which is ~3.7% of the design strength of 4200 MPa. Because
of the stress redistribution caused by the temperature differ-
ence, compressive stress is produced at the superior border
of the experimental beam, and the compressive stress reaches
1.1% of the standard compressive strength of C30 concrete
(20.1 MPa). Although the proportion of stress on the con-
crete and the CFRP sheet is low, large tensile stress remains
on the tensile area of concrete. Tensile stress can cause
cracks on concrete beams even when the load is small, which
should not be ignored. Therefore, when reinforcing concrete
with CFPR sheets in cold areas, the thermal stress should be
taken into consideration. As shown in these stress maps, with
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Fig. (15). CFRP stress map for temperature difference of 40°C.
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the influence of temperature difference, transverse tensile
stress was produced at the concrete interface and transverse
pressure stress, on the CFRP. The larger the difference, the
greater the temperature stress becomes, which is disadvanta-
geous for bonding between concrete and CFRP.

In terms of time and cost, the analytic method is the sim-
plest and most economical method, and it has sufficient ac-
curacy, too. Equations (8) and (9) can be used to calculate
the thermal stress in practice when studying the strengthen-
ing of materials.

In equations (8) and (9), the thermal stress has a relation-
ship with the size and elasticity modulus of concrete and
CFRP sheet, which is a nonlinear function with arguments
like these. To analyze the influence of these arguments,

Shuai and Tong

based on the experimental data shown in Fig. (4), other ar-
guments are controlled; specifically, the CFRP elasticity
modulus E/, concrete elasticity modulus £, , beam height £,
CFRP sheet thickness 6§, and CFRP expansion coefficient o,y
are consecutively changed, and the thermal stress changing
rule for CFRP-reinforced concrete is calculated, as shown in
Table 2.

Table 2 shows that the elasticity modulus of CFRP has a
remarkable influence on the thermal stress. When the tem-
perature drop is 60°C and E.is 500 GPa, the thermal tensile
stress of concrete reaches 47.6% of the standard strength of
C30 concrete. The elasticity modulus of concrete has little
effect on the thermal stress, indicating that the influence of
concrete grades on thermal stress can be ignored. With an
increase in beam height, the thermal tensile stress reduces

Table 2. Thermal stress on interface between CFRP sheet and concrete MPa.

Temperature drop by 60°C 50°C 40°C 30°C
Arguments

100 GPa 0.199 0.166 0.133 0.099
200 GPa 0.394 0.328 0.263 0.197
Ey 300 GPa 0.585 0.488 0.390 0.293
400 GPa 0.773 0.644 0.515 0.386
500 GPa 0.957 0.797 0.638 0.479
2.55x10* MPa 0.459 0.383 0.306 0.230
2.80x10* MPa 0.460 0.384 0.307 0.230
E. 3.00x10* MPa 0.461 0.384 0.307 0.231
3.15x10* MPa 0.462 0.385 0.308 0.231
3.25x10* MPa 0.462 0.385 0.308 0.231
150 mm 0.461 0.384 0.307 0.231
300 mm 0.233 0.194 0.155 0.117
450 mm 0.156 0.130 0.104 0.078
' 600 mm 0.117 0.098 0.078 0.059
750 mm 0.094 0.078 0.063 0.047
900 mm 0.078 0.065 0.052 0.039
0.1 mm 0.420 0.350 0.280 0.210
0.5 mm 1.945 1.620 1.296 0.972
) 1.0 mm 3.577 2.964 2372 1.779
1.5 mm 4915 4.096 3.276 2.457
2.0 mm 6.017 5.059 4.047 3.036
-0.08x107 °C™! 0.437 0.364 0.291 0.218
-0.14x10° °C™! 0.461 0.384 0.307 0.231
Oy -0.20x10° °C™! 0.485 0.405 0.324 0.243
-0.26x10° °C™! 0.510 0.425 0.340 0.255
-0.32x10° °C”! 0.534 0.445 0.356 0.267
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sharply. When the temperature drop is 60°C and beam height
is 900 mm, the thermal tensile stress of concrete is 3.9% of
the standard strength of C30 concrete. With an increase in
the CFRP sheet thickness, the thermal tensile stress increases
sharply. When the temperature difference is 60°C and CFRP
sheet thickness is 2 mm, the thermal tensile stress of con-
crete is 299.4% of the standard strength of C30 concrete.
With an increase in the CFRP expansion coefficient, the
thermal tensile stress increases. When the temperature dif-
ference is 60°C and a, is -3.2x10°° °C'1, the thermal tensile
stress of concrete is 0.534 MPa, which is 26.6% of the stan-
dard strength of C30 concrete. The above analysis demon-
strates that the elasticity modulus and thickness of the CFRP
sheet are the main factors affecting the thermal stress; in
comparison, the expansion coefficient and beam height have
lesser effect on the thermal stress; finally, the concrete grade
has little effect on the thermal stress and can be ignored.

Prevention of Thermal Stress

Thermal stress can be prevented by pre-stressing the
CFRP sheet and reinforcing concrete beam. If the tension
strain on the CFRP sheet is ¢, after being bonded to the
beam, the tensioning force is &, £ A, Which causes internal
forces in concrete:

Ny =g by dy

M, =€ E Ay (10)

Pre-stressing the CFRP sheet causes stress on the supe-
rior border of the concrete beam:

Gsuperior border of concrete beam - _ Sc_’f'Ec_’f Acf + gc_’f'Ec_’f Acf ™m (1 1)
c A a I

inferior border of concrete beam c c

Equations (8) and (9) can be substituted into equation
(11) to obtain the stress caused by the temperature difference
in a concrete beam reinforced by a prestressed CFRP sheet:
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m=EdE (15)
h
Using equations (14) and (15),
51
- c 16
f T (16)

After releasing the arch, tension strain is produced in the
CFRP sheet when the beam is horizontal, &. = &,

2
) €
48n

f= (17)

Therefore, the beam is reinforced by a prestressed CFRP
sheet. With the value of the pre-tension strain &, the value
of the arch f can be calculated; arch bonding can then be
conducted according to f, and after releasing the arch, the
beam can prevent thermal stress.

CONCLUSION

This study tested four CFRP-reinforced concrete speci-
mens using a resistance strain gauge, incubator, and low-
temperature freezer. The isoperibol is taken as 20°C, and -
10°C, -20°C, -30°C, and -40°C are taken as the low-
temperature environment. The thermal stress of the three
concrete specimens is measured for temperature differences
of 30°C, 40°C, 50°C, and 60°C. Using the obtained data, the
change rule of low-temperature stress of CFRP-reinforced
concrete beams is analyzed. The results show good agree-
ment with the theoretical analysis and analog simulation.
The following conclusions are drawn from this study:

e With the effect of temperature difference, tensile stress is
produced at the interface of concrete; when the tempera-
ture drops to 60°C, the maximum tensile stress is close to
0.5 MPa, which is 24.8% of the C30 concrete standard
strength, which should not be ignored. Therefore, in cold

Gsuperior border of concrete beam - EcAcchAcf (Ec[c + chlcf )(ac _acf )Al L$ Ech _ gcprf Acf + ecfch AhWl (12)
O'inferior border of concrete beam (Ef Ac + ECfAcf )(Eclc + Ecjflc_’f' ) + Q/ZEC Acch Acf Ac EL.IC + Etflcjf AL. ]c
o superior border of CFRP sheet __ Ec Ac E(,_'/ Aq/' (Ec Ic + qu [q/' )(ac - aq/' )At _L Eq/' Wz (1 3)

9 inferior border of CFRP sheet (Ec Ac + EC/ A(_-[ )(Ec Ic + ng Icf ) + 'J/2Ec Ac Ec_-/ Ac/

Equations (12) and (13) can be used to calculate the
strain value & needed to prevent thermal stress in the CFRP
sheet.

In the third part of reference [13], a simple method for
pre-stressing was proposed [13]. First, the beam should be
arched; second, the CFRP sheet should be bonded to the bot-
tom of beam; and third, the arch should be released to pro-

duce pre-stress in the CFRP sheet. If the arch is denoted by f

and the beam span, by L, the bending moment across the
beam span is
48E.1
M — (2 (‘f
51
After arching, if compressive strain ¢, is produced in a
section of the concrete span’s inferior border, bending mo-
ment is produced across the beam span:

(14)

F—222 Y +e K,
@.E$+@@) ff

areas, low-temperature thermal stress should be taken
into account when reinforcing concrete or concrete
beams.

e When the temperature drops to 60°C, thermal pressure
stress is produced on the CFRP sheet, the maximum pres-
sure stress reaches 156.71 MPa; this is ~3.7% of the
design strength of 4200 MPa, which can be ignored.

e In contrastive analysis, the analytic equations are rela-
tively precise. The elasticity modulus and CFRP sheet
thickness are the main factors affecting the thermal
stress; the expansion coefficient and beam height are in-
ferior factors affecting the thermal stress; finally, the
concrete grade has little effect on thermal stress.

e Thermal stress can be prevented by prestressing the
CFRP sheet and reinforcing the concrete beam. To re-
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duce low-temperature thermal stress, the equation of this
method is derived in this study.

NOTATIONS USED IN IMAGES

aM, =

dM,;

Y =
Y =

(0] =

Increment of bending moments of sections of con-
crete

Increment of bending moments of sections of
CFRP sheets

Increment of axial forces on the centers of sections
of concrete

Increment of axial forces on the centers of sections
of CFRP sheets

Structural unit length

Beam height

Specimen number

Temperature environment of specimens
Bending moments of sections of concrete
Bending moments of sections of CFRP sheets
Strain gauge bonded to CFRP

Strain gauge bonded to bottom of concrete beam

Strain gauge bonded to half height of concrete
beam

Strain gauge bonded to top of concrete beam

Axial forces acting on the centers of sections of
concrete

Axial forces acting on the centers of sections of
CFRP sheets

Position coordinate
Strain

Distance between the center of the concrete ele-
ment and that of the CFRP sheet

Distances from the centers of concrete
Distances from the centers of CFRP sheets

Stress
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