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Abstract

The steel structure building is becoming more and more popular, building fire resistance and structural damage are becoming more and more
important, the frequency and loss of high-rise building fires in the world are rising, people pay more and more attention to the fire resistance of
steel structure. Therefore, it is imperative to understand the material properties and structural damage trend of steel under fire. In this paper, the
properties of steel material varying with temperature were introduced into the Peridynamics (PD) constitutive equation at high temperature, and
the Peridynamics parameters under the action of temperature were deduced. The structural damage and failure mechanism at 20°C, 300°C, 400°C

and 600°C were simulated and analyzed.

Keywords: Steel structure; Elastic modulus; Peridynamics; Damage and failure

Introduction

The building structure is more and more complex, the num-
ber of floors is more and more high, and building structure fire
is always a difficult problem to be solved. The change of the steel
material properties at high temperatures leads to the reduction
of structural carrying capacity, accelerates structural damage and
building collapse, reduces the rescue time, increases the difficulty
of rescue, and expands the fire hazard. For example, a fire broke
out in hangar No.1 at Brunswick Naval Air Station in Maine, and
the slab truss roof collapsed, destroying a large number of incom-
ing aircraft [1]. A fire at an NT hangar at Prince George’s Airport in
Canada has caused a light steel truss roof structure to collapse [1].
A welding fire terminal of Dusseldorf International Airport in Ger-
many has caused a loss of 1 billion marks and killed 17 people [2].

@ @ This work is licensed under Creative Commons Attribution 4.0 License | CTCSE.MS.ID.000750.

A fire at an aircraft repair garage at Brussels International Airport
has caused a massive collapse of a double-span prestressed contin-
uous steel truss structure, costing billions of euros [3]. The roof of
a light steel structure toy factory in Cihang Town, Sanxiang Town,
Zhongshan City, Guangdong province, collapsed during the fire [4],
the steel roof of the Dezhou department store in Shandong province
collapsed in the fire [4], the dome of Jinan Olympic Sports Center
collapsed after the fire broke out 4 hours [5]. A fire in the 24-story
concrete Wealth Building in Wuxi City cost tens of millions of yuan
and a fire in the north wing of the new concrete structure build-
ing of CCTV cost billions [6]. Therefore, it is clear that the material
properties and structural change properties of steel, concrete, and
steel-mixed composite structure under fire play a crucial role in the
fire resistance of the structure.
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In the past twenty years, the steel structure fire resistance can
be divided into four analysis methods: test, component calculation,
structure calculation, and fire randomness [7,8]. In 1991, the In-
ternational Organization for Standardization gave the most widely
used temperature curve ISO834 standard temperature curve [9]. In
1997, Dr. Ma proposed a simple calculation model for the heyday of
fire through the analysis of several major international fire test data
[10].In 2000, the software developed by University of Liege in Bel-
gium that can simulate and analyze two-dimensional and three-di-
mensional transient temperature fields [11]. The Dalian University
of Technology has developed steel structure software which can
calculate 2D and 3D temperature fields and internal force, defor-
mation, and cracking of components [12]. In 2011, Dwaikat used
load size and cross-section temperature gradient as the research
breakthrough to investigate the buckling failure characteristics of
single-side fire-exposed structures [13]. In 2011, Prof. Li studied
the influence of the combined action of bending moment and axi-
al force on the critical temperature of columns through load ratio,
stiffness coefficient, slenderness ratio, and other factors, and pro-
posed a calculation method for the critical temperature [14,15].
Chongqing University studied the strength and elastic modulus of
Q460 high-strength steel at high temperatures and put forward the
stress-strain relationship and the effect of the cooling method on
the residual mechanical properties and the reduction coefficient
[16,17]. In 2020, Jiang Yaqiang used the full-size portal rigid frame
for a fire resistance performance test, and obtained the thermal re-
sponse characteristics of the component and the temperature and
displacement variation rules [18].

The microstructure evolution and fire prevention mechanism
of micro-alloy anti-seismic fire steel plate after quenching were
studied, the changes of the different microstructure of the plate
during tempering and quenching were analyzed, and the mixed
microstructure and fine compound carbide were obtained to make
tempered steel have excellent fire resistance [19]. The experimen-
tal results of the mechanical properties of FRS under high tempera-
ture are introduced. The 99 tensile specimens of two different types
of FRS and CSS steel structures were tested at room temperature
and high temperature, and the stress-strain, mechanical properties,
and deformation properties of the components under high tem-
perature were analyzed. It is found that the FRS steel components
have excellent fire resistance when the temperature exceeds 400°C,
and the constitutive model of the strength and given the stiffness of
the steel components [20]. The compression test of WG] high-per-
formance refractory steel welded steel column is introduced and
established the finite element parameter analysis model. The ex-
perimental results are compared with those of China, Europe, and
America. The results show that the Chinese, European, and Ameri-
can codes cannot be used directly to determine the buckling resis-
tance of welded section columns with high-performance refractory
steel. Then, proposed some suggestions for modification of the de-
sign method of the Chinese codes [21]. Six welded box sections with
different width and thickness ratios were tested by section method,
the magnitude and distribution characteristics of residual stress
were obtained and analyzed, then the corresponding simplified
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residual stress model and the reason for the difference of residual
stress were proposed [22]. The characteristics of fire load and fail-
ure mode of steel beam and column are discussed, the calculation
method of joint stiffness after failure and the calculation mode of
steel frame structure are given, and the most unfavorable method
of calculating structure fire is put forward. Two calculation mod-
els of steel structure are used for verification [23]. The tensile test
of domestic high-strength refractory steel with temperatures from
200°C to 800°C and natural cooling was carried out, and the stress-
strain relationship curve and mechanical property parameters of
domestic steel after high temperature cooling were compared with
the properties of ordinary steel after firing at high temperature, and
the variation coefficients of yield strength and tensile strength were
fitted. The results show that the strength of domestic high-strength
steel is slightly improved and the performance is stable after high
temperature cooling [24]. The t distribution and confidence interval
method in mathematical statistics are used to analyze the mechan-
ical properties test data of high-strength steel at high temperature
and after high temperature. The formula of mechanical properties
index of high-strength steel at high temperature and after the high
temperature is fitted. The strength transition temperature of high
strength steel at high temperature is obtained, the strength reduc-
tion coefficient is lower than that of ordinary steel, and the elas-
ticity modulus reduction coefficient at 600°C is higher than that of
ordinary steel [25].

In 2000, Silling proposed the basic idea of Peridynamics [26].
To make up for the deficiency of bond theory, the Peridynamics
theory of ordinary state and non-ordinary state are proposed [27].
Kilic and Madenci use the method of overlapping common nodes to
couple finite elements and PD [28]. In the steel structures, PD can
show its characteristics perfectly by solving the problems of bilat-
eral cracks, central double cracks, and oblique crack propagation
[29-33]. Two- and three-dimensional crack simulation methods are
proposed, and each method has its own unique advantages. For ex-
ample, no additional unknowns need to be introduced to capture
displacement discontinuity, suitable for large deformations and
arbitrary nonlinear and rate-dependent materials, for modelling
discrete cracks in meshfree methods and so on [34-38]. Demmie
and Silling used the EMU code to calculate the damage and failure
of mass concrete under blast load [39]. Bobaru used bond base Per-
idynamics to simulate the effects of stress waves and test geometry
on the cracking of glass and high-intensity minerals [40]. To simu-
late the behavior of debris entering the atmosphere by using peri-
dynamics, the temperature parameters of steel and aluminum alloy
were calibrated by the tensile test. A calculation method for esti-
mating PD damage parameters as a function of temperature was
proposed and verified by experiments [41]. Utilized the Lagrangian
formalism to derive the governing equations of Dual Horizon PD
formulation which is for thermal diffusion analysis (Figures 1&2).
From three different examples, these are a square plate with tem-
perature and no flux boundary conditions, a square plate under
thermal shock loading, and a square plate with insulation cracks,
the good agreement is obtained between PD predictions and FEM
results [42].
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Basic Theory High temperature theory of steel structure
Under fire or high temperature conditions, indoor and com- The thermal expansion coefficient

ponent surface temperatures are constantly rising with time. The
universally adopted temperature curve is the [SO834 standard tem-
perature curve:

T, =20+3451g(87+1) 1)

The thermal expansion coefficient mainly affects the deforma-
tion and thermal expansion of steel structures. The calculation for-
mula of the thermal expansion coefficient given by EUROCODE3
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a, =0.8x107"(T, —20)+1.2x10~ 20°C<T, <750°C

@)
a, =0 750°C <T, <860°C )
a,=2.0x107 860°C < T, <1200°C @

The exact calculation formula of thermal expansion coefficient
given by AISC

a, =(11+0.00627,)x107° 20°C <T <600°C

(%)

The thermal expansion coefficient of steel proposed by Austra-
lian AS4100

a,=(11.0+5.75x10°T)x10° ©

t

N &

L =8.66x10*(800—T)

o |

in which, g is the elastic modulus of steel at room tem-
perature, and E, is the elastic model of steel at the temperature
reaches 7T,.

The formula of elastic modulus reduction coefficient given by
Australian steel structure code

L P 0°C<T, <600°C
£ 2000Ln(—=—)
1100 (11)
£y _690=08T  h00c <7 <1000°C
E  T-535 (12)

The calculation method of elastic modulus reduction coefficient
given by Japanese scholars
ET —7 2 -4
—L—_10.7x107T* =2.1x107*T. +1.0
E (13)

The calculation method of elastic modulus reduction coefficient
given by Tongji University

E, _71,-4780 20°C < T, <600°C (14)

E 6T —-4760 :

Ep _1000-T, 600°C <T. <1000°C

E 6T, —2860 (15)
Density O,
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The exact formula for calculating thermal expansion coefficient
given by Japanese scholars

a =(11.0+5.75x10° T )x10°° 9

The thermal expansion coefficient of steel given by the code of
steel structure

a, =12x10" ®

Reduction coefficient of elastic model

When the temperature rises to 300°C, the elastic modulus of
steel begins to decrease obviously. When the temperature rises to
400°C, the elastic modulus decreases about 60%. When the tem-
perature rises to 600°C, the steel loses its bearing capacity. The cal-
culation method of elastic modulus reduction at high temperatures
given by scholars of various countries as follows.

The calculation formula given by ECCS

0°C <T <600°C
9

600°C < T, <800°C

(10)

The density O; of steel is relatively stable, basically does not
change with the temperature change, and is considered to be fixed.

p, =7850kg / m® (16)

Poisson’s ratio V

The poisson’s ratio has the same property as density, which
does not change with temperature.

v, =03 (17)

Basic theory of Peridynamics

The traditional methods and means have many shortcomings in
solving the problem of fracture and crack propagation. Fracture me-
chanics: stress singularity at crack tip; Finite element method: The
crack is confined to the grid, and the crack propagation grid needs
to be redivided. Extended FEM: The reinforced displacement field
is not the true asymptotic displacement field near the crack tip, and
the precision of the local displacement field is still not satisfactory.
As shown in Figure 3, the Peridynamics discretized the object into
many particles, and the integral method was adopted to overcome
the shortcomings of previous methods. Combined with the inter-
action between particles, the scalar potential energy value W 0
is proposed. Combined with the interaction between the particle
X(k) and other particles in the range of action, w(k)(j) #* w(j)(k),
and the expression of the micro-potential energy is obtained
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Figure 3: Action and deformation between adjacent particles.
N J

= _ _ ...) (18)
Wi oo (y aty " Yo Yory T Vs )
And

= _ _ ...] 19
Wi W(j)(k)(yaf) Yy Yoy Yo )

The strain energy density W(k)

summing the particle X %) with the micro-potential energy L)
of other particles in the range of action

of particle X, is obtained by

1 & (1
W(k)ZEZ(EWw)(j) (y(l") Vi Yoy —y(k),---)
/= (20)
1
+§W(j>(k)(y(1i) Vi Yo _yU)"")J'V(n
in which W, ;,=0,k=j.

The Peridynamics at particle X ;) can be obtained by the prin-

0

ciple of virtual work.
4
T— =0 (21)
of (T-v)

in which, 7" is the sum of the kinetic energy of the object, and
U is the sum of the potential energy of the object,

=1 . .
r= ;Ep(")u(i) 'u(i)V(i) (22)
and

U= Z WiV =2 (b -u W, 23)

i=1 i=1

X
Then the Lagrange equation at particle ~ *) can be expressed
as

Pl = Z (I(X<k> 1) <X<j) ~ X > —T(x(;),0) <X<k> —X( >) Vi by 29

J=1

For two-dimensional positive strain 5 and constant tempera-
ture load 7', as shown in Figure 4, the stress O 4, and strain &,
of the object can be expressed as

T
0 ) —{O'xx(k) 0 %(k)} (25)

and

oT _
A —{gxxx(k) € iy gxy(k)} (26)

Two-dimensional material attribute matrix C can be ex-
pressed as
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N J

k+tu x—u 0
C=|xk—u x+tu 0

0 0 U (27)

Where, the relationship between the volume modulus K and
the shear modulus £/ and the elastic modulus £ and Poisson’s
ratio y is

E E

K= N ﬂ:

21-v)" " 21+v)

(28)

The expansion term G(k) and strain energy density W'( 5 of
two-dimensional expanding objects are expressed as

e(k) = 8xx(k) + gyy(k) = 24 +2aT (29)

W, =247 (30)

For two-dimensional expansion terms, the expansion e(k) of
Peridynamics object and the strain energy density VV(k)
pressed as

are ex-

Oy = 7dh5°¢+2aT,, (1)

— 2 2 2 4 22
Wy=a(2¢ +2aT, ) —a,(2¢ +2al,) )T, +a,T; + $70h8°¢7 @)

Based on the classical continuum mechanics and Peridynamics,
the expansion term g(k) is consistent with the strain energy den-
sity VV(k) for each expansion of two-dimensional object, and the
Peridynamics parameters are as follows:

4a +%7rbh54 =2k (33)

2

a,=4aa, a,=4a’a d=——
ho

(34)

For the two-dimensional pure shear problem, as shown in Fig-
ure 5, classical continuum mechanics can be expressed as

Vo = g 35)

and
— — /= =0 (36
Eity = E iy = ¢ =aT=0 (36)

The expansion term H(k) and strain energy density VV(k) of the
object in two-dimensional pure shear state are

8,,=0 37)

and
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_ J

1
W= 1 B

The two-dimensional Peridynamics strain energy density in
pure shear state is

Wiy =a(0) +bh|; joz”g([u(sinecos 0)¢|e-¢) cdoas

(39)

The strain energy density obtained by classical continuum me-
chanics and Peridynamics of various expansive two-dimensional
objects under pure shear conditions is consistent, and the two-di-
mensional Peridynamics parameters can be obtained as follows:

1 6u
= —2 ’ b=
a=5(k=2p) b=

(40)

By introducing the classical continuum mechanics x°, £ and
the material parameters of steel structure varying with tempera-
ture into the Peridynamics, the constitutive equation parameters
related to the volume modulus and shear modulus of variable tem-
perature Peridynamics are obtained.

_ QBv-1-E, . _@Bv-1)-Ea ; _QBv-1-Ea’
Ta-v)1+v) T A=v)A+v) T (1=v)(1+y)
(41)

b, = ?:ET sy = 2 3 42
zhs*(1+v) hS (42)

Damage and Failure Mechanism of Q345 Steel Plate

Under Temperature

Q345 steel plate was used to make the test with elastic mod-
ulus E =203GPa, Poisson’s ratio v =0.3, ultimate strength
o, =572MPa elongation & = 27.96% and density P = 7850kg/m’
at room temperature. The material properties at high temperature
are calculated using formula (14) and Formula (15) of the calcula-
tion scheme given by Tongji University.

Crack propagation path under temperature

Q345 steel was used to make bilateral crack tests. The test
numbers and crack sizes were shown in Table 1 & Figure 6. During
the experiment, the load at both ends of the test is 2.217x10° m/s
displacement, and the test fracture results are shown in Figure 7.
The results show that the longitudinal crack spacing has a great in-
fluence on crack propagation at normal temperatures. Under load,
the test with a longitudinal crack spacing of 0Omm expanded along
a straight line and finally formed a horizontal crack, as shown in
Figure 7(a). Under the load, the test with a longitudinal crack spac-
ing of 10mm, first the cracks expanded along a straight line,when
the longitudinal distance and horizontal distance of the crack tip
were the same, the two cracks expanded along the 45°direction and
finally formed an oblique crack, as shown in Figure 7(b). Under the
load of the test with a longitudinal crack spacing of 20mm, the two
cracks spread without affecting each other and finally formed two
parallel oblique cracks, as shown in Figure 7(c).
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Table 1: Bilateral crack test.

Left crack length Right crack length Longitudinal crack spacing (test number)
10 10 0 (200x) 10 (2010x) 20 (2020x)
e N
40 8
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~ 354 ~
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Figure 6: Test style and size (mm).
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(2)200x test (b)2010x test (¢)2020x test

Figure 7: Crack propagation path of test.
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Three kinds of Q345 steel tests with different longitudinal spac-
ing were established by PD. To understand the damage and failure
law of the tests under the action of temperature, 150KN tensile load
was applied to both ends of the tests to simulate the crack propaga-
tion results of the three tests. Figure 8 shows the final damage and
crack growth path of the 200x tests under different temperatures
and force loads. Under the action of temperature, the test with a
longitudinal spacing of Omm eventually forms a horizontal crack.
However, with the temperature increasing, the elastic modulus of
the test decreases, and the upper and lower edges of the base metal
where the two horizontal cracks fuse appear a damaging trend, and
the damaged area and damage value expand with the temperature

increasing, which can be obtained from Figure 8(a) to Figure 8(d).
Figure 9 shows the damage and crack propagation paths of test
2010x under different temperatures and force loads. Under normal
temperature and load, as shown in Figure 9(a), the two cracks first
expanded horizontally. When the longitudinal spacing and horizon-
tal spacing of the two cracks were the same, the crack tip extended
across the test in the direction of 45°. From Figure 9(b)-9(d), it can
be seen that as the temperature increasing, the horizontal propaga-
tion distance of the two cracks decreases continuously. When the
temperature reaches at 600°C, the two crack tips extend directly to-
ward each other, forming an oblique crack, and local damage occurs
in the fusion area of the two crack tips.

-

~
(2)20°C (6)300°C (c)400°C (d)600°C
Figure 8: Damage and crack propagation paths of tests 200x at different temperatures.
; | | ¥ '}
(a)20°C (6)300°C (c)400°C (d)600°C
Figure 9: Damage and crack propagation paths of tests 2010x at different temperatures.
»

Figure 10 shows the damage and crack propagation paths of
test 2020X under different temperatures and force loads. As can be
seen from Figure 10(a), bilateral cracks spread along the horizontal
direction at room temperature, forming two parallel cracks through
the test. As the temperature increases, it can be seen from Figure
10(b) to Figure 10(d) that the horizontal propagation path of the
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double crack becomes shorter and the vertical propagation trend
becomes obvious. When the temperature reached at 600°C, the tips
of the two cracks almost extend towards each other, and the dam-
age in the longitudinal spacing area of the crack is obvious and a
crack formed.
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; E; ! | E;
(2)20°C (b)300°C (c)400°C (d)600°C
Figure 10: Damage and crack propagation paths of tests 2020x at different temperatures.
J

Comparison of damage values of tests under tempera-

ture

Figures 11 & 12 show the damage comparison of tests at dif-
ferent temperatures at 200X. It can be seen from Figure 11(a) and
Figure 12(a) that at the initial damage stage, the damage rate of
tests at high temperatures is faster and the damage value is larger
than that at low temperatures. With the application of load, cracks
spread and the difference in damage value caused by temperature
difference gradually decreases. When the test breaks, the maximum

value of the damage is almost the same at different temperatures.
As can be seen from Figure 11, when the temperature is lower than
300°C, the damaged location of the test is almost located in the
middle area of the test. When the test breaks, the damaged location
of the test slightly diffuses from the middle to other locations of
the test. As the temperature increases, as shown in Figure 12, the
damage location of the test expands from the center of the test to
the surrounding area. The higher the temperature, the larger the
expansion range, which is consistent with the crack width path of
the test in Figure 8.
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(a)Initial damage (b)Crack propagation (c)Test fracture
Figure 11: Damage comparison of tests 200X at temperatures of 20°c and 300°c.
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Figure 12: Damage comparison of tests 200X at temperatures of 400°c and 600°c.
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Figures 13&14 show the damage comparison of test 2010X
at different temperatures. At the initial damage stage, the damage
value of the test with high temperature is high, and the damaged
area of the test is large. Figure 13 shows that before 300°C, the two
cracks only propagate in the horizontal direction, while Figure 14
shows that after 300°C, the horizontal propagation path of the two
cracks decreases and expands to the middle region of the crack as
the temperature increases. With the loading, the damage occurred
in the middle region of the two cracks of the test, and the damage
value increased with the temperature increasing. When the crack
breaks, the damage values of tests under different temperature
conditions are the same, and there are more particles damaged

when the damage values of tests at high temperature approach 1.0.
Figures 15&16 show the damage comparison of tests under dif-
ferent temperature conditions at 2020X. In tests with longitudinal
spacing between bilateral cracks of 20mm, the damage values of
tests at different temperatures at the same time are the same as the
temperature increases, and the bilateral cracks of tests extend hori-
zontally without affecting each other before the temperature reach-
es 400°C, as can be seen from the damage of tests at 400°C shown in
Figure 15(a)-15(c) and Figures 16(a)-16(c). When the temperature
reached at 600°C, obvious damage appeared in the middle of the
two cracks, and the number of damaged particles increased.
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Figure 13: Damage comparison of tests 2010X at temperatures of 20°c and 300°c.
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Figure 14: Damage comparison of tests 2010X at temperatures of 400°c and 600°c.
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- J
4 N\
08 1 1
LI I
o 5 L L
ar 08 (11
ar av
& L1 " &
2 S 08 21
Bas i g
) &os Bos
E:u 2 g
a g S
a3 03 03
_ 02 02
o o [ 1
::- am 4000 B0 W00 1200 UL 200 0o B0 0000 12000 c;. 200 £ w00 M0 10000 12000
Parficle number Paricke number Partidis number
(a)Initial damage (b)Crack propagation (c)Test fracture
Figure 16: Damage comparison of tests 2020X at temperatures of 400°c and 600°c.
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Conclusion

In this paper, the law of material properties of steel structures
changing with temperature is introduced into PD at different tem-
peratures, and then PD parameters and constitutive equations
varying with temperature are derived. The crack growth path of
bilateral crack tests was understood through experiments, and
the mechanism of bilateral crack damage and crack propagation at
20°C, 300°C, 400°C and 600°C was analyzed by applying force load
with PD constitutive equation under the action of temperature.

a. The elastic modulus of steel has little change before the tem-
perature is 300°C. When the temperature exceeds 300°C, the
decline of elastic modulus is relatively increased; when the
temperature reaches 600°C, the steel loses the bearing capac-
ity.

b. At 20°C, the test with a longitudinal spacing of 0mm expanded
into a horizontal crack, and the test with a longitudinal spacing
of 10mm first expanded along the horizontal and then formed
a 45° oblique crack. The two cracks of the test with a longitu-
dinal spacing of 20mm did not affect each other and extended
through the test in the horizontal direction.

c.  With the temperature increasing, the local damage enlarges at
the crack fusion locations of the tests with bilateral cracks with
different longitudinal spacing, indicating that the temperature
increase, reduces the shear resistance of steel and expands the
damaged area of the tests.

d. By comparing the damage locations and damage values of
three tests at different temperature, it can be seen that tem-
perature has a great influence on the damage rate and damage
value of tests, and with the temperature increase, the damage
rate and damage value of tests also increases.
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