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The use of fire-resistant steel is an effective way to alleviate fire safety issues in steel structures. Considering the limited research on
bolted joints fabricated from fire-resistant steel, this study presents the results of the experimental investigation on the mechanical
behavior of 40 specimens of bolted joints at room temperature and elevated temperatures (20°C~700°C). These specimens are
assembled with fire-resistant steel plates and fire-resistant high-strength bolts (or ordinary high-strength bolts). The mechanical
behavior of these specimens was investigated, which included the failure mode, deformation performance, and degradation of
bearing capacity. The experimental results show that the treatment of the friction surface (specifically, impeller blasting and sprayed
hard quartz sand) has a negligible effect on the ultimate strength of specimens and a relatively significant effect on the slip strength. In
addition, reduction factors of the tensile strength (Ky) and slip strength (Kj) for both fire-resistant bolt specimens and ordinary high-
strength bolt specimens decrease with the increase in temperature, especially in the case of elevated temperatures ranging from 400°C
to 700°C. Prediction models with different reliability degrees are proposed to calculate the degradation of tensile strength under
elevated temperatures, which has the potential to be used for the fire-resistant design of steel connections and structures.

1. Introduction

Steel has been used extensively in construction, followed by
issues of fire resistance and elevated temperature resistance
of steel structures [1]. In the case of fire, the mechanical
properties of ordinary steel (such as strength and elastic
modulus) will degrade sharply with the increase in tem-
perature [2]. When the external temperature exceeds 600°C,
ordinary steel will lose most of its strength and stiffness. For
ordinary steel members without fire protection, the tem-
perature can usually rise to more than 600°C within 20
minutes of the fire event. Therefore, scholars have carried
out research and production of high-strength and fire-re-
sistant steel, some of which have been applied in practical
engineering.

As the main connecting means of a steel structure, high-
strength bolts play an important role in the seismic prop-
erties of a steel structure. Elevated temperature results in
additional stress caused by the thermal expansion of com-
ponents [3], which reduces the bearing capacity of high-
strength bolts and thus easily leads to connection failure. In
steel structures, a premature connection failure has a neg-
ative impact on the overall performance of the structure and
even brings about structural damage and collapse. Conse-
quently, the mechanical properties of high-strength bolts at
high temperatures have attracted academic attention.
Lawson [4] conducted fire resistance experiments on beam-
column joints with high-strength bolts and found that the
temperature in the bolt is much lower than that in the
bottom flange of the beam when the joint is damaged. Chen
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and Wang [5] investigate how connection details affect
structural survivability at high temperatures based on
parametric simulations. Theodorou [6] obtained that the
strength of high-strength grade 8.8 bolts began to decline
rapidly after 300°C, and at 600°C, its ultimate strength had
decreased to 35% of the ultimate strength under normal
temperature. Krél and Wachowski [7] found that the
temperature level of the fire, fire duration, and fire-fighting
method significantly affect the bolts’ mechanical properties.
Lange and Gonzalez [8], Lou et al. [9], and Zhu et al. [10]
studied the mechanical properties, slip coeflicient, and
pretension force of high-strength grade 10.9 bolts at high
temperatures. Hanus et al. [11] investigated the mechanical
behavior of high-strength grade 8.8 bolts under the situation
of “nature fire,” which means a temperature history in-
cluding both heating and cooling phases. Kodur et al. [12],
Hu et al. [13], Lange and Kawohl [14], and Moreno and
Baddoo [15] studied the performance deterioration and
failure mechanisms of high-strength bolts made of different
materials (such as A325, A490, and stainless steel [16]) under
fire. Ohlund et al. [17] discussed the physical properties of
ultra-high-strength bolts at elevated temperatures from the
perspective of microstructure. Using both steady-state and
transient-state fire tests, Wang et al. [18] studied the shear
behavior of lapped connections bolted by thread-fixed one-
side bolts (TOB) at elevated temperatures. Fang et al. [19-21]
investigated the robustness of steel-composite structures
subject to localized fire and proposed a practical framework
for robustness assessment. Santiago et al. [22] and Nadjai
et al. [23] conducted natural fire tests of steel frames, and
they studied the influence of connection types on failure
modes and the influence of travelling fire on surrounding
structures. Maraveas et al. [24] proposed an improved
temperature-dependent constitutive model for steel to ac-
count for the local instabilities of slender plates in a fire
situation.

The study on the mechanical properties of ordinary high-
strength bolts under elevated temperatures has been ex-
tended from simple to complex stress states, and some high-
performance (such as fire resistant) steels are beginning to
get the attention of some scholars. Fire-resistant steel, by
adding specific alloying elements (such as Cr, Mo, and Nb),
can meet strength requirements at high temperatures
(usually refers to 600°C) for a certain period of time (usually
refers to 1~3 hours), thereby increasing the fire resistance
ability and safety of buildings. In addition, fire-resistant steel
can be used without spraying a fireproof coating or surface
treatment. Compared with ordinary steel that require
spraying a fireproof coating to achieve fire resistance, fire-
resistant steel can avoid environmental issues caused by the
coating peeling under long-term application. Sakumoto et al.
[25] studied the high-temperature mechanical properties of
high-strength fire-resistant bolts and the shear strength of
friction joints using fire-resistant bolts. Ban et al. [26]
compared the high-temperature mechanical properties of
conventional high-strength grade 10.9 bolts and high-per-
formance bolts produced by the Shougang Group Research
Institute of Technology. They proposed constitutive models
and prediction equations for describing the material
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properties of high-performance bolts at different tempera-
tures. Li et al. [27, 28] conducted the material test of 20
MnTiB high-strength grade 10.9 bolts from room temper-
ature to 700°C. According to the testing results, they ob-
tained calculation models used for reduction coeflicients of
yield strength and the initial elastic modulus of ordinary
high-strength bolts and fire-resistant high-strength bolts at
high temperatures. Meng et al. [29] investigated the shear
performance of bolted joints fabricated with BFRW10 high-
strength fire-resistant bolts. They found that the failure
mode of bolted joints changes from compressive failure on
the bolt hole to shear failure of the bolt screw with increasing
temperature.

Current studies have brought significant advances in
finding the resistance to high temperatures of joints and
connections fabricated with high-strength bolts. However,
there is still a lack of research and relevant design methods
on the mechanical properties of joints fabricated by fire-
resistant steel and fire-resistant high-strength bolts under
elevated temperatures or fire. Given the existing issues and
lack of experimental data, this paper experimentally studies
the mechanical performance of fire-resistant and high-
strength bolted joints under the conditions of the room and
elevated temperatures (20°C~700°C). Calculated models
under different reliability degrees are proposed to predict the
strength degradation of bolted joints (including fire-resistant
and ordinary steel specimens) under elevated temperatures,
which can provide a reference for the application of fire-
resistant high-strength bolts and fire-resistant steel in
practical engineering.

2. Experimental Program

2.1. Specimen Design. Figure 1 shows details of the specimen,
which is the joint connected by high-strength bolts. The steel
plate of the joint is made of fire-resistant steel Q460 pro-
duced by Shougang Group. The fire-resistant steel Q460 is
manufactured through thermo-mechanical controlled pro-
cessing (TMCP). Compared with ordinary steel processing,
there are three points to be noted. (1) Alloying elements: it is
necessary to properly add alloying elements (such as Cr and
Mo), which are beneficial to the fire resistance of steel and
strictly control the content of impurity elements (such as P
and S). The chemical composition of the fire-resistant steel
Q460 is shown in Table 1. (2) Rolling temperature: the
beginning and final rolling temperatures of the fire-resistant
steel Q460 in the recrystallized zone are 1150°C and 1120°C,
respectively, while the beginning and final rolling temper-
atures in the unrecrystallized zone are 950°C and 850°C,
respectively. (3) Cooling condition: an automatic control
system, accelerated cooling control (ACC), is used to cool
the fire-resistant steel Q460. The beginning and ending
cooling temperatures are 780°C and 450°C, respectively, and
the cooling rate is 20°C/s. After the heat preservation
treatment at 600°C, Q460 is air-cooled.

The steel plate has only one type, which is fire resistant.
Table 2 shows the mechanical behavior of a fire-resistant
steel plate. The high-strength grade 10.9 bolts (M20) are used
in the joints, which have two types, ordinary and fire-



Advances in Materials Science and Engineering 3

315

—_
—l

55

55

155 |45 ] 65 | 45] 45| 65 |45 155

o
Sy
:
[
aF—

U

FIGURE 1: Schematic diagram of specimen details (unit: mm).
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TaBLE 1: Chemical composition of the fire-resistant steel Q460 (mass fraction (%)).

C Si Mn P S Al Ni+Cr+Cu Nb + Ti + Mo Fe
0.035 0.26 1.01 0.005 0.003 0.012 <2.0 <0.50 Bal

TaBLE 2: Mechanical behavior the fire-resistant steel plate.

Thickness/ Rpo2 R, Elongation A Yield-to-tensile 180° cold-  Impact energy at Yield strength held at 600°C
mm (MPa)  (MPa) (%) strength ratio bending —40°C Akv/] for 180 min (MPa)
10 490 636 23.5 0.77 D=3a 353 345

Note. D is the diameter of the bending indenter and a is the thickness of the fire-resistant steel.

resistant, respectively. Table 3 shows the mechanical be-  extensometer to continuously measure the displacement of
havior of the fire-resistant and high-strength grade 10.9 bolt. ~ the specimen.
Treatments of the friction surface between the steel plate and
high-strength bolt have two types, which are impeller
blasting and sprayed hard quartz sand. Both treatments are ~ 2.3. Experimental Procedure. According to the current code
commonly used in practical engineering. The mechanical  [31, 32] of fire resistance tests, the experimental procedure is
properties of high-strength bolted joints at elevated tem-  as follows:
peratures are investigated. Considering the maximum
temperature (600°C~800°C) [23, 30] of locally directly
heated members of a steel structure in a natural fire and the
optimal temperature interval of the testing machine, five
temperatures are chosen, which are 20°C (room tempera-
ture), 200°C, 400°C, 600°C, and 700°C. Table 4 shows the
experimental condition and parameters of each specimen.
The experiment with each conditional parameter is repeated
twice, and the total quantity of specimens is 40 (including 8
specimens at room temperature and 32 specimens at ele- (2) The assembled specimen is installed in the electric-
vated temperatures). heating furnace of the testing machine, and the
center of the specimen is completely aligned with the
center of the fixed position (see Figure 2) of the

(1) Installation of high-strength bolts: first, for the
convenience, high-strength bolts of the specimen are
initially screwed with an ordinary wrench. Then, we
tighten it with a torque wrench to complete the
installation. The pretightening force of a high-
strength bolt is controlled and recorded by the axial-
force detector. The pretightening force of a high-
strength grade 10.9 bolt (M20) should be 155kN.

2.2. Configuration and Measurements during Testing. All 40 testing machine. The specimen is heated to the
specimens were tested in the MTS high-temperature testing specified temperature and kept at a constant tem-
machine (see Figure 2), which has a loading capacity of perature for 60 min.

1000kN in the Key Laboratory of Tongji University. The
steady-state test of elevated temperature is carried out. The
temperature is controlled by the electric-heating furnace,
which is supported by intelligent temperature control
equipment. The electric-heating furnace can be controlled
according to a given temperature curve. The highest tem- (4) The loading process is ended when the loading force
perature can reach 1000°C, and the maximum heating rate is is reduced to less than 85% of the ultimate bearing
30°C/min. The testing machine is equipped with an capacity.

(3) After the surface temperature of the specimen is
stabilized, the specimen is loaded, and the loading
force and displacement data are collected and
recorded in real time.
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TaBLE 3: Mechanical behavior of the fire-resistant and high-strength grade 10.9 bolt.
Size Rpo.2 Elongation A Area reduction Rockwell Impact energy at room  Yield strength held at 600°C
(MPa)  (MPa) (%) hardness HRC temperature Akv/] for 180 min (MPa)
M20 1041 1075 21.5 35.2 152 513

TaBLE 4: Experimental condition and parameters of the specimens.

Specimen number

Temperature

Treatment of friction surface

Type of high-strength
bolts (Grade 10.9 M20)

Specimen quantity

Al . Fire resistant 2
Impeller blasting .
A2 . Ordinary 2
Room temperature (20°C) . .
A3 Spraved hard quartz sand Fire resistant 2
A4 prayed hard qu 2 Ordinary 2
Bl Impeller blasting Fire re.z51stant 2
B2 200°C Ordinary 2
B3 Sprayed hard quartz sand Fire resistant 2
B4 pray a Ordinary 2
Cl Impeller blasting Fire re.z51stant 2
C2 400°C Ordinary 2
c3 Sprayed hard quartz sand Fire resistant 2
C4 pray 4 Ordinary 2
D1 . Fire resistant 2
D2 . Impeller blasting Ordinary N
600°C . .
D3 Sprayed hard quartz sand Fire resistant 2
D4 pray 1 Ordinary 2
El Impeller blasting Fire ref51stant 2
E2 700°C Ordinary 2
E3 Sprayed hard quartz sand Fire resistant 2
E4 pray 1 Ordinary 2

(©

(d)

FIGURE 2: MTS high-temperature testing machine and the specimen at elevated temperatures. (a) A testing machine. (b) Installation of the
specimen. (c) Local details. (d) Details of the specimen.

(5) When the temperature in the furnace falls below

200°C, we open the furnace to cool down. We replace

the specimen when the surface temperature is less

than 50°C.

3. Analysis of Experimental Results

dinary high-strength bolt specimens.

Under

3.1. Failure Mode. Figure 3 shows the failure mode of or-

room



Advances in Materials Science and Engineering

temperature, the bolt in the specimen almost has no shear
deformation (see Figure 3(a)), but the bolt hole of the fire-
resistant steel plate has significant deformation, which shows
that the final failure mode is the compressive failure of the
bolt hole wall. Under the condition of 200°C~600°C, both the
bolt hole and screw have large plastic deformation under the
external loading (see Figure 3(b)). The steel plate and bolt
share the shear force, and the shear deformation degree of
the screw is smaller than that of the bolt hole. At 700°C, there
is almost no deformation of the bolt hole, but the shear
deformation of the screw is significant (see Figure 3(c)).
Thus, the final failure mode of the specimen is a double shear
failure of the bolt screw. For the joint connected by ordinary
high-strength bolts and a fire-resistant steel plate, the higher
the temperature is, the more likely the failure is to occur on
the bolt.

Figure 4 shows the failure mode of fire-resistant high-
strength bolt specimens. Under the condition of
20°C~700°C, all specimens have the same failure mode,
which is the compressive failure of the bolt-hole wall. The
bolt hole experiences significant plastic deformation, while
the deformation of the screw is not significant.

3.2. Load-Deformation Relationships. Figure 5 shows the
relationship between loading force and displacement of
specimens under different experimental conditions.
According to this figure, there are four stages during the
whole loading process (shown in Figure 5(a)). (1) Stage 1 is
the initial elastic stage. In this stage, the loading force of the
specimen nearly increases linearly with the increase in
displacement. There is no contact between the bolt screw and
bolt hole wall, and thus, the bearing capacity of the specimen
mainly depends on the friction between the bolt and the steel
plate. (2) Stage 2 has slip characteristics. At this stage, rel-
ative slip displacement occurs between the bolt and steel
plate. This is the reason that the loading force-displacement
curve appears to have a significant platform segment or
descending segment. (3) Stage 3 corresponds to the extru-
sion-strengthening stage. At this stage, the bolt is in close
contact with the bolt hole wall. The hole wall is under
pressure, the bolt screw is under shear, and the loading force
increases again with the increase in displacement. As can be
seen from the figure, under the same deformation condition,
strength and stiffness (slope of the curve) of the specimen
decrease with the increase of temperature, which indicates
that the “strengthening” effect tends to weaken. (4) Stage 4
corresponds to the period from the ultimate strength (Fy) to
the failure of the specimen. At this stage, the slope of the
loading force-displacement curve begins to decline, and both
material strength and specimen deformation reach the limit
state.

3.3. Degradation of Deformation Capacity. The ultimate
displacement Ay is defined as the displacement when the
specimen reaches ultimate strength (see Figure 6(a)), which
represents the ductility and deformation capacity of the
specimen to some extent. Figure 6 shows the relationship
between ultimate displacement and temperature. Different

treatments of friction surfaces (specifically, impeller blasting
and sprayed hard quartz sand) almost have no obvious effect
on the Ay. For both ordinary bolt specimens and fire-re-
sistant bolt specimens, Ay generally shows a trend of de-
creasing with the increase of temperature. In case of the
temperature from 20°C to 400°C, Ay of ordinary bolt
specimens and that of fire-resistant bolt specimens are
similar and do not show obvious regularity. When the
temperature is between 400°C and 700°C, the decreasing rate
of Ay of ordinary bolt specimens is faster than that of fire-
resistant bolt specimens. As a result, Ay of fire-resistant bolt
specimens is even 1.5 times as much as high of ordinary bolt
specimens at 700°C. This result is related to the failure mode
of specimens (see Section 3.1). The ordinary bolt specimens
show the double shear failure of a bolt screw at elevated
temperatures (such as 600°C and 700°C), and the fire-re-
sistant steel plate cannot contribute its plastic deformation
ability. The specimen deformation mainly comes from the
very limited shear deformation of high-strength bolts, and
thus, Ay is significantly small.

3.4. Degradation of Bearing Capacity. Table 5 shows the
experimental results of specimen bearing capacity. The ul-
timate strength (Fy) and slip load (Fs) of specimens cor-
respond to the beginning points of Stage 2 and Stage 4 (see
Section 3.2 and Figure 5(a)), respectively. To facilitate
comparison, Fy and Fs are standardized. Taking the ultimate
strength of specimens at room temperature (F N20) as a
reference, the reduction factor of the tensile strength (Kyy) is
calculated, where Ky = Fyr/Fy,. Fyr is the ultimate
strength of specimens at elevated temperatures, whose
treatment of the friction surface and type of high-strength
bolts are the same as the corresponding specimen at room
temperature. Similarly, the reduction factor of the slip
strength (Kj) is calculated, where K = Fg/Fg,,. Fgr and
Fy,, are the slip loads of specimens at elevated temperatures
and room temperature, respectively.

Figure 7 shows the relationship of Ky and temperature.
For the specimens of both ordinary and fire-resistant bolts,
the reduction factor of tensile strength (Ky) decreases with
the increase in temperature. In addition, different treatments
of the friction surface almost have no effect on the Ky. For
specimens of ordinary bolts, when the temperature is less
than 400°C, Ky decreases slowly with the increase in tem-
perature. When the temperature reaches 400°C, Ky de-
creases to 0.9 times the original value (20°C). As the
temperature exceeds 400°C, Ky decreases rapidly. At 600°C,
Ky decreases to below 0.4, and Ky is only 0.2 at 700°C,
indicating that the specimen has lost most of its bearing
capacity. For specimens of fire-resistant bolts, Ky of them is
always larger than that of ordinary bolt specimens. Similar to
specimens of ordinary bolts, Ky of fire-resistant bolts
specimens decreases slowly from 20°C to 400°C, and there is
little difference between Ky of ordinary bolt specimens and
Ky of fire-resistant bolt specimens. When the temperature is
between 400°C and 700°C, Ky of fire-resistant bolt specimens
decreases relatively rapidly, and the rate of decline is smaller
than that of ordinary bolt specimens. For Ky of fire-resistant
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FIGURE 3: Failure of ordinary high-strength bolt specimens. (a) A4. (b) B4. (c) E2.
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FIGURE 4: Failure of fire-resistant high-strength bolt specimens. (a) A3. (b) C3. (c) D3. (d) EL.
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F1GURE 5: The relationship between loading force and displacement of specimens. (a) B1. (b) Impeller blasting and fire-resistant bolts. (c)
Impeller blasting and ordinary bolts. (d) Sprayed hard quartz sand and fire-resistant bolts. (¢) Sprayed hard quartz sand and ordinary bolts.
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TaBLE 5: Experimental results of specimen bearing capacity.

Type of high-strength bolts Specimen numbers Temperature T (°C) Fy (kN) Ky Fg (kN) K
Al 20 633.70 1.00 229.70 1.00
Bl 200 593.60 0.94 363.55 1.58
Cl1 400 603.15 0.95 332.60 1.45
D1 600 411.10 0.65 102.65 0.45
Fire resistant El 700 249.30 0.39 33.60 0.15
A3 20 611.80 1.00 150.2 1.00
B3 200 604.80 0.99 281.25 1.87
C3 400 562.75 0.92 324.55 2.16
D3 600 428.00 0.70 186.45 1.24
E3 700 258.85 0.42 47.45 0.32
A2 20 633.10 1.00 218.10 1.00
B2 200 595.40 0.94 370.80 1.70
C2 400 581.20 0.92 226.60 1.04
D2 600 241.50 0.38 34.75 0.16
Ordinary E2 700 128.45 0.20 12.55 0.06
A4 20 643.30 1.00 295.10 1.00
B4 200 622.05 0.97 316.10 1.07
C4 400 592.60 0.92 420.80 1.43
D4 600 229.40 0.36 36.00 0.12
E4 700 125.95 0.20 9.90 0.03
1.1 specimens. Under the same treatment of the friction surface,
10k Kj of fire-resistant bolt specimens is always larger than that
09 L of ordinary bolt specimens.
08 L Considering the abovementioned analysis of the ex-
07| perimental results of bearing capacity degradation with
2 os | temperature, in cases where the temperature is less than
< 400°C, fire-resistant and high-strength bolted joints can be
0>r designed according to the friction type connection. In cases
041 where the temperature is greater than 400°C, fire-resistant
0371 and high-strength bolted joints are suggested not to consider
0zr the slip bearing capacity and to be designed according to the
0.1 . . . . . . - shear bearing type connection.
0 100 200 300 400 500 600 700 800
T (°C)
:CD): iég :i: 2421:5421 3.5. Calculation Model of Reduction Factor. The reduction

FIGURE 7: The relationship between Ky and temperature.

bolt specimens, it is about 0.7 at 600°C and 0.4 at 700°C,
which is far greater than that of ordinary bolt specimens. The
abovementioned results remind us that when the design
temperature is greater than 400°C, there is a great difference
between the properties of ordinary and fire-resistant bolted
joints. Therefore, in this case, the performance matching of
connecting members should be considered, such as the
connecting bolts of fire-resistant steel plates, which should
also be made of fire-resistant steel.

Figure 8 shows the relationship between Kg and tem-
perature. For both ordinary bolt specimens and fire-resistant
bolt specimens, the reduction factor of slip strength (Ks)
shows a trend of increasing first (20°C~400°C) and then
decreasing (400°C~700°C). When the temperature exceeds
400°C, K, decreases sharply, and the specimen has almost no
slip load at 700°C. Different treatments of friction surfaces
(specifically, impeller blasting and sprayed hard quartz sand)
have a visible influence on Ky, especially on fire-resistant bolt

factor of tensile strength plays an important role in evalu-
ating the bearing capacity of components, joints, and
structures under elevated temperature and fire conditions.
Based on the relationship between Ky and temperature in
the experimental results, the calculated model of Ky is
proposed in linear form (equation (1)), which is convenient
for application and structural design. Equations (2) and (3)
are calculated models of Ky for specimens of fire-resistant
bolts and for specimens of ordinary bolts, respectively. The
parameters a and b in the calculated model are obtained by
fitting. The degrees of fitting of equation (2) are R=0.842
(20°C<T<400°C) and R=0.976 (400°C<T<700°C), re-
spectively. The degrees of fitting of equation (3) are R=0.912
(20°C<T<400°C) and R=0.994 (400°C<T<700°C), re-
spectively. Figure 9(a) shows experimental and calculated
reduction factors Ky plotted with respect to temperatures.

The degree of reliability of the calculated model
(equations (2) and (3)) obtained by fitting the experimental
data is 50%, and the probability of the predicted Ky being
larger or smaller than the actual value is almost the same,
which is logically unsafe. The large degree of reliability
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indicates the great probability that the actual Ky is greater
than the calculated Ky. In practical engineering, the cal-
culated model of Ky with larger reliability is usually required
for safety. Ky is a variable between 0 and 1, so it is assumed to
satisfy the log-normal distribution. The estimated value of b
with the degree of reliability p; is expressed in equations (4)
and (5). Table 6 shows the model parameters of Ky under

different degrees of reliability, which can be selected for the
suitable reliability according to requirements. Figure 9(b)
shows the calculated model of Ky for fire-resistant high-
strength bolt specimens under different reliability levels
(including 50%, 85%, 95%, and 99%), and Figure 9(c) shows
the calculated model of Ky for ordinary high-strength bolt
specimens under different reliability levels:

Ky =aT +b, (1)
~0.000167T +1.012, 20°C <T < 400°C . _ .
N = . . for specimens of fire — resistant bolts, 2)
—0.0017T + 1.6252,  400°C < T < 1000°C
~0.00022T + 1, 20°C < T < 400°C _ ,
N = . .~ forspecimens of or di nary bolts, (3)
-0.00245T + 1.892, 400°C <T <1000°C
b=b+ UpiSs (4)
1 2 —
s = Z (KNI_KN) > (5)

n-1i7

where a and b are model parameters of the linear calculated
model, b and b are estimated value and average value of b,
respectively, u,; is the standard normal deviator (where
subscript pj represents j degrees of reliability), s is the
standard deviation of experimental specimens, ;s is the
model error of the linear calculated model, n is the total
quantity of specimens, Ky; is the reduction factor of each
specimen, and K  is the calculated reduction factor based on
the model parameter b.

Figure 10 shows the comparison between experimental
and calculated reduction factors of tensile strength. The solid
line is the 1:1 line, two dash lines are bounds that

correspond to the scatter band of 1.05, and two dot lines are
bounds that correspond to the scatter band of 1.15. Most
calculated reduction factors are located within a safe scatter
band of 1.05. All calculated reduction factors are located
within a scatter band of 1.15, which shows good accuracy of
the proposed calculated model. The proposed linear model
has relatively great convenience for application and reli-
ability design, and considering the limited experimental
data, more work can be carried out to have a solid guideline.

Figure 11 shows an illustrative design example. In a
steel-braced frame, a beam is usually connected to the
cantilever arm of a column by connecting plates and bolts,
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FIGURE 9: (a) Calculated model of Ky. (b) Calculated model of Ky for fire-resistant high-strength bolt specimens under different reliability.
(c) Calculated model of Ky for ordinary high-strength bolt specimens under different reliabilities.

TaBLE 6: The model parameters of Ky under different degrees of reliability.

Degrees of reliability (p)) 50% 85% 95% 99%
) 0 ~1.036 ~1.645 ~2.326
Specimens of fire-resistant bolts 20°C< T<400°C 1.012 0.9687 0.9433 0.9149
; 400°C < T<700°C 1.6252 1.5819 1.5565 1.5281
Soecimens of ordinary bolts 20°C < T< 400°C 1 0.9705 0.9532 0.9338
P y 400°C < T< 700°C 1.892 1.8625 1.8452 1.8258

Note. p,; corresponds to each reliability and P; is obtained from the table of the standard normal deviator.

which is a typical beam-column connection. As shown in
this figure, the force conditions of connecting plates and
bolts in the flange connection are the same as those in the
bolted joint of this paper experiment. Using the proposed
prediction model of Ky, the design value of high tem-
perature bearing capacity at the flange connection can be
obtained for a given temperature, bolt type, and reliability.
In addition, this calculated process and example can be
applied to structures of other steel types (such as stainless
steel) for fire design.

In addition, material reduction factors and experimental
results are compared, which is shown in Figure 12. Equa-
tions (6) and (7) [26] are the calculated model of high-
strength fire-resistant bolt (represented by Ky ) and an
ordinary high-strength bolt (represented by Ky ), respec-
tively. They are obtained from a summary of experimental
data on high-strength bolts (including fire-resistant bolts
and ordinary bolts) at elevated temperatures in recent 20
years. The illustration of samples in the experiment is shown
in Figure 12. Equation (8) [33] is the calculated model of fire-
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resistant steel (represented by Ky pprp). For specimens
(bolted joints in this study) of fire-resistant bolts, Ky ppp is
closer to the experimental results. This result is related to the
failure mode of the specimens (whose fire-resistant bolts are
almost not damaged). For specimens of ordinary high-
strength bolts, in the case of 400°C~700°C, Ky ppp OVveres-
timates the experimental results and K, 3 underestimates
the experimental results. This result is related to the change
in failure mode of ordinary high-strength bolt specimens
(see Section 3.1) under elevated temperatures. The me-
chanical properties of bolt material and steel material are
different at high temperatures, and the actual force of a
bolted joint is complicated. Thus, there may be a calculated
error if the reduction factor of the material is directly used to
evaluate the mechanical properties of bolted joints, and the
damage state should be taken into consideration (especially
in cases of elevated temperatures):

(7T — 4790
_— 20°C < T < 650°C,
6T — 4770
KN,FRB = (6)
7(1000 - T
71000 -T) ,  650°C < T <1000°C,
[ 100(T - 560)
T -20
- 20°C < T <350°C,
3000
41(T - 20
Kyp=1 1.792 - 2, 350°C<T<650°C, (7)
15000
T -20
0.196 — , 650°C < T < 1000°C,
| 5000
[ 6(T — 768
Q, 20°C < T < 700°C,
5(T - 918)
v =1 000 -7 ®
—————— 700°C<T <1000°C.
[ 8(T - 600)

4. Conclusion

Experiments on 40 specimens of high-strength and fire-
resistant bolted joints are conducted. The experimental
results are used to investigate the effect of temperature,
treatment of the friction surface, and steel type of a high-
strength bolt on the mechanical performance of specimens.
A calculation model is proposed to predict the reduction
factor of tensile strength. The main findings and conclusions
are summarized as follows:

(1) The bearing and deformation capacities of fire-re-
sistant bolt specimens are generally better than those
of ordinary bolt specimens at elevated temperatures,
especially when the temperature exceeds 400°C. As
the temperature increases, the failure mode of or-
dinary bolt specimens changes from a compressive
failure of the bolt hole wall (20°C~400°C) to a double
shear failure of the bolt screw (>600°C). The fire-
resistant bolt specimens have the same failure mode

Advances in Materials Science and Engineering

(which is the compressive failure of the bolt hole
wall) under the condition of 20°C~700°C.

(2) The effect of different treatments of the friction
surface (specifically, impeller blasting and sprayed
hard quartz sand) on the ultimate displacement and
ultimate strength of specimens can be negligible.
However, the treatments of the friction surface have
a relatively significant effect on the slip load of
specimens.

(3) The fire-resistant and high-strength bolted joints can
be designed according to the friction type of con-
nection when the temperature is between
20°C~400°C. In case of the temperature greater than
400°C  (400°C~700°C), fire-resistant and high-
strength bolted joints are suggested to be designed
according to the shear bearing type connection.

(4) For both ordinary and fire-resistant bolt specimens,
the reduction factor of tensile strength (Ky) de-
creases with the increase in temperature. Ky de-
creases slowly when the temperature is less than
400°C, and in the case of 400°C, Ky is 0.9~0.95 times
the value at 20°C. As the temperature exceeds 400°C,
Ky decreases rapidly. Ky of ordinary and fire-re-
sistant bolt specimens at 700°C are about 0.2 and 0.4,
respectively, indicating that the specimen has lost
most of its bearing capacity.

(5) The calculated model of Ky under different degrees
of reliability is proposed to predict the tensile
strength of bolted joints (including fire-resistant and
ordinary high-strength bolted specimens) under
elevated temperatures, which has the potential to be
used for the fire-resistant design of connections and
structures. At 20°C~400°C, Ky of fire-resistant and
ordinary high-strength bolted specimens is similar,
and Ky of fire-resistant bolt specimens is larger than
that of ordinary bolt specimens under the condition
of 400°C~700°C.

According to the results in this study, it is necessary to
use fire-resistant bolts to connect fire-resistant steel plates.
The prediction models of the strength reduction factor for
fire-resistant steel plates matched with different types of
bolts are proposed for reference in structural fire design. The
abovementioned study is helpful in understanding and
promoting the application of fire-resistant steel, especially in
a country like China, where fire-resistant steel is not widely
used. Given the better practical significance, we prepare to
conduct an experimental study on the joint of ordinary steel
plates and fire-resistant high-strength bolts to consider the
influence of the type of steel plate on the mechanical
properties of bolted joints at elevated temperatures.

Data Availability
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