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ARTICLE INFO ABSTRACT

In this paper, we present an experimental study of the fatigue performance of high-strength steels base materials,
perforated plate, and bolted connection. The corresponding fatigue life was predicted. According to the stress
concentration degree, the location of the initial crack was discussed, and the reduction degree in fatigue strength
was quantitatively analyzed by the fatigue notch factor. Finally, the fatigue damage development process was
analyzed on the basis of fatigue damage theory. Results indicated that the base materials and perforated plate
showed good fatigue performance in the finite fatigue range. Their fatigue limit was clearly higher than the code
value. The fatigue strengths of the Q690 base material and the perforated plate under the 95% survival prob-
ability were 1.3 and 1.2 times that of Q460, respectively. The fatigue performance of bolted connection Q690
was significantly higher than of Q460. Under the 95% survival probability, the fatigue strength of bolted con-
nection Q690 was 1.5 times that of Q460. The stress concentration led to enhanced local stress and stress
gradient. It also restricted crack initiation at maximum stress and reduced the fatigue strength of specimens.
Damage value could better reflect the internal state changes of the components well in the process of fatigue
failure. With the fatigue cycles times increased , the damage value gradually increased, whereas the effective
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bearing area and bearing capacity decreased, and the instantaneous fracture occurred.

1. Introduction

Bolted connections are used as an efficient and versatile joining
technology in a variety of engineering applications. It is seen as a good
alternative to welded equivalents. Bolted connections are rather simple
to assemble even in challenging conditions and have the advantage that
they can be disassembled and reassembled numerous times. However,
the stress concentration in the opening area of the plate in the bolt
connection is severe, and brittle fracture is prone to occur under the
alternating load. Fatigue damage has no obvious plastic deformation,
and sudden damage often leads to catastrophic accidents, causing huge
economic losses.

Results of related research indicated that the fatigue strength of
bolted connections is affected by various factors, such as bolt pretension
force, bolt arrangement, friction surface treatment, steel grade, and
opening ratio [1]. Sehitoglu [2] predicted the fatigue life of open-hole
specimens based on local strain and elastoplastic fracture mechanics
theory. Josi et al. [3]. studied the fatigue performance of double-lap

staggered holes. In the calculation of fatigue life, considering the in-
fluence of average stress, Morrow [4] and SWT [4] models were pro-
posed based on stress and strain methods. Both models are well pre-
diction for fatigue life. Alegre and Sanchez [5,6] showed that the
fatigue strength of drilled hole components is twice that of punched
hole components according to the fatigue test results of perforated
plates. Minguez [7] investigated the effects of the bolt pretension force
on fatigue life of an aluminum alloy bolted connection , The results
show that in the single lap joint connection, the fatigue life does not
change significantly with the increase of the pretension force. The
greater pretension force of double-lap bolted connection, the fatigue life
gets longer correspondingly. Benhamena [8,9] research shows that
when the pretension force of the bolt is low, the crack appears where is
easy to generate stress concentration in the bolt hole. Increasing the
pretension force of the bolt can alleviate the stress concentration, and
the cracking position is transferred to the front of the hole,and the fa-
tigue life is increased. Saranik [10] studied the low cycle fatigue per-
formance of bolted joints. The bolts were loosened under repeated
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Table 1
Specimens category.
Steel grade Group type Specimen type Number Steel grade Group type Specimen type Number
Q460D A Base metal 15 Q690D D Base metal 13
B Perforated plate 15 E Perforated plate 13
C Bolted connection 15 F Bolted connection 13

excitation, the micro-sliding between the joint plates, the stress redis-
tribution, and the fatigue damage gradually occurred. Wang [11,12]
studied the hole forming method of bolted joints and the influence of
bolt pretension force on the fatigue life of the components. Janne et al.
[13] study different operating and design parameters of a single bolted
joint on the fretting fatigue life. The results show that fretting sig-
nificantly decreases fatigue life in bolted joints. These studies have
focused on the fatigue performance of normal steel bolted connection.

Recent years, with the improvement of steel production technology
and the maturity of corresponding welding materials and joining
technologies, high strength steel has been successfully applied in many
buildings. High strength steel improves the strength, plasticity and
fracture toughness of steel thanks to specific Thermo-Mechanical
Control Process (TMCP) and the addition of alloying elements, and has
good fatigue properties. At present, in the study of fatigue properties of
high strength steel, Chen et al. [14] studied the fatigue properties of
high-strength steel based on stress, strain and energy methods. Studies
have shown that high strength steel exhibit slightly higher fatigue re-
sistance than normal steels. Davies [15] research shows that high-
strength steel has high hardness and is sensitive to stress concentration,
which has a significant effect on structural fatigue life. Jezernik [16]
believes that the surface roughness of high strength steel has a sig-
nificant effect on fatigue strength. Cicero et al. [17,18] investigated the
effects of oxy-fuel, plasma, and laser cutting techniques on the fatigue
performance of high strength steel and provided the corresponding
BS7608 code design grades. Only in the aerospace and mechanical
fields, Carlos et al. [19] studied the fatigue failure mechanism of high
strength steel bolt joints under different pretension force levels. The
experimental results reveal that an increase in the pretension force
significantly improves the fatigue life of the bolt connection.
Hamélédinen [20] has reported the susceptibility to fretting fatigue of
bolted connections made of S960QC and the possible challenges linked
to it. It is noteworthy that design rules for bolted connections are widely
available in European standards [21,22] together with extensions to
include higher steel grades [23]. The fatigue strength curves and detail
categories in [24] are mainly based on fatigue tests carried out on
bolted and welded carbon steels details with nominal yield stress ran-
ging from 235 to 400 MPa. And, even if the part 1-9 may cover higher
structural steel grades given in EN 1993-1-12 (S235-S700), the phe-
nomena governing the fatigue resistance of HSS bolted joints are cur-
rently not perfectly known.

Fatigue damage to civil structures doesn’t endanger life as much as
aerospace structures. The ultimate goal of fatigue analysis is to de-
termine the fatigue life of structures or components, and to provide
classification of connections and allowable stress amplitude according
to detail construction, which provides standards and basis for structural
design. There are relatively few studies on the fatigue properties of high
strength steel under different joint structures. In this paper, high
strength steel base material was used as the comparative specimen, and
the fatigue performance test of Q460 and Q690 high strength steel
perforated plate and bolt connection was carried out. The S-N curve was
fitted and the fatigue characteristics and fatigue life of the base mate-
rial, perforated plate and bolted joints was evaluated using BS7608
[25], Eurocode3 [26] and AISC360 [27]. Through the comparison of
the fatigue strength of the base material, perforated plate and bolt
connection, the influence of stress concentration and standard preten-
sion force on fatigue strength is analyzed. The crack initiation position
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was analyzed from the macroscopic level. And the damage curve is used
to analyze the development process of fatigue damage.

2. Testing arrangement and specimen details
2.1. Specimen design

In order to study the fatigue characteristics and laws of high
strength steel bolted connection, referring to GB/T 2975-1998 "Steel
and Steel Products-Location and Preparation of Test Pieces for
Mechanical Testing" [28], the test materials using 8 mm thick Q460D
and Q690D high strength steel and it is sampled at full thickness. Three
group specimens were designed for this test material. The specimens
were divided into base material, perforated plate and bolted connec-
tion. The detailed classification is shown in Table 1. The geometric
dimensions of the specimens are shown in Fig. 1. The aperture of the
perforated plate specimens was 22 mm. The bolted connection speci-
mens were double-shear joints, and the aperture was 22mm. The
bolt-hole edge distance, end distance, and bolt pitch satisfied the
GB50017-2018 [29] connection construction requirement. Grade 10.9
M20 high-strength bolts were used to assemble the main plate and the
connecting plate. The perforated plate specimens bore 510 N'm torque
to achieve the specified pretension. Table 2 lists the chemical compo-
sitions of the steel materials.

2.2. Material properties

The test materials were High-strength low-alloy rolling steels fab-
ricated in ShouGang, a famous steel company in China. Their material
parameters were tested according to the “Tensile Test of Metal
Materials Part I: Experimental Method under Room Temperature” (GB/
T 228.1-2010) [30]. The stress-strain curves of the high strength steel
were plotted (Fig. 2). Table 3 lists the corresponding mechanical
properties. Static tensile tests were performed on the base material,
perforated plate, and bolted connection, and its corresponding yield
loads were obtained (Table 4). The yield load values of the specimens
were determined by a fatigue test.

2.3. Test setup and loading procedure

This fatigue loading experiment was accomplished on an MTS322
electrohydraulic servo fatigue tester. The loading waveform was a
constant amplitude sinusoid. PVC compensation was used, and the
stress ratio in cyclic loading was set as R = Spin/Smax = 0.1. The
loading frequency fluctuated at a range of 15-30 Hz. The maximum
stress level of the fatigue test was determined by the yield strength of
specimens. Specimens were maintained at an elastic state throughout
the experiment. The initial maximum stress (S,.x) was determined to be
0.6 f; to 0.8 f;. The fatigue limit was determined according to the small
sample up-and down method and gradually approached by adjusting
the loading coefficient. i.e., the stress level of the specimen which was
broken by repeated load at 2 million times. The experiment was ended
upon the presence of anomalies and fractures or upon reaching 2 mil-
lion cycles number.
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Fig. 1. The geometry size of specimen.

Table 2 Table 3
Chemical compositions of steel and electrode (%). Material characteristic test result.
Chemical C Mn Si P S Ni Cr Mo A Steel grade  Tensile strength Yield strength Elastic modulus
compositions (Mpa) (Mpa) (x105MPa)
Q460D 0.08 1.09 0.15 0.011 0.002 0.50 0.55 0.08 0.075 Q460D 592.0 504.9 2.524
Q690D 0.07 16 0.15 0.008 0.001 - 0.01 0.002 0.002 Q690D 832.0 786.3 2.063
900 Table 4
— Yield load value of specimen.
750 f r_—_—/ Specimen type Base metal Perforated plate Bolted connection
Q460 yield load (kN) 60.59 180.00 189.52
L ¢ ittt Q690 yield load (kN) ~ 94.36 220.45 28151
I
450 H : i
] 3. Theoretical analysis
o
300 —— Q690 speciment . : : :
P The relationship between external loads and fatigue life should be
----- Q460 speciment established to estimate the fatigue life or fatigue strength. The re-
150 lationship curve between reaction loads and fatigue life is called the
S—-N curve. The empirical equation of the S-N curve in the form of a
0 1 1 L 1 1 ) power function is expressed as follows:
0 2 4 8 10 12

6
Strain(%)

Fig. 2. Stress-strain curves.

S™N = C, @

where S is the nominal stress amplitude of the specimen section and C
and m are fatigue parameters related to a component type.
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In the S-N curve, generally, the abscissa axis of the logarithm de-
notes the cycle number and the vertical axis of the logarithm denotes
the stress amplitude or maximum stress. By calculating the logarithm of
the two sides of Eq. (1), we can obtain the following expression:

IgN=1gC—-mlgS. (2)

3.1. BS7608

BS7608 [25] is based on linear damage accumulation theory.
BS7608 divides the connection joint into B, C, D, E, F, F2, G, G2, W1, X,
S1, S2, and TJ13 levels according to the local stress concentration,
loading direction, possible crack initiation position, and geometric
shape of the joint. This standard summarizes abundant fatigue test data,
provides fatigue calculation methods for different connection forms,
and effectively supports the fatigue life prediction of different connec-
tion structures.

For different design levels, the relationship between stress ampli-
tude (S) and the number of fatigue failures (N) is as follows:

IgN=1gCy—do—mlgs, 3

where IgC, is related to the mean S-N curve, ¢ is the standard deviation

of the corresponding design level, m is the slope of the S-N curve under

the log-log coordinates, and d is the coefficient related to the test level.
Using Formula (3), we derive the following equation:

IgC = 1gC, — do, @
Eq. (4) can be rewritten as following:
S"N = C . (3)

3.2. Eurocode3

Eurocode3 (EC3) [26] uses a limit state design method that is based
on probability theory and is applied for the fatigue design of steel
structures as a partial factor. The fatigue fracture of steel structures
belongs to the ultimate limit state. Previous research has shown that
stress amplitude is one of the main factors that influences the fatigue
strength of structures. Base on the stress amplitude and fatigue strength,
the fatigue failure expression under the ultimate stress state can be set
as follows:

AUR - AO’S = 0, (6)

where Aoy is the fatigue strength determined by the structural detail
classification S-N curve and Aoy is the equivalent stress amplitude
caused by fatigue load. The fatigue strength curve is also called the S-N
curve, which can be obtained through the regression analysis of fatigue
test data. The logarithmic linear equation is expressed as follows:

Thin-Walled Structures 138 (2019) 243-251

IgN=1gC - mlgAo, 7

where Ao is the stress amplitude and C and m are the performance
parameters of the structures or materials.

The fatigue life discreteness was large under the same stress level
due to changes in material properties, processing conditions, fatigue
loading, test process, and the fatigue fracture of specimens. Fourteen
fatigue strength curves of normal stress amplitude and two fatigue
strength curves of shear stress amplitude were provided in Eurocode3.

The fatigue strength design curves of the normal stress amplitude
when N < 5 x 10° were expressed as the following:

AGf'N = Acl'2 x 109, €))

where m = 3 and Aog is the stress amplitude corresponding to the
14 fatigue strength design curves of the normal stress amplitude in EC3
when N = 2 x 10°.

When 5 x 10° < N < 105, the following formula is used:

Aog'N = Acf'5 x 108, (C)]

where m = 5 and Ao is the stress amplitude corresponding to the 14
fatigue strength design curves of the normal stress amplitude in EC3
when N = 108,

3.3. ANSI/AISC360-10

ANSI/AISC360-10 [27] defines the ultimate limit state from fatigue
cracking to failure in the range of elastic stress. The stress range of
different stress types should not exceed the following regulations:

For stress types A, B, B', C, D, E, and E’, the allowable stress am-
plitude (Fsg) is determined using the following equation:

0.333
FSR = ( ) > FTH:

where C; is the constant related to stress type and is determined
according to fatigue type, Fsg is the allowable stress amplitude, and Fry
is the threshold allowable stress amplitude.

For stress type F, Fsg was determined using the following formula:

FSR:(

4. Fatigue results

Cy X 329

N (10)

Cr x 11 x 1049
- > FTH

N . (1)

4.1. Fatigue test results

Fatigue tests were conducted on 84 Q460 and Q690 specimens,
which yielded 39 and 32 effective test data, respectively. Tables 5-6
record the results. The fracture position at base material was close to

Table 5

The fatigue test parameter and results of Q460D bolted connections.
Specimen number K Smax (MPa) N (Cycle) Specimen number K Smax (MPa) N (Cycle) Specimen number K- Smax (MPa) N (Cycle)
A-1-460 0.80 363.53 439443 B-1-460 0.70 322.16 127248 C-1-460 0.80 387.66 474712
A-2-460 0.78 354.44 431262 B-2-460 0.60 276.14 141135 C-2-460 0.80 387.66 416493
A-3-460 0.76 345.35 1245455 B-3-460 0.55 253.13 432064 C-3-460 0.75 363.43 946656
A-4-460 0.75 340.81 1072197 B-4-460 0.55 253.13 392275 C-4-460 0.75 363.43 990290
A-5-460 0.74 336.26 383206 B-5-460 0.50 230.11 383722 C-5-460 0.70 339.19 730641
A-6-460 0.72 327.18 781228 B-6-460 0.45 207.10 458040 C-6-460 0.65 314.97 1409507
A-7-460 0.70 318.09 476435 B-7-460 0.44 202.50 561951 C-7-460 0.60 290.74 1632635
A-8-460 0.70 318.05 754243 B-8-460 0.43 197.90 848352 C-8-460 0.55 266.52 2000000
A-9-460 0.69 313.54 2000000 B-9-460 0.429 197.44 2000000 C-9-460 0.55 266.52 1077294
A-10-460 0.69 313.54 1258629 B-10-460 0.428 196.88 2000000 C-10-460 0.54 259.88 1039349
A-11-460 0.67 304.45 729495 B-11-460 0.425 195.60 2000000 C-11-460 0.50 242.28 1765546
A-12-460 0.65 295.37 2000000 B-12-460 0.42 193.30 2000000 C-12-460 0.48 232.59 2000000
A-13-460 0.65 295.37 2000000 B-13-460 0.40 184.09 2000000 C-13-460 0.45 218.05 2000000

Where K represents loading coefficient, A series represents base material, and B series represents perforated plate, and C series represents bolted connection.
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Table 6

The fatigue test parameter and results of Q690D bolted connections.
Specimen number K Smax (MPa) N (Cycle)  Specimen number K Smax (MPa) N (Cycle)  Specimen number K Smax (MPa) N (Cycle)
D-1-690 0.70 495.40 267166 E-3-690 0.512  288.59 211750 F-2690 0.7 335.90 429155
D-2-690 0.65 460.01 291355 E-4-690 0.48 270.55 261710 F-3-690 0.65 337.47 542759
D-3-690 0.62 438.78 275873 E-5-690 0.45 253.64 561678 F-4-690 0.60 287.91 772436
D-4-690 0.6 424.63 501540 E-6-690 0.44 248.01 702857 F-5-690 0.598  287.10 1201886
D-5-690 0.59 417.55 1822432 E-7-690 0.435  245.19 681557 F-6-690 0.55 263.91 941025
D-6-690 0.58 410.47 2000000 E-8-690 0.435  245.19 2000000 F-7-690 0.53 254.32 1360300
D-7-690 0.57 403.40 2000000 E-9-690 0.43 242.37 2000000 F-8-690 0.524  251.22 1046198
D-8-690 0.56 396.32 2000000 E-10-690 0.42 236.73 2000000 F-9-690 0.51 244.72 1018837
D-9-690 0.55 389.24 2000000 E-11-690 0.41 231.10 2000000 F-10-690 0.50 239.93 2000000
E-1-690 0.70 394.56 111941 E-12-690 0.4 225.46 2000000 F-11-690 0.48 230.32 2000000
E-2-690 0.597  336.89 132258 F-1-90 0.8 383.88 306399

Where K represents loading coefficient, D series represents base material, and E series represents perforated plate, and F series represents bolted connection.
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Fig. 3. Fatigue test result for base metal.
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Fig. 4. Fatigue test result for perforated plate.

the arc transition section. The perforated plate was broken at the net
cross section and the bolted connection specimens were broken in the
area before the first row of holes. Figs. 3-5 illustrate the effective test
data. The S-N curve was obtained from the regression analysis of the
test data.

To evaluate the test data, we illustrated the corresponding European

1000 i — - - - 95% survival probability bound(Q460)
L _ijeeeeces 95% survival probability bound(Q690)
I 460 best fit S-N curve
690 best fit S-N curve
i AISC360
L Eurocode3
[|— - = BS7608
- L
]
Ay
é L
75]
100 L L ' LAl ALl
100000 1000000 10000000

N(cycle)

Fig. 5. Fatigue test result for bolted connection.

code, American code, and UK code fatigue design curves in the figures.

The

fatigue limit values of 2 million cycles were determined (Table 7).

The following features were observed in Figs. 3-5.

(€Y

(2

The test data is more discrete, and the fatigue life is more discrete at
the same stress level, but conformed to the trend that the lower the
stress level, the longer the fatigue life.

For the base material, the fatigue performance of the AISC360,
BS7608, and EC3 design curves exhibited a similar trend. All test
data were positioned above the code curves. The base materials of
Q460 and Q690 showed good fatigue performance in the finite fa-
tigue range. The fatigue strength was significantly higher than the
code value. For fatigue life estimation of the Q460 and Q690 base
materials, the code method was relatively conservative. Under the
95% survival probability , the fatigue strength of the Q690 base
material was 1.3 times that of the Q460 base material. The fatigue
strength was related to the degree of steel strength. As the ultimate
strength of steel increases, the fatigue strength increases.

The m values of the perforated plate code curve are all 3. The fitting
curves of the Q460 and Q690 perforated plates were above the code
curves, and the m value was greater than 3. Under the 95% survival
probability, the fatigue strengths of the Q690 perforated plate were
2.3times, 2.1times, and 2.2 times of the code values of AISC360,
BS7608, and Eurocode3, respectively. For the Q460 perforated
plate, its fatigue strengths were 1.9times, 1.7times, and 1.8 times of
the code values ofAISC360, BS7608, and Eurocode3, respectively.
The perforated plates showed good performance in the finite fatigue
range, and the code values were relatively conservative. The fatigue
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Table 7
Comparison of fatigue limit values.
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Q460 fitted
value (MPa)

95% survival
probability (MPa)

Specimen type Q690 fitted

value (MPa)

Eurocode3 value
(MPa)

AISC360 value
(MPa)

BS7608 value
(MPa)

95% survival
probability (MPa)

306.53
187.77
165.26

280.60
165.06
136.77

401.70
228.78
228.28

Base metal

Perforated plate

Bolted connection (gross
section)

375.63
200.47
205.96

120.81
86.5
120.81

129.88
96.61
129.88

125
90
112

strength under the 95% survival probability of Q690 was 1.2 times
that of Q460. The fatigue strength of the perforated plates increased
with the limit strength of the steel.

For the bolted connections, the AISC360 and EC3 design curves
were parallel. The AISC360 and BS7608 design curves were ap-
plicable for the fatigue life analysis of the bolted connection of
Q460 and showed adequate safety margins. In comparison with the
AISC360 curve, the EC3 curve was relatively conservative. In the
finite fatigue range, the fatigue performance of the Q690 bolted
connection was significantly superior to that of the Q460 bolted
connection. The fatigue strength under the 95% survival probability
of Q690 was 1.5 times that of Q460, which indicated that the fa-
tigue strength of the bolted joints was related to the limit strength
of the steel. The fatigue strength increased with the limit strength of
the steel. Therefore, for the fatigue performance evaluation of the
Q690 bolted connection, the code method was relatively con-
servative.

(4

—

4.2. Analysis of fatigue strength of different structures

Where the geometric shape of the component section changed
suddenly , the local stress was greater than the nominal stress , which
was called stress concentration. The stress concentration increases the
local stress of the notch. In the elastic range, the stress concentration
effect generated by the notch can be characterized by the theoretical
stress concentration factor K; [31]. Under the same conditions, the
larger the stress concentration factor K, the lower the fatigue strength
value. However, the stress concentration factor K; does not reflect the
degree of influence of stress concentration on fatigue strength. It is
generally characterized by the fatigue notch coefficient K. The fatigue
notch coefficient K¢ is the ratio of the fatigue limit of the smooth sample
to the notched specimen under the same materials, dimensions and
loading conditions. The fatigue notch coefficient K¢ indicate the degree
to which the fatigue strength is actually reduced. The calculation for-
mula is as follows:

K, b

Ef =0.88 + AQ a2
where Q is the relative stress gradient and A and b are the constants for
the heat treatment methods.

The theoretical calculation of the fatigue notch coefficients of the
base materials and perforated plates werel.06 and 2.14, respectively.
The fatigue notch coefficients of the perforated plates is about 2 times
higher than that of the base material. For comparison, Figs. 6-8 shows
the fatigue test compare results for the base materials, perforated
plates, and bolted connections. Table 8 shows the fatigue strength va-
lues for different cycle number under a 95% probability. As can be seen
from Fig. 6 and Table 8: when N = 2 million times, calculation by net
section, the fatigue strength of the Q460 and Q690 perforated plate
with opening ratio of 2.2% was 41.18% and 46.63% lower than cor-
responding base material, respectively. Calculation by gross section, the
fatigue strength of the perforated plate was 56.43% and 60.46% lower
than corresponding base material, respectively. The fatigue strength of
the Q690 perforated plate was 17.66% higher than that of the Q460. It
is shown that the stress concentration has a great effect on the fatigue
strength of high strength steel, and it is also verified that the fatigue
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Fig. 6. results between base material and perforated

plate.

Comparison of fatigue test
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Fig. 7. Comparison of fatigue test results between base material and bolted
connection.

strength of the perforated plate increases as the increase of the ultimate
strength of the steel. The features were observed in Figs. 7-8 and
Table 8, when N < 5 x 10° times, the fatigue strength of the Q460 and
Q690 bolted connection calculated by the net section is slightly higher
than that of the corresponding base metal; When N = 2 million times,
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Fig. 8. Comparison of fatigue test results between perforated plate and bolted
connection.

the fatigue strength of the Q460 and Q690 bolted connection calculated
by the net section is 26.9% and 17.75% lower than that of the base
metal; Calculation by net section, the fatigue strength of the Q460 and
Q690 bolted connection was 19.53% and 35.11% higher than those
base material, respectively. The fatigue strength calculated by the gross
section is 10.60% and 27.89% higher than that of the perforated plate,
respectively. The fatigue strength of the Q690 bolted connection is
41.18% higher than that of the Q460 bolted connection. It shows that
the external force is transmitted through the friction between the main
board and the splice plate after applying the standard pretension, the
pressure between the plates is increased, this greatly alleviates the
stress concentration around the bolt holes, thereby increasing the fa-
tigue strength of the bolt connection. The conclusion that the fatigue
strength of the bolted connection increases as the ultimate strength of
the base material increases also applies to the high strength steel.

4.3. Fatigue failure mode

Fig. 9 lists the macroscopic failure modes of the fatigue specimens.
The base material was a round specimen with a shoulder. Due to the
sudden change in the section of the arc transition, stress concentration
occurs, so the fracture position is transitioned from the arc to the par-
allel section The stress concentration of the perforated plate specimen is
too large at the opening hole, and the fatigue crack is generated at the
net cross section of the hole and extends along the center of the net
cross-section hole wall in the direction perpendicular to the load ; The

Table 8
Comparison of fatigue strength values.
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Fig. 9. Failure modes.

fatigue failure mode of the base materials and perforated plates showed
that the fatigue crack easily occurred at the area of stress concentration.
For the bolted connections, the steel plates around the bolt hole were
compressed and radially expanded because of the bolt pretension force.
After the compression was constrained, the compressive stress was
generated in the circumferential direction, which weakened the degree
of stress concentration by tensile stress at the hole edge , and prevented
the fatigue crack from forming at the net section. The fatigue crack
transferred to the front area of the hole. Therefore , the bolt connection
breaks in the area of the first row of bolt holes, and the fatigue crack
gradually develop along the front section of the bolt hole of the main
board. The three sets of test pieces did not undergo major deformation
before the damage, and all belonged to brittle failure.

The fatigue section of the base material was scanned by Tescan
Vega-3 XMU electron microscope. The fracture was divided into three
areas: fatigue crack source, fatigue expansion and fatigue transient, as
shown in Fig. 10. The fatigue crack initiation zone was generally lo-
cated on the specimen surface where stress is easily concentrated. The
fatigue source of base material was generated from material defects,
accompanied with river pattern radiation toward the inside of speci-
mens ; Fatigue strip was the main feature of the crack propagation
zone, and secondary cracks were evident. The fracture of base materials
appeared like stepped spindrifts during the crack propagation stage.

Specimen type

95% survival probability (MPa)

N=5x10°

N=1x10° N=2x10°

net section

gross section

net section gross section net section gross section

Q460 base material 308.98 -
Q690 base material 413.39 -
Q460 perforated plate 203.61 150.83
Q690 perforated plate 240.56 178.21
Q460 bolted connection (pretension force 170 kN) 318.31 212.25
Q690 bolted connection (pretension force 170 kN) 442.34 294.89

294.45 - 280.60 -
394.05 - 375.63 -
183.32 135.80 165.06 122.27
219.60 162.68 200.47 148.51
255.52 170.38 205.12 136.77
369.68 246.45 308.95 205.96
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Fig. 10. Fracture morphology of base material.

Secondary cracks were mainly distributed in step profiles. Fatigue strips
on the fracture were approximately parallel. The fracture strips ex-
tended toward the same direction of secondary cracks and perpendi-
cular to the crack propagation direction ; The presence of dimples was
the main feature of the transient fracture zone, and a large dimple can
be observed in the transient region of the base material.

4.4. Fatigue damage

The fatigue life of structures involves microcrack initiation, propa-
gation, and fracture processes. Crack propagation is a process of cu-
mulative damage. The damage accumulates to a certain extent, and
then the structure fractures. The degree of damage is measured by
damage quantity D [32,33], which serves as reference for Egs. (13) and
(14). In this study, the high-cycle fatigue damage model [34] is used to
calculate D. The formulas are as follows:

-1

B+ D(SEH - sEEY
B 2B(B + 2)

1/(B+2)
D=1- 1—ﬁ s
Ny

where B and 3 are the material constants determined from the test; S,q,
and Sy, are the maximum and minimum stresses, respectively; and Ny,
N ,and D are the fatigue life, number of fatigue cycles, and cumulative
fatigue damage, respectively.

B could be gained from the regression of the test data (Table 9).

The fatigue damage curve (Fig. 11) could be drawn according to Eq.
(14) after the values of 8 were obtained.

As shown in Fig. 11, the damage development laws of Q469 and
Q690 steel fatigue specimens were consistent. As the number of fatigue
increases, the D value increases slowly, the slope of the curve increases,
and the damage develops faster and faster. Under the same damage
fraction, the damage development rate of the bolted connection was the
fastest, followed by that of the perforated plate. The damage develop-
ment rate of the base material was the slowest. As the ratio of N to Ny
approached 1, D increased transiently. This finding showed that the
effective bearing area of the specimens decreased because of material

Ny

i

13

(14)

Table 9
The value of .

Specimen type Base metal Perforated plate Bolted connection
Q460D 13.3864 5.6050 2.1546
Q690D 13.4718 6.6046 2.8625

damage. The residual section was inadequate for resisting stress caused
by external loads; hence, the specimens developed transient fracture.
The transient fracture stage accounted for a relatively small proportion
of fatigue life, which indicated that this stage was not fully developed.

5. Conclusions

This study discussed the fatigue performances of high strength steel
Q460 and Q690 and bolted connections. A fatigue test was performed
for the base materials, perforated plates, and bolted connections. The
following conclusions could be drawn.

(1) The base materials of Q460 and Q690 showed good fatigue per-
formance in the finite fatigue range. The fatigue strength was sig-
nificantly higher than the code value. The fatigue strength under
the 95% survival probability of the Q690 base material was 1.3
times that of the Q460, and the fatigue strength increased with the
steel strength.

(2) Under the 95% survival probability, the fatigue strengths of the
Q690 perforated plate were 2.3, 2.1, and 2.2 times the code values
of AISC360, BS7608, and Eurocode3, respectively. For the Q460
perforated plate, its fatigue strengths were 1.9, 1.7, and 1.8 times
those of AISC360, BS7608, and Eurocode3. The perforated plates
showed good performance in the finite fatigue range, and the spe-
cifications were relatively conservative. The Q690 fatigue strength
under the 95% survival probability was 1.2 times that of Q460. The
fatigue strength of the perforated plates increased with the strength
of the steel.

(3) The AISC360 and BS7608 design curves were applicable for the
fatigue life analysis of the Q460 bolted connection and showed it
possessed adequate safety margins. The EC3 curve was relatively
conservative. The fatigue performance of the Q690 bolted connec-
tion was significantly superior to the Q460. The fatigue strength
under the 95% survival probability of Q690 was 1.5 times that of
Q460.

(4) The stress concentration increased the local stress and restricted the
crack initiation position. The influence on fatigue strength was re-
markable.

(5) The bolt pretension force weakened the degree of stress con-
centration around the hole and prevented the fatigue crack from
initiating at the net section. The fatigue crack transferred to the
area in front of the hole. in the finite fatigue range, the fatigue
performance of the bolted connection at the net section was cal-
culated to be similar to that of the base material.

(6) The discreteness of the test data on the bolted connection was large.
Many other factors may affect the fatigue strength of the bolt
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Fig. 11. Fatigue damage curves.

besides the steel strength and stress concentration. It is also affected
by the loading stress amplitude, bolted layout, bolt pretension
force, bolted diameter, diameter of the bolted hole, and surface
treatment. Additional experimental data are needed for the com-
prehensive evaluation of the fatigue performances of bolted con-
nections of high-strength steel.
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