
Citation: Zhao, X.; Xing, K.; Jin, N.

Peak Stress Method-Based Fatigue

Predictions for Steel Crane Girder

Variable-Section Supports. Buildings

2023, 13, 108. https://doi.org/

10.3390/buildings13010108

Academic Editors: Lulu Zhang,

Peijun Wang, Zhe Xing, Boshan Chen

and Ahmed Senouci

Received: 30 November 2022

Revised: 26 December 2022

Accepted: 28 December 2022

Published: 31 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Peak Stress Method-Based Fatigue Predictions for Steel Crane
Girder Variable-Section Supports
Xiaoqing Zhao 1,* , Kuntao Xing 2 and Nan Jin 3

1 Research Institute of Urbanization and Urban Safety, School of Civil and Resource Engineering, University of
Science and Technology Beijing, Beijing 100083, China

2 Inspection and Certification Co., Ltd., MCC, Beijing 100088, China
3 Shenzhen Urban Public Safety and Technology Institute, Shenzhen 518000, China
* Correspondence: xiaoqingchong@ustb.edu.cn

Abstract: Engineering applications have shown that variable-section supports of steel crane girders
are prone to fatigue fracture, and traditional fatigue prediction experience is not applicable to these
types of supports due to the complex internal stresses caused by their unique geometries. In this
paper, a new fatigue prediction approach was proposed for variable-section supports of steel crane
girders based on the peak stress method; this approach can locate the fatigue initiation sites and
predict the fatigue lives of variable-section supports under axial and bending loading. Then, some
constant-amplitude fatigue test results were presented for typical variable-section supports of steel
crane girders. A comparison was made between the experimental results and theoretical estimations
using the peak stress method. The results indicated that the peak stress method is appropriate to
estimate fatigue life up to crack initiation in variable-section supports of steel crane girders subjected
to axial and bending loads.
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1. Introduction

To reduce steel consumption, a large number of crane girders have variable-section
supports. However, engineering applications have shown that the variable-section supports
of steel crane girders are prone to fatigue fracture, especially when the girders are subjected
to highly frequent crane loads. As service life increases, an increasing number of fatigue
cracks form in the variable-section supports of steel crane girders. In China, such fatigue
problems in variable-section supports are a major potential risk for safe operations. On
13 January 2014, a variable-section support of a steel crane girder in a metallurgical plant
suddenly exhibited fatigue fracture, which caused the crane to drop the ladle, resulting in
significant economic losses (Figure 1). The reasons this accident and similar phenomena
occur are the lack of the appropriate S-N curves for the variable-section support and the fact
that the frequency of use is much higher than the original design benchmark due to the large
increase in production. The average service life of steel crane girders with variable-section
supports is less than 20 years in metallurgical plants with heavy cranes. For long-term
maintenance work in industrial buildings, Baosteel found that the establishment of a safety
monitoring system that regularly checks whether cracks have formed in the variable-section
supports could effectively avoid catastrophic accidents. Therefore, accurately predicting the
fatigue crack initiation site and time to provide a scientific basis for a general monitoring
system is an urgent engineering problem.

Variable-section supports can be divided into three categories according to the ge-
ometry of the support: variable-section supports with right-angle plates, variable-section
supports with R-plates and variable-section supports with trapezoidal plates [1], as shown
in Figure 2. A number of fatigue tests were performed on variable-section supports by the
authors of this article, through which the fatigue crack initiation sites of variable-section
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supports with right-angle plates and R-plates were determined [2–4]. The fatigue lives of
variable-section supports with trapezoidal plates for metallurgical plant operations were
evaluated, and the fatigue life control point of this kind of variable-section support was
defined by Caglayan [5]. To enhance the fatigue strength of the variable-section support,
a variety of variable-section supports were designed by modifying the geometry of the
variable-section support, such as variable-section supports with R-plates and three-web
plates [6] and variable-section supports with right-angle curved end plates [2]. These
geometric modifications change the structural detail classification and make the existing
S-N curves not applicable. However, the traditional fatigue strength design methods
recommended in current design codes [7–9], such as the nominal stress method and the
hot-spot stress method, are based on existing S-N curves of corresponding structural detail
classification and are not capable of effectively predicting the fatigue crack initiation site.
Obviously, traditional fatigue prediction experience is not applicable. Therefore, scientifi-
cally evaluating the fatigue strength of variable-section supports and avoiding expensive
fatigue tests for each kind of variable-section support is a major problem.
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Figure 2. Three variable-section supports.

The peak stress method was initially established to calculate the notch stress in-
tensity factor [10]. Meneghetti first noted that peak stress worked better than nominal
and hot-spot stress for fatigue assessment of welded pipe joints under Mode I loading
conditions [11]. Radaj established correlations between peak stress and the energy density
of local mean strain and proposed a method for calculating the equivalent peak stress
using two-dimensional planar elements [12]. To facilitate practical application, Meneghetti
proposed a method for calculating the equivalent peak stress with a 3-D entity [13] and
a new scatter band based on the range of the equivalent peak stress for the multiaxial
fatigue design of welded joints made of structural steels [10,14], which were validated
against experimental data taken from the available literature. However, these experimental
data do not include any fatigue test results of steel crane girders. Therefore, additional
study is needed to determine whether the peak stress method is suitable for the fatigue
assessment of steel crane girders.

To verify that the peak stress method is suitable for the fatigue assessment of variable-
section supports of steel crane girders, the conventional approach to the fatigue analysis
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and the peak stress method are briefly described. Then, fatigue tests were performed
with four kinds of typical variable-section supports of steel crane girders, and the peak
stress analysis was carried out to predict the location of the fatigue crack initiation site
in these variable-section supports. Finally, the fatigue test results were compared with
the calculation results based on the peak stress method to verify the applicability of the
peak stress method in predicting the fatigue crack initiation site and time for variable-
section supports.

2. Conventional Approach to Fatigue Analysis

Traditionally, the fatigue design of steel crane girders follows the recommendations
of the Chinese standard GB50017-2017 [15], the American standard AISC 360-10 [16], and
Eurocode 3 [8]. These three standards all recommend the nominal stress approach for
the fatigue design of steel crane girders. Only Eurocode 3 included the hot-spot stress
method as an alternative. Below is a brief summary of the relevant fatigue strength
verification procedures.

2.1. GB50017-2017 [15]

The fatigue strength verification procedure in GB50017-2017 is mainly based on nomi-
nal stress values. During the service life of a structure, when the maximum stress amplitude
is below the cut off limit or the equivalent stress amplitude is below the reference value
for the fatigue strength at 2 million cycles, the fatigue strength of the structure meets
the requirements. When the thickness of the connecting plate is greater than 25 mm, the
allowable stress amplitude should be reduced. The reduction coefficient is calculated with
the following formula:

γt =

(
25
t

)0.25
(1)

where γt is the reduction coefficient, and t is the thickness of the connecting plate.
The equivalent stress amplitude of a variable amplitude normal stress is calculated

with the following formula:

∆σe =

[
∑ ni(∆σi)

βz +
(
[∆σ]5×106

)−2
∑ nj

(
∆σj
)βz+2

2 × 106

]1/βz

(2)

where ∆σe is the equivalent stress amplitude of the variable amplitude normal stress;
[∆σ]5×106 is the fatigue strength at 5 million cycles; ni and ∆σi are the frequency and the
stress amplitude greater than [∆σ]5×106 in the stress spectrum, respectively; nj and ∆σj
are the frequency and the stress amplitude greater than the cut off limit and lower than
[∆σ]5×106 in the stress spectrum, respectively; and βz is the slope of the S-N curve, which
corresponds to typical detail categories.

For steel crane girders, the fatigue strength verification could be performed according
to the following criteria:

α f ∆σ 6 γt[∆σ]2×106 (3)

α f ∆τ 6 γt[∆τ]2×106 (4)

where [∆σ]2×106 and [∆τ]2×106 are the allowable normal stress and allowable shear stress
at 2 million cycles, respectively; ∆σ and ∆τ are the maximum normal stress amplitude
and maximum shear stress amplitude in the stress spectrum, respectively; and α f is the
equivalent coefficient of the underload effect, which is dependent on the type of crane.

It is worth noting that the nominal stress method recommended in GB50017-2017 for
fatigue strength verification is dependent on existing S-N curves, which correspond to
typical detail categories; moreover, this method does not have the ability to predict the
fatigue crack initiation site. There are no appropriate detail categories corresponding to
variable-section supports in GB50017-2017.
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2.2. AISC 360-10 [16]

The fatigue strength verification procedure in AISC 360-10 is similar to that in GB50017-
2017. The major differences between these procedures are that the method in AISC 360-10
provides possible fatigue crack initiation sites and presents S-N curves corresponding to
typical detail categories. However, there are no appropriate detail categories corresponding
to variable-section supports in AISC 360-10.

2.3. Eurocode 3 [8]

The fatigue strength verification procedure in Eurocode 3 is similar to that recom-
mended in GB50017-2017. However, the size effect caused by thickness or other dimensional
effects must be taken into account in Eurocode 3, using a stress concentration factor to
modify nominal stress. In the case of structural joints with intricate geometry, Eurocode
3 recommends using the hot-spot approach to overcome the challenges associated with
defining nominal stresses. Unfortunately, the instructions regarding the proper application
of this method lack sufficient detail.

Research results have shown that the stress concentrations in variable-section supports
are relatively substantial. The stress in a variable section is complex due to the correspond-
ing geometry, which makes it impossible to provide a stress concentration factor to modify
nominal stress and prevents the application of the hot-spot approach.

The brief description of these three conventional approaches shows that these fatigue
strength verification processes rely on the nominal stress approach, which does not provide
a way for designers to cope with local stresses. Moreover, the nominal stress method can
neither predict the fatigue crack initial site nor be applied to the fatigue assessment of
variable-section supports, which are not limited by connection types.

3. Peak Stress Method

Numerous studies have demonstrated that fatigue cracks in welded structures result
from weld toes or weld roots. Due to stress singularities in the weld toe and weld root,
it is difficult to determine the true stress in the weld toe and weld root through calcula-
tions. Therefore, the nominal stress method, the hot-spot stress method, the notch stress
method, the notch stress intensity factor method, and the strain energy density method
were proposed to characterize the stress states in weld toes and roots. It is well known in
the literature that, among the available methods, the strain energy density method provides
the highest level of accuracy. However, the strain energy density method is also the most
complex method in terms of the calculation process. Based on a large number of fatigue test
data from welded structures and the strain energy density method, Meneghetti proposed
the peak stress method for engineering applications and indicated that the accuracy of the
peak stress method is similar to that of the strain energy density method [10].

An average strain energy density over the control volume, handling a general mul-
tiaxial fatigue loading condition (mixed Mode I + II + III loading), can be expressed as
follows [17]:

∆W = cw1
e1

E

[
∆K1

R1−λ1
0

]2

+ cw2
e2

E

[
∆K2

R1−λ2
0

]2

+ cw3
e3

E

[
∆K3

R1−λ3
0

]2

(5)

where E is Young’s modulus; e1, e2, and e3 are known parameters that depend on the notch
opening angle and the Poisson’s ratio; and ∆K1, ∆K2, and ∆K3 are the ranges of the notch
strength intensity factors (maximum value minus minimum value) relevant to Modes I,
II, and III, respectively; the control radius R0 is 0.28 mm; and λ1, λ2, and λ3 are the stress
singularity coefficients, which depend on the notch opening angle and loading conditions.
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The relevant expressions of the notch stress intensity factor, the peak stress, and the
element size are as follows [18–20]:

K1
FE =

K1

σθθ,θ=0,peak × d1−λ1
∼= 1.38 (6)

K2
FE =

K2

τrθ,θ=0,peak × d1−λ2
∼= 3.38 (7)

K3
FE =

K3

τrz,θ=0,peak × d1−λ3
∼= 1.93 (8)

where K1, K2, and K3 are the notch stress intensity factors tied to Modes I, II, and III for
i = 1, 2, and 3, respectively; σθθ,θ=0,peak, τrθ,θ=0,peak, and τrz,θ=0,peak are the peak stresses in
local polar coordinates, as shown in Figure 3; and d is the ‘global element size’ parameter.
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Substituting (6), (7), and (8) into (5) yields the following expression:

∆W = cw1
e1
E

[
1.38σθθ,θ=0,peak

(
d

R0

)1−λ1
]2

+ cw2
e2
E

[
3.38τrθ,θ=0,peak

(
d

R0

)1−λ2
]2

+cw3
e3
E

[
1.93τrz,θ=0,peak

(
d

R0

)1−λ3
]2 (9)

After extracting the common factor, the above formula can be expressed as follows:

∆W =
1 − v2

2E
∆σ2

eq,peak (10)

∆σeq,peak =
√

Cw1 f 2
w1σ2

θθ,θ=0,peak + Cw2 f 2
w2τ2

rθ,θ=0,peak + Cw3 f 2
w3τ2

θz,θ=0,peak (11)

fwi = Ki
EF

√
2ei

1 − v2

(
d

R0

)1−λi

where i = 1, 2, 3 (12)

where ∆σeq,peak is the equivalent peak stress. The fatigue assessment accuracy of the peak
stress method and the strain energy density method are equal. Similar to the strain energy
density method, the location of the maximum equivalent peak stress is the most likely
fatigue crack initiation site.

Figure 4 shows the results of a statistical analysis of 980 fatigue test data taken from
Reference [10], through which a universal steel design scatter band for Mode I + II loading
conditions was given. The mean value of the equivalent peak stress was 214 MPa at
the steel design scatter band for 2 million cycles; the lower limit of the equivalent peak
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stress was 156 Mpa and the upper limit was 296 Mpa when the guaranteed rate of 97%
was satisfied. A comparison between the predicted fatigue crack initiation site and the
experimental fatigue results revealed good agreement between the experimental results
and the estimations. These experimental data included 24 types of welded joints but no
steel crane beams. Therefore, additional study is needed to determine whether the peak
stress method is suitable for the fatigue assessment of steel crane girders.
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4. Experimental Fatigue Test Results

To verify that the peak stress method is suitable for predicting the fatigue crack initia-
tion sites in variable-section supports, this section performed fatigue tests with four types
of typical variable-section supports of steel crane girders.

4.1. Variable-Section Supports with R-Plates and Three-Web Plates

In this section, fatigue tests were performed with variable-section supports with R-
plates and three-web plates. The section dimensions and the crane wheel loads in practical
engineering applications are shown in Figure 5. To reduce the stress level in the variable
section, two lateral webs were added in the variable-section support. The length and depth
of the section were 30 m and 3.9 m, respectively. The cope depth and length from the
support were 2.0 m and 0.65 m, respectively, and the cope radius was 0.3 m. The girders
were made of steel with a yield strength of approximately 345 Mpa.

According to Figure 5, each of these girders was supported by a crane with 16-wheel
loads of 500 kN. The two ends of the crane beam were simply supported mainly withstand-
ing the shear force, while the middle of the span was primarily subjected to the bending
moment. With one outer wheel at the cope line and all the crane wheels on the girder,
maximum stress would result at the coped end.

To facilitate loading, the prototype was first scaled to 1/5 to ensure geometric similarity.
Secondly, appropriately adjusting the beam length, the position of the transverse stiffening
rib and the loading position served to ensure sufficient stiffness of the test model and the
similarity of the stress pattern between the R-plate and the web with the prototype. After
a large amount of trial calculation, the test model with the size and loading position as
shown in Figure 6 satisfied the similarity of the stress pattern with the prototype. The
test model differed from the prototype In terms of maximum primary stress by 7.8 Mpa,
approximately 3.5% of the maximum main stress of the prototype, as shown in Figure 7.
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Figure 6. Dimensions of the variable-section support specimens with R-plates and three-web plates.

Tests were conducted on four scaled models (specimens) of crane runway girders
with coped ends, which were scaled 1:5 to the prototypes. Each specimen had two coped
ends and a length of 2.6 m as shown in Figure 6. While fabricating specimens, the central
portion of the prototype was deliberately shortened. A length of 1.3 m for each coped
end of the specimen was equivalent to a length of 6.5 m in the prototype. Finite element
analysis previously demonstrated the need for a 4 m model to capture the localized stress
concentration effect [4]. Scaled specimens were constructed of steel with a yield strength
of about 345 mPa. The welds on the top flange plate, the bottom flange plate, and the
medial web were penetration welds, whereas the other welds were fillet welds; the weld
height was 0.5 times the thickness of the welded plate. The weld appearance quality
grade of the penetration welds met the requirements of a first-class weld, and the fillet
welds met the requirements of a third-class weld according to GB50205-2001 [21]. All
production process requirements used herein were consistent with those used for the
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prototype. Therefore, the test findings for these specimens ought to represent the fatigue
characteristics of each prototype.
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The support for each test specimen was simply provided by a roller and rocker.
A spreader beam was used to realize two-point loading. The loading points were located
664 mm from the end of the beam. A loading frequency of 4–5 Hz was used to conduct fa-
tigue tests. For each specimen, the ratio of reaction force between minimum and maximum
was 0.1. The loading and test results are shown in Table 1.

Table 1. Fatigue test results of the variable-section supports with R-plates and three-web plates.

Specimen
Designation

Maximum
Reaction Force

(kN)

Maximum
Equivalent Peak

Stress (MPa)

Nominal
Fatigue Life a

(×10,000)

Crack Initiation Site c (mm)

Fatigue Test Prediction

YH-50-1 225 309 125 (108) b 90 (94) b 92
YH-50-2 225 309 96 (95) b 89 (84) b 92
YH-45-1 202.5 278 230 (232) b 88 (93) b 92
YH-40-1 180 247 265 (297) b 92 (91) b 92

a Nominal fatigue life refers to the number of cycles associated with a 20 mm crack size. b Values in parentheses
represent the nominal fatigue life at the other coped end. c Values represent the actual distance from the starting
point along the stress path.

The test results in Figure 8 and Table 1 showed that the fatigue crack initiation sites
in the variable-section supports with R-plates and three-web plates were at the weld root
between the lateral web and the R-plate and were approximately 90.1 mm from the starting
point. Thereafter, the crack penetrated through the fillet weld and then propagated along
the weld on both sides of the crack initiation site. When the crack extended on both sides
for a certain length, fatigue cracks appeared on the lateral web, and the fatigue cracks
propagated obliquely upward. The fatigue crack growth process was essentially the same
in the four specimens.

4.2. Variable-Section Supports with R-Plates

In this section, fatigue tests were performed with variable-section supports with
R-plates. Similar to the fatigue tests performed in the previous section, the study developed
and tested five scaled crane runway girders with coped ends. Sample sizes were all 1:5
to actual prototypes. All specimens had two coped ends and a length of 2.1 m, as shown
in Figure 9. In order to create the specimens, the central portions of the prototypes were
deliberately shortened. A 5.25 m coped end length in the prototype was equivalent to
a 1.05 m coped end length for each specimen. Scale specimens were constructed from steel
with a 345 MPa yield strength. The welds on the top flange plate, the bottom flange plate
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and the web were penetration welds. The weld height was 0.5 times the thickness of the
welded plate.
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Figure 9. Dimensions of the variable-section support specimens with R-plates.

The support for each test specimen was simply provided by a roller and rocker. A cyclic
loading with loading frequency of 4–5 Hz was applied to the midspan for fatigue tests. For
each specimen, the ratio of reaction force between minimum and maximum was 0.1. The
loading and test results are shown in Table 2.

The test results in Figure 10 and Table 2 showed that the fatigue crack initiation sites
in the variable-section supports with R-plates were at the weld toe on the web and were
approximately 97.2 mm from the starting point. Thereafter, one end of the crack extended
obliquely upward along the web, and the other end extended to the R-plate, as shown by
the white lines in Figure 10. The fatigue crack growth process was essentially the same in
the five specimens.
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Table 2. Fatigue test results of the variable-section supports with R-plates.

Specimen
Designation

Maximum
Reaction Force

(kN)

Maximum
Equivalent Peak

Stress (MPa)

Nominal
Fatigue Life a

(×10,000)

Crack Initiation Site c (mm)

Fatigue Test Prediction

L28-1 245 336 67.4 (77.3) b 98 (97) b 98
L28-2 172 236 124 (131) b 90 (95) b 98
L28-4 221 303 40.5 (58.1) b 97 (93) b 98
L28-6 147 201 282 (>228) b 102 98
L28-7 330 452 18.6 105 98

a Nominal fatigue life refers to the number of cycles associated with a 20 mm crack size. b Values in parentheses
represent the nominal fatigue life at the other coped end. c Values represent the actual distance from the starting
point along the stress path.
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4.3. Variable-Section Supports with Right-Angle Curved End-Plates

In this section, fatigue tests were performed with variable-section supports with right-
angle curved end plates. Similar to the fatigue tests in the previous section, the study created
and tested eight scaled crane runway girders with right-angle curved end plates. Sample
sizes were all 1:5 to actual prototypes. As shown in Figure 11, all specimens have two coped
ends and a length of 2.1 m. The central portions of the prototypes were intentionally
shortened for specimens. A 5.25 m coped end length in the prototype was equivalent to
a 1.05 m coped end length for each specimen. Scale specimens were constructed from steel
with a 345 MPa yield strength. The welds on the top flange plate, the bottom flange plate,
and the web were penetration welds. The welds between the plug-in plates and the curved
end plates were penetration welds. The other joint welds were all fillet welds. All weld
heights were 0.5 times the thickness of the welded plate.
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Figure 11. Dimensions of the variable-section support specimens with right-angle curved end plates.

Every test specimen was simply supported by a roller and rocker system. A spreader
beam was used to realize two-point loading. The loading points were 700 mm from the
end of the beam. A loading frequency of 4–5 Hz was used to conduct fatigue tests. For
each specimen, the ratio of reaction force between minimum and maximum was 0.1. The
loading and test results are shown in Table 3.

Table 3. Fatigue test results of the variable-section supports with right-angle curved end plates.

Specimen
Designation

Maximum
Reaction Force

(kN)

Maximum
Equivalent Peak

Stress (MPa)

Nominal
Fatigue Life a

(×10,000)

Crack Initiation Site b (mm)

Fatigue Test Prediction

L-1 200 275 172 95 98
L-2 200 275 198 92 98
L-3 225 309 158 102 98
L-4 225 309 184 95 98
L-5 250 344 73 93 98
L-6 250 344 87 110 98
L-7 275 378 63 105 98
L-8 275 378 59 97 98

a Nominal fatigue life refers to the number of cycles associated with a 20 mm crack size. b Values represent the
actual distance from the starting point along the stress path.

The test results in Figure 12 and Table 3 showed that the fatigue crack initiation sites
in the variable-section supports with right-angle curved end plates were at the weld toe
on the plug-in plate and were approximately 98.7 mm from the starting point. Thereafter,
the crack simultaneously extended along the thickness direction and along both sides of
the web plate. Once the cracks extended to the web above the plug-in plate, the crack
propagation speed increased quickly. When the plug-in plate was completely fractured, the
steel crane beam lost bearing capacity. The fatigue crack growth process was essentially the
same in the eight specimens.

4.4. Variable-Section Supports with Right-Angle End-Plates

In this section, fatigue tests were performed with variable-section supports with right-
angle end plates. Similar to the fatigue tests in the previous section, six scaled specimens of
crane runway girders with right-angle end plates were fabricated and tested. All specimens
were scaled to the actual prototypes using a 1:4 ratio. Each specimen had two coped
ends and was 2.5 m long, as shown in Figure 13. The central portions of the prototypes



Buildings 2023, 13, 108 12 of 18

were intentionally shortened for specimens. A 5.0 m coped end length in the prototype
was equivalent to a 1.25 m coped end length for each specimen. Scale specimens were
constructed from steel with a 345 MPa yield strength. The welds on the top flange plate, the
bottom flange plate, and the web were penetration welds. The welds between the plug-in
plate and the end plate were penetration welds. The other joint welds were all fillet welds.
All weld heights were 0.5 times the thickness of the welded plate.
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Figure 13. Dimensions of the variable-section supports with right-angle end plates.

Every test specimen was simply supported by a roller and rocker system. A spreader
beam was used to realize two-point loading. The loading points were 547 mm from the
end of the beam. A loading frequency of 4–5 Hz was used to conduct fatigue tests. For
each specimen, the ratio of reaction force between minimum and maximum was 0.1. The
loading and test results are shown in Table 4.

Table 4. Fatigue test results of the variable-section supports with right-angle end plates.

Specimen
Designation

Maximum
Reaction Force

(kN)

Maximum
Equivalent Peak

Stress (MPa)

Nominal
Fatigue Life a

(×10,000)

Crack Initiation Site c (mm)

Fatigue Test Prediction

ZL-1 125 398 82 (100) b 88 (95) b 87.5
ZL-2 125 398 93 (109) b 85 (100) b 87.5
ZL-3 150 477 42 (>42) b 86 87.5
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Table 4. Cont.

Specimen
Designation

Maximum
Reaction Force

(kN)

Maximum
Equivalent Peak

Stress (MPa)

Nominal
Fatigue Life a

(×10,000)

Crack Initiation Site c (mm)

Fatigue Test Prediction

ZL-4 150 477 30 (>30) b 91 87.5
ZL-5 175 557 20 (60) b 90 87.5
ZL-6 175 557 37 (35) b 88 87.5

a Nominal fatigue life refers to the number of cycles associated with a 20 mm crack size. b Values in parentheses
represent the nominal fatigue life at the other coped end. c Values represent the actual distance from the starting
point along the stress path.

The test results in Figure 14 and Table 3 showed that the fatigue crack initiation sites
in the variable-section supports with right-angle curved end plates were at the weld toe on
the end plate and were approximately 90.4 mm from the starting point. The fatigue crack
growth process was essentially the same in the six specimens.
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5. Predicting the Fatigue Crack Initiation Site via the Peak Stress Method

In this section, the peak stress method was used to predict the fatigue crack initiation
sites in the above variable-section supports, and the results were compared with the
test results.

The peak stress method requires a high mesh quality near the weld toe and root. To
facilitate analysis, the sub-model method was adopted. The master models and sub-models
are shown in Figures 15–18. Young’s modulus was 2.06 × 105 MPa, and Poisson’s ratio was
0.3. A fixed restraint was applied at the cross-section. The sub-models were cut from the
master models. The node displacements calculated by the master models were applied to
the boundaries of the sub-models, and the other boundary conditions were kept unchanged.
The master models and sub-models all adopted eight-node elements. The element size of
the master models was 20 mm, and the element size of the sub-models was 1 mm. It is
worth noting that parameters fw1, fw2, and fw3 in the equivalent peak stress Equation (11)
are related to the finite element cell mesh size. When the mesh size was 1 mm and the
groove angle 2α was 135 degrees, fw1 was 1.064 and fw3 was 1.877. When the mesh size
was 1 mm and the groove angle was 0 degrees, fw2 was 5.522. Note that fw2 was considered
only when calculating the peak stress at the root of the fillet weld.
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Figure 16. Peak stress analysis model and results for the variable-section supports with R-plates.
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Figure 17. Peak stress analysis model and results for the variable-section supports with right-angle
curved end plates.

For the variable-section supports with R-plates and three-web plates, the applied
vertical support reaction at the support was 250 kN. Surface contact, which transmits only
compressive stresses, was set in the unwelded part of one side of the fillet weld between
the lateral web and R-plate to simulate the gap at the root of the weld. The sub-model,
the stress path of the weld toe and weld root, and the local cylindrical coordinate system
are shown in Figure 15a. To facilitate the calculation of the equivalent peak stress, the
normal vector of the element surface at the R-plate was oriented perpendicular to the
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direction vector of the stress path. The peak stress in the arc segment of the stress path was
obtained by transforming the stress components in local cylindrical coordinates to local
polar coordinates. The peak stress in the line segments of the stress path was obtained by
transforming the stress components in a global cartesian coordinate system to local polar
coordinates. The results are shown in Figure 15b.
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Figure 18. Peak stress analysis model and results for the variable-section supports with right-angle
end plates.

The calculation results showed that there was a large stress concentration in the weld
between the lateral web and R-plate. The variable-section supports with R-plates and
three-web plates were subjected to Mode I + II loading conditions. A comparison of the
equivalent peak stresses in the weld root, Weld Toe 1 and Weld Toe 2 showed that the
stress concentrations in the weld root were obviously greater than those in the weld toes
and that the stress concentrations in Weld toe 1 were greater than those in Weld Toe 2.
The maximum equivalent peak stress in the weld root was 260 MPa, located 92.0 mm
from the starting point along the stress path. Therefore, the fatigue crack initiation sites in
the variable-section supports with R-plates and three-web plates were 92.0 mm from the
starting point.

For the variable-section supports with R-plates, the applied vertical support reaction
at the support was 245 kN. Using the same method as that described above, the equivalent
peak stresses of the two weld toes of the weld between the web and the R-plate were
calculated. The finite element analysis model, the stress path and the calculation results
are shown in Figure 16. The calculation results showed that there were large stress con-
centrations in the weld between the web and R-plate. The variable-section supports with
R-plates were subjected to Mode I + II loading conditions. A comparison of the equivalent
peak stresses in Weld Toe 1 and Weld Toe 2 showed that the stress concentrations in Weld
Toe 2 were obviously greater than those in Weld Toe 1. The maximum equivalent peak
stress in Weld Toe 2 was 336 MPa, located 98.0 mm from the starting point along the stress
path, i.e., the junction between the arc segment of the R-plate and the straight segment.
Therefore, the fatigue crack initiation sites in the variable-section supports with R-plates
were 98.0 mm from the starting point.

For the variable-section supports with right-angle curved end plates, the applied
vertical support reaction at the support was 275 kN. Using the same method as that used
for the other supports above, the equivalent peak stresses in the two weld toes of the weld
between the curved end plate and the plug-in plate were calculated. The finite element
analysis model, the stress path, and the calculation results are shown in Figure 17. The
calculation results showed that there were large stress concentrations in the weld between
the curved end plate and the plug-in plate. A comparison of the equivalent peak stresses
in Weld Toe 1 and Weld Toe 2 showed that the stress concentrations in Weld Toe 1 were
obviously greater than those in Weld Toe 2. The maximum equivalent peak stress of
Weld Toe 1 was 378 MPa, located 100.0 mm from the starting point along the stress path.
Therefore, the fatigue crack initiation sites in the variable-section supports with right-angle
curved end plates were 100.0 mm from the starting point.
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For the variable-section supports with right-angle end plates, the applied vertical
support reaction at the support was 157.5 kN. Using the same method as that described
above, the equivalent peak stresses in the two weld toes of the weld between the end plate
and the plug-in plate were calculated. The finite element analysis model, the stress path,
and the calculation results are shown in Figure 18. The calculation results showed that
there were large stress concentrations in the weld between the end plate and the plug-in
plate. A comparison of the equivalent peak stresses in Weld Toe 1 and Weld Toe 2 showed
that the stress concentrations in Weld Toe 2 were obviously greater than those in Weld Toe
1. The maximum equivalent peak stress in Weld Toe 2 was 557 MPa, located 87.5 mm from
the starting point along the stress path. Therefore, the fatigue crack initiation sites in the
variable-section supports with right-angle end plates were 87.5 mm from the starting point.

All calculation results and test results are summarized in Tables 1–4, which show that
the crack initiation sites in the fatigue tests were consistent with those predicted by the peak
stress method. Therefore, the peak stress method can effectively predict the fatigue crack
initiation sites in variable-section supports subjected to Mode I + II loading conditions.

6. Comparison between Experimental Results and Design Fatigue Curves

The design curves in Figure 4 and the experimental results were in good agreement
as shown in Figure 19. Most of the test results were within the scatter band, which was
unaffected by the geometry of the variable-section supports, and all test data were above
the lower limit of the design curve. Therefore, using this curve for fatigue life evaluation
for different variable-section supports will yield relatively reliable results.
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Figure 19. Comparison of fatigue strength derived from the proposed scatter band reported in
Figure 3 and experimental results of variable-section supports. The scatter band is equal to the mean
value ± two standard deviations.

7. Results

Based on the peak stress method, the fatigue performance of crane runway girder
variable-section supports was studied in this paper. By comparing and analyzing the test
results and calculation results, the following conclusions are drawn.

(1) The fatigue crack initiation sites in the variable-section supports with R-plates and
three-web plates were in the weld root between the lateral web and the R-plate. The fatigue
crack initiation sites in the variable-section supports with R-plates were located at the weld
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toe located on the web of the weld between the web and the R-plate. The fatigue crack
initiation sites in the variable-section supports with right-angle curved end plates and the
variable-section supports with right-angle end plates were located at the weld toe of the
weld between the plug-in plate and the end plate.

(2) The peak stress method could effectively predict the fatigue crack initiation sites in
the variable-section supports, and the S-N according to the peak stress method is suitable
for various types of variable-section supports subjected to Mode I + II loading conditions.
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