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Abstract: Numerous fatigue crack mechanism models have been proposed based on an in-depth
study of material fatigue mechanisms and engineering requirements. However, due to many of the
parameters in these models being difficult to determine, their application to engineering is limited.
The fatigue crack of the steel structure was calculated based on the improved McEvily model. To
begin, based on the theory of linear elastic fracture mechanics, some parameters of the McEvily
fatigue crack growth model were deduced and determined by using more reasonable assumptions
and empirical formulas. Second, the effectiveness of the improved McEvily fatigue crack growth
model was proven by comparison to the results of the improved model with the classical Paris model.
Finally, the improved McEvily model was applied to practical engineering, and the typical fatigue
crack of steel structure was selected and compared with the results of the Paris model and nominal
stress method to verify its feasibility in engineering. The results reveal that the application conditions
of the improved McEvily model can be extended from laboratory conditions to practical engineering,
and its accuracy is better than that of the Paris model, which can well evaluate the fatigue crack life
of steel structures.

Keywords: steel structure; fatigue crack growth model; improved McEvily model; Paris model;
fatigue damage

1. Introduction

Nowadays, orthotropic steel decks have been widely used in modern bridge struc-
tures, with outstanding advantages such as high bearing capacity, light weight, and wide
application range [1,2]. However, Orthotropic steel bridge decks are directly loaded by
vehicle tires during the service period, easily resulting in the accumulation of fatigue
damage and fatigue cracks, which have become an important factor affecting structural
safety. Since the first report of fatigue cracks in the Orthotropic steel deck of Severn Bridge
in 1971, numbers of fatigue cracking damages have been found in bridges worldwide of
Orthotropic steel deck [3]. According to the investigation of Imam et al. [4], the proportion
of fatigue damage in the failure of the bridge structure with or without collapse is 13%
and 67%, respectively. Therefore, the fatigue life assessment of orthotropic plates is very
important for bridge safety [5–7].

The fatigue crack growth rate curve is the basic material characteristic of steel struc-
tures under fatigue load, and a good fatigue crack growth model plays a vital role in
fatigue life evaluation [8,9]. In order to accurately simulate the criterion of fatigue crack
growth, some fatigue crack growth models have been proposed. The first crack growth
rate based on linear elastic fracture mechanics was introduced by Paris [10], who equated
fatigue crack growth rate by using amplitude stress intensity factor. Forman et al. [11]
improved on the basis of the Paris model and modified the exponential crack growth
model to cover the effects owing to the load ratio and the maximum stress-intensity factor.
McEvily et al. [12] proposed a modified constitutive model introducing the concept of
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crack closure and effective stress intensity factor Keff. While the Paris model is the most
extensively utilized at the moment, it has several limitations: First, the Paris model with
the same material constant cannot explain the effect of crack growth under different load
ratios (R = Kmin/Kmax). Second, the Paris model cannot include the entire process of crack
growth. Due to the aforementioned limitations, the reliability of the Paris model results
in the structural fatigue life prediction in practical engineering remains to be discussed to
confirm. As one of the fatigue crack growth models, the McEvily model can be applied
to small physical cracks and can explain various metal fatigue phenomena [13–15]. Due
to the superiority of the McEvily model, many scholars used this model to evaluate the
fatigue life of materials. Ishihara et al. [14] used the constitutive relationship of the McEvily
model to conduct a series of high and low cycle tests during the fatigue life cycle of the
titanium alloy to obtain the function relationship between the crack length and the number
of loading cycles, and the test results were in good agreement with the predicted results.
Luo et al. [15] used the extended McEvily model to predict the fatigue life of surface cracked
deep-water structures. The prediction results were compared with the test results, and it
was found that the extended McEvily model had better prediction accuracy results than
other models. Li et al. [16] compared the newly proposed crack growth models; they found
that the improved form of the variable slope of different materials can be explained by the
McEvily model, it is capable of predicting fatigue for both short and long fatigue cracks
because the McEvily model retains the slope m. Nevertheless, the aforementioned research
is based on the experiment; the model is challenging to apply to actual bridge engineering
because some parameters are impossible to obtain in practice.

To facilitate the practical application of the McEvily fatigue crack growth model.
Firstly, an improved McEvily fatigue crack growth model was proposed by simplifying the
model parameters with reasonable assumptions and empirical formulas. Then, the model
was used to fit the test results of Q345qD steel and compared with the fitting results of
the Paris model to verify the effectiveness of the model. Finally, based on the long-term
monitoring data of a suspension bridge, the damage value of the fatigue crack in the butt
weld of the orthotropic steel deck was calculated by using the improved McEvily model.
Compared with the results of the Paris model and nominal stress method, the feasibility
of the application of the improved McEvily model in practical engineering was verified.
The improved McEvily model proposed in this paper is significant for assessing bridge
long-term service performance.

2. Improved McEvily Model
2.1. Introduction of Paris Model

The study takes the Paris model as a comparison to verify the correctness of the
improved McEvily model. The Paris model is given by

da
dN

= C∆Km, (1)

where da/dN is the fatigue growth rate; ∆K is the range of the stress intensity factor; C and
m are material constants, which are the control factors of fatigue crack growth and need to
be obtained by fitting the test results.

2.2. Improvement of Model Parameters

The McEvilly model mainly explains the problem of fatigue crack growth rate through
the effective range of macro crack stress ratio, maximum stress intensity factor, maximum
stress intensity factor at the opening level, and stress intensity factor at the threshold
level [12]. The McEvily model can be expressed as:



Appl. Sci. 2022, 12, 6344 3 of 15

da
dN = AMB

M = Kmax(1− R)−
(

1− e−ka
)(

Kopmax − RKmax
)
− ∆Ke f f th

Kmax =

√
πre

(
sec πσmax

2σV
+ 1
)(

1 + Y(a)
√

a
2re

)
σmax


, (2)

where Kmax is the maximum stress intensity factor; R is the stress ratio (σmax/σmix); Kopmax
is the maximum stress intensity factor at the opening level for a macroscopic crack; k is
a material parameter; a is crack length; ∆Keffth is the effective range of the stress intensity
factor at the threshold level; re is an empirical material constant of the inherent flaw length
of the order of 1 µm; σv is the virtual strength of the material; Y(a) is a geometrical factor
in calculating the stress intensity factors when under crack length a; A and B are material
constants, which are the control factors of fatigue crack growth and need to be obtained by
fitting the test results.

The fatigue cracks that appear in orthotropic steel decks in the actual engineering
bridge are difficult to obtain the relevant parameters through the field test method, so the
McEvily model is not ideally used in actual engineering. Therefore, the parameters that
are Kmax, k, Kopmax, and ∆Keffth in the McEvily model were improved by using reasonable
assumptions and empirical formulas to improve.

First, the simplified calculation of Kmax is carried out, according to the theory of linear
elastic fracture mechanics is obtained

∆K = Kmax − Kmin

R = Kmin
Kmax

}
. (3)

Thus, Kmax can be determined by ∆K and R, namely

Kmax =
∆K

1− R
. (4)

In orthotropic steel bridge decks, the U-rib weld is mainly subjected to the stress along
the bridge direction, and the crack of the weld can be regarded as a surface crack subject
to the far-field uniform tensile stress [17]. In order to facilitate the analysis of cracks, the
cracks assumed to appear in the U-rib butt weld are open cracks. Open cracks are the most
common and most likely to cause fracture damage [18]. In order to describe the fatigue
crack growth process of the U-rib butt weld, the semi-elliptical surface crack model of the
finite thickness plate was employed. Figure 1 shows the semi-elliptical crack surface crack
model of the finite thickness plate. According to the linear elastic fracture mechanics, the
stress intensity factor of the surface crack in Figure 1 reaches the maximum value at the tip
Q [19,20]; its calculation can be expressed as follows:

∆K = M1M2
σ
√

πa
E(z)

, (5)

where M1 is the free surface coefficient; M2 is the finite plate thickness correction factor; σ
is the stress range; E(z) is the second type of complete elliptic integrals in calculating the
stress intensity factor. The above parameters are given by

M1 = 1 + 0.12(1− a/(2c))2

M2 =
( 2w

πa tan πa
2w
) 1

2

E(z) =
∫ π/2

0

√
1− z2 sin2 θdθ

z2 = 1− (a/c)2

W =M1 M2
E(z)


, (6)
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where a is the crack depth; c is the crack width; w is the plate thickness corresponding to the
U-rib, and W is the geometric function. During the crack propagation process of Q345qD
steel, to simplify the calculation, we supposed a/c = 0.1 is its constant while fatigue crack
growth, and then M1 is 1.11, z is 0.995, and E(z) is 1.01. The range of the stress intensity
factor could be rewritten as:

∆K = 1.11× (
2w
πa

tan
πa
2w

)
1/2 σ
√

πa
1.01

(7)
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Then make reasonable assumptions about material parameter k. The material parame-
ter k reflects the change of the crack closure effect with the crack length. With the gradual
increase in the material parameter k, the crack growth rate decrease, and the crack length
will also decrease [21]. It is obvious to know that the material parameter k has a certain
effect on the crack growth rate. According to the research of Ishihara [22], when calculating
surface cracks, the value of k is expressed as a function of crack length a, and the expression
of the value of k is as follows:

k =

{
exp(10.6236− 0.0096228a) a ≤ 200 µm
6000 a > 200 µm

. (8)

Some studies have investigated that the reasonable lower limit of the average initial
crack depth of welding details is 0.1 mm, much larger than 200 µm [23–25]. Hence, the
paper takes the average value of the initial crack a0 as 0.1 mm, and the material parameter
k is set to 6000.

Finally, the parameters of ∆Keffth and Kopmax are simplified. Based on the concept of
crack closure, through the research of Meggiolaro [26], the Kopmax can be defined with

∆Kopmax = Kmaxth − ∆Ke f f th, (9)

where Kmaxth is the maximum stress intensity factor at the threshold level.
In order to obtain the empirical formula of ∆Keffth, the parameter of ∆Kth is introduced,

which is the range of the stress intensity factor range at the threshold. According to the
average value of typical specimens used in the fatigue crack growth test, the ratio of
∆Keff/∆K could be determined. The correlation between ∆Keff and R [27] can be reflected
as follows:

∆Ke f f /∆K = fe f f =

{
0.52 + 0.42R + 0.06R2 R ≥ 0
(0.52− 0.1R)/(1− R) −2 ≤ R < 0

, (10)
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where ∆Keff is the range of the effective stress intensity factor. Therefore, the ratio of feff
could be obtained according to Equation (10). A quantitative equation of crack growth rate
was proposed by Huang et al. [28], which can reflect the crack growth rate under different
R by the crack growth rate of R is 0, and ∆Kth can be inferred from ∆Kth0:

∆Kth/∆Kth0 = fth =


(1− R)0.5 −5 ≤ R < 0
(1− R)0.3 0 ≤ R < 0.5

(1.05− 1.4R + 0.6R2)
0.3 0.5 ≤ R < 1

, (11)

where ∆Kth0 is the threshold stress intensity factor range when R is 0.
According to the Equations (9)–(11), ∆Keffth and Kopmax could be rewritten as:

∆Ke f f th = fe f f fth∆Kth0, (12)

∆Kopmax = Kmaxth − ∆Ke f f th = [1/(1− R)− fe f f ] fth∆Kth0, (13)

when the above parameters are determined through assumptions and empirical formulas,
the McEvily model can be modified as follows:

da
dN = AMB

M = [1 + R
1−R (1− e−ka)]∆K− 1−e−ka

1−R fth∆Kth0 − e−ka fe f f fth∆Kth0

∆K = 1.11× ( 2w
πa tan πa

2w )
1/2 ∆σ

√
πa

1.01

. (14)

2.3. The Effectiveness of Improved McEvily Model

In order to prove the effectiveness of the improved McEvily model, the typical steel
structure fatigue crack (fatigue crack of butt weld of orthotropic steel deck) was selected
for analysis in this study, and the experimental research data of Q345qD steel were cited.
Liang et al. [29] conducted experiments on the fatigue crack growth rate of metallic ma-
terials. The different thickness specimens and different stress ratios were used for the
experimental research, and the fully automated crack length measurement software was
used for collecting data. By means of data processing, the fatigue crack growth rate curves
of 6.1 mm, 10.0 mm, and 23.5 mm thickness weld specimens under different stress ratios
(R = 0.1, 0.2, 0.5) were obtained. The test specimens were made according to the mechanical
standard of GB/T 714-2008 specification [30], in which the schematic diagram of the test
specimens is shown in Figure 2a, and the dimensions of the test specimens are shown
in Figure 2b. The basic mechanical properties of Q345qD butt welds were measured by
uniaxial tensile test, and the average mechanical properties of Q345qD butt welds: fy is
534 MPa, fu is 596 MPa, E is 2.51 × 105 MPa.
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The improved model was validated numerous times in this paper using the experimen-
tal data. Due to the presence of the weld, the test results for the same specimen subjected
to the same stress ratio remain somewhat dissimilar. In this study, the above dissimilar
is mainly manifested in the change of the material constants (as shown in Table 1 and
Figures 3–5). As a result, the establishment of different Paris models is essential to exactly
estimate the fatigue crack growth rate for the same specimens with different material con-
stants. Compared to the Paris model, the improved McEvily model has extremely robust
against the effects of welds. Just one improved McEvily model for the same specimen is re-
quired. The improved McEvily model, based on the same specimen, is only related to stress
ratios, which significantly improves computing efficiency and engineering application.

Table 1. Comparison of material constants under the two models [29].

The Thickness of Specimen Stress Ratio

Material Constants of
the Paris Model

Material Constants of
the Improved McEvily Model

m lgC B lgA

6.1 mm
0.1 2.63 −10.78

2.53 −10.650.2 2.51 −10.39
0.5 2.69 −10.56

10.0 mm
0.1 2.68 −10.88

2.58 −10.790.2 3.04 −11.41
0.5 2.84 −11.07

23.5 mm
0.1 2.40 −10.61

2.61 −11.110.2 3.32 −12.23
0.5 3.02 −11.45

The validation procedure is demonstrated here by utilizing a specimen set consisting
of 6.1 mm thick nine specimens (as shown in Table 1 and Figure 3). Firstly, the specimen
set was divided into three working conditions with stress ratios of 0.1, 0.2, and 0.5, and
the average value of material constants was computed for each set of working conditions
using experimental data (as shown in Table 1). Second, three Paris models with different
material constants were established based on experimental data to predict the fatigue crack
growth rate at various stress ratios, respectively. Then, an improved McEvily model was
established based on the test data of three specimens with a stress ratio equal to 0.5. The
experimental data of the sample set with a stress ratio of 0.5 is the most concentrated, and
the accuracy of the established improved McEvily model can be enhanced (as shown in
Figure 3c). Finally, the established McEvily model was applied to specimen sets with stress
ratios of 0.2 and 0.3. The accuracy of the fitting results was proven by comparing with the
fatigue crack growth rate curves of Paris models (as shown in Figure 3).
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set of stress ratio experimental to determine the material constant, which overcomes the
influence of the weld. Further demonstrates that the improved McEvily model has good
robustness and applicability.

In order to be able to apply the improved McEvily model to the practical engineering,
according to the fitting results of the material constants of the above Q345qD steel, the
material constants lgA, and B used in this paper are −10.65 and 2.53, respectively. The
improved McEvily model is as follows:

da
dN

= 2.2387× 10−11M2.53. (15)

3. The Verification of Engineering Feasibility

In order to verify the feasibility of the improved McEvily model in practical engineer-
ing, the fatigue crack of the Q345qD steel butt weld of a suspension bridge was analyzed.
Based on the long-term strain monitoring data, the improved McEvily model, Paris model,
and nominal stress method were used to calculate the fatigue damage value of the monitor-
ing location.

3.1. The Processing of Monitoring Data

The study selected a strain monitoring point SG15 on the suspension bridge to analyze
the strain gauge SG15 is located in the middle of the bridge span, which is subject to vehicle
load all year round and is prone to fatigue cracks. The installation location of the strain
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gauge is shown in Figure 6. One-day data of SG15 were used to analyze the characteristics
of original strain monitoring data. Figure 7a shows the strain history for 864,000 data points
recorded on one day in 2015. The generation of the strain−time curve contains three factors:
(1) temperature-induced strain change: temperature mainly affects the overall trend of
the average strain and the induced strain changes with a small amplitude. (2) random
ambient excitations (including noise): plenty of signals which are low in amplitudes and
show a continuous distribution. (3) random vehicle load: the strain amplitude caused by
the vehicle load changes greatly, and there are obvious troughs and peaks, which are the
main reasons for the fatigue crack growth in the structural details.
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Figure 6. Stress gauge SG15 and temperature sensor location.

Firstly, the influence curve of temperature on the strain signal was separated. The
installation location of the temperature sensor is shown in Figure 6. Using wavelet trans-
form [31], the original signal was decomposed by multi-scale wave decomposition and
reconstructed in the low-frequency band. Then, the mean strain caused by the temperature
was obtained, as shown in Figure 7b. Figure 7b shows the strain−time curve affected by
temperature and temperature−time curve in the steel box girder. It can be seen that the
strain−time curve lags behind the temperature−time curve, but their periodic variation
trends are generally the same. Temperature mainly affects the trend of the overall strain
and has little effect on the variation of the strain amplitude, which the amplitude variation
time is relatively long.

Secondly, the effects of random excitations and measurement noise on strain were
separated. Wavelet transform was performed on the original signal, and thresholds were
selected for signal processing according to the features at different scales. After the signals
were extracted, the multi-scale random environmental excitations influence signals were
reconstructed to obtain their strain−time curve, as displayed in Figure 7c. Figure 7d shows
the strain–time curve caused by the vehicle load after removing the effect of other factors.
This study mainly used the fracture mechanics method and Nominal stress method to
calculate the damage value of fatigue crack and analyzed the strain−time curve under the
influence of vehicle load; R has a correlation with vehicle load, here R = 0 (as shown in
Figure 7d).
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3.2. Calculation of Fatigue Crack Growth

The annual fatigue crack depth is the key index to calculate the fatigue crack damage
value by the fracture mechanics method. Firstly, the number of load cycles needs to be
analyzed according to the monitoring data, the strain−time curve in Figure 7d can be
transformed into the stress−time curve by multiplying the elastic modulus, and the stress
range was extracted from the stress–time curve using rain−flow counting method [32], the
stress range σi was from 0 to 35 MPa, as shown in Figure 8. According to Miner’s damage
accumulation theory [33], the daily effective stress range σe under the variable amplitude
load is expressed as

σe = (∑
ni
Na

σi
m)

1/m
, (16)

where ni is the number of cycles of the stress range σi; Na is the number of cycles of all the
stress ranges; m is related to material properties.
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Due to the effective daily stress range, σe is a random variable, the mean value of the
effective daily stress range is represented as

E(σ) =
∫ +∞

0
σe f (σ)dσe, (17)

where f (σ) is the probability density of the daily effective stress range.
Secondly, the cumulative damage induced by repetitive vehicle load actions is the

primary source of steel bridge fatigue damage. Thus, the growth of traffic flow needs to
be considered in calculating the fatigue crack depth. The subjects of this study were a
significant amount of field data acquired from the suspension bridge’s health monitoring
system between 2010 and 2018. Based on the known traffic flow from 2010 to 2015 years, the
gray theory [34] is used to predict the traffic flow from 2016 to 2040 years. The prediction
model of the annual traffic flow of the suspension bridge is:

x̂(1)(t + 1) = 4223.976143× e3.018 − 3909.976143
x̂(0)(t + 1) = x̂(1)(t + 1)− x̂(1)(t)

}
, (18)

where x̂(1)(t) is the cumulative annual traffic flow from 2010 to t. x̂(0)(t + 1) is the annual
traffic flow in year (t + 1).

Figure 9 shows the traffic flow from 2016 to 2040 predicted by the gray theory. The
maximum error of the comparison between the actual traffic flow and the predicted traffic
flow in 2016−2018 is not more than 5%, indicating that the accuracy of the predicted traffic
flow can be verified, which can be seen in Figure 9. The data curve fitting of the predicted
traffic flow shows that the annual traffic flow increases exponentially at a 10.56% growth
rate. Then, the number of stress cycles of vehicle load within one year X(t) is

X(t) = 365× Xd × (1 + z)t, (19)

where Xd is the mean of the number of daily stress cycles corresponding to the mean of the
daily effective stress ranges E(σ); z is the annual traffic growth rate.
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Finally, based on the stress range cycle number histogram and the predicted annual
traffic flow, the study used the Markov chain [35] to analyze and obtain the annual fatigue
crack depth. Figure 10 showed crack depth increment predicted by the improved McEvily
model and the Paris model, in which C and m used in Paris model are 7.158 × 10−11 and 3,
respectively, according to the Eurocode 3 [36]. From Figure 10, it can be seen that the crack
depth increases exponentially with the increase in annual traffic flow. The crack growth
predicted by the two models increases slowly in the initial stage and rapidly in the later
stage, which is consistent with the phenomenon observed in practical engineering. The
crack depth increment predicted by the improved McEvily model is not much different
from that predicted by the Paris model in the initial stage. With the growth of time, the
gap between the crack growth predicted by the two models gradually widens. The final
crack depth increment predicted by the improved McEvily model is 32.4% larger than that
predicted by the Paris model, and the prediction result is more conservative. The study
analyzed the small vehicle load without considering the negative factors such as heavy or
super heavy vehicle load and corrosion, so the predicted crack depth developed slowly.
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3.3. Comparison of Crack Fatigue Damage

The nominal stress method is one of the most commonly used methods to evaluate
fatigue cracks, and the calculated results of this method are relatively conservative. In
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order to compare the calculation results of the improved McEvily model with the nominal
stress method, the fatigue crack damage value index was used in this section. The nominal
stress method based on Eurocode 3 was introduced, and the S−N curve of Eurocode 3 is
shown in Figure 11.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 12 of 15 
 

 
Figure 11. S−N curve of Eurocode 3. 

For the nominal stress method, Eurocode 3 provides the fatigue strength curves 
based on: 

( )3 3 6 6Δ Δ 2 10 5 10R R C CN K Nσ σ= ⋅ × = ≤ × , (20)

( )5 5 6 6 8Δ Δ 5 10 5 10 10R R D DN K Nσ σ= ⋅ × = × ≤ ≤ , (21)

where ΔσR is the stress range; NR is the corresponding life expressed as the number of 
cycles related to ΔσR; ΔσC is the fatigue strength when fatigue life is 2 × 106 cycles. ΔσD is 
the fatigue strength when fatigue life is 5 × 106 cycles; KC and KD are fatigue strength coef-
ficients. According to Eurocode 3, KC and KD of the rib-to-rib welded details are 7.16 × 1011 

and 1.90 × 1015, respectively. 
Therefore, the fatigue damage value of the stress range histogram can be defined as 

3 5

Δ Δi D j D

j ji i

S SC D

n Sn SD
K Kσ σ≥ ≤

=  +  , (22)

where ni is the number of stress range Si, which is bigger than ΔσD; and nj is the number 
of stress range Sj.  

In order to observe the fatigue damage value caused by each stress range, the fatigue 
damage histogram of strain gauge SG15 can be obtained through Figure 8 and Equation 
(22); the results are shown in Figure 12. Based on the actual annual traffic growth rate of 
10.56%, the paper forecasted the fatigue damage value of SG15 from 2010 to 2040, and the 
annual fatigue damage value Dtotal is 

5 5
365 (1 )e

total
D D

tt e
dD

K
x X
K

zσ σ
× × += = . (23)

The prediction results of the nominal stress method are shown in Figure 13. 
Based on the theory of linear elastic fracture mechanics, the prediction of fatigue 

crack depth from 2010 to 2040 can be converted into annual fatigue damage according to 
Equations (24) and (25). The expression of annual fatigue damage value is 

2.53= , 2010,2011, ,2040
2.2387( ( ))

c

i

a

i a

dan i
M a

=  , (24)

2010

1 i
total

nD
n

= − . (25)

Figure 11. S−N curve of Eurocode 3.

For the nominal stress method, Eurocode 3 provides the fatigue strength curves
based on:

∆σ3
RNR = ∆σ3

C · 2× 106 = KC

(
N ≤ 5× 106

)
, (20)

∆σ5
RNR = ∆σ5

D · 5× 106 = KD

(
5× 106 ≤ N ≤ 108

)
, (21)

where ∆σR is the stress range; NR is the corresponding life expressed as the number of
cycles related to ∆σR; ∆σC is the fatigue strength when fatigue life is 2 × 106 cycles. ∆σD
is the fatigue strength when fatigue life is 5 × 106 cycles; KC and KD are fatigue strength
coefficients. According to Eurocode 3, KC and KD of the rib-to-rib welded details are
7.16 × 1011 and 1.90 × 1015, respectively.

Therefore, the fatigue damage value of the stress range histogram can be defined as

D = ∑
Si≥∆σD

niS3
i

KC
+ ∑

Sj≤∆σD

njS5
j

KD
, (22)

where ni is the number of stress range Si, which is bigger than ∆σD; and nj is the number of
stress range Sj.

In order to observe the fatigue damage value caused by each stress range, the fatigue
damage histogram of strain gauge SG15 can be obtained through Figure 8 and Equation
(22); the results are shown in Figure 12. Based on the actual annual traffic growth rate of
10.56%, the paper forecasted the fatigue damage value of SG15 from 2010 to 2040, and the
annual fatigue damage value Dtotal is

Dtotal =
xtσe

5

KD
= 365× Xd × (1 + z)t σ5

e
KD

. (23)
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Based on the theory of linear elastic fracture mechanics, the prediction of fatigue
crack depth from 2010 to 2040 can be converted into annual fatigue damage according to
Equations (24) and (25). The expression of annual fatigue damage value is

ni =
∫ ac

ai

da

2.2387(M(a))2.53 , i = 2010, 2011, . . . , 2040, (24)

Dtotal = 1− ni
n2010

. (25)

The annual fatigue damage value of the improved McEvily model and Paris model in
2010–2040 is shown in Figure 13, and the initial fatigue damage value is 0. From Figure 13,
it can be seen that the fatigue damage value calculated by the improved McEvliy model
is similar to the nominal stress method. Since the improved McEvliy model considers
more engineering factors, the growth rate is greater than that calculated by the nominal
stress method. The Paris model is significantly less than the nominal stress method and the
improved McEvily model in the calculated results, which cannot accurately evaluate the
fatigue crack life. Because the Paris model has limited in predicting the fatigue life of small
cracks, resulting in smaller calculated results. It shows that the accuracy of the improved
McEvily model in the calculated results is greater than that of the Paris model and can be
well adapted to practical engineering. The improved McEvily model can preliminarily
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evaluate the fatigue crack life, providing convenience for bridge managers and ensuring
the safety of orthotropic steel bridge decks.

4. Conclusions

In the current field of fatigue life prediction of steel structures, the classical Paris
model cannot reflect the influence of different stress ratios and cannot be applied to the
growth of small cracks. The original McEvily model is difficult to apply in practical
engineering due to the complexity of its parameters. Based on the above limitations, the
paper proposes an improved McEvily model. Firstly, the calculation methods of the four
parameters Kmax, k, Kopmax, and ∆Keffth of the McEvily model in the existing references
were simplified, and its application range was extended from experimental conditions
to practical engineering. Then, based on the Q345qD steel test data, the fitting results of
the Paris model were compared to verify the correctness of the improved McEvily model.
Furthermore, the improved McEvily model solves the weakness of the Paris model, and it
has robust to the influence of welds. The improved McEvily model has broader applicability
in real engineering than the Paris model. Finally, the improved McEvily model was used
in practical engineering to verify its effectiveness. Based on the long-term monitoring
data, the fatigue damage index was used to evaluate the fatigue crack of the U-rib. The
calculation results of the improved McEvily model were compared with the Pairs model
and the nominal stress method, which reflects the accuracy of the model in evaluating
the fatigue crack life of steel structures. Overall, the improved McEvily model provides
a more accurate theory for calculating the fatigue life of steel structures and has a certain
reference value for bridge engineers to evaluate the fatigue life of steel structures. However,
the improved McEvily model can only be used in the case of open cracks, and the fatigue
prediction of other forms of steel structure cracks deserves further discussion.
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