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Abstract: Reasonable fatigue load should be determined before bridge fatigue analysis. However,
the design frequency calculation method of the standard vehicle does not always make sense when
the standard vehicle load model that is provided by existing standards is adopted, as the weights
(equivalent coefficients) variation of different vehicle types are not considered from the perspective
of damage equivalence. The method through direct damage calculation is workable but the process
is usually laborious and time-consuming. To solve this problem, the traffic data of 35 highway sites
involving 15 provinces in China were collected and the fatigue load spectrum were derived. The
equivalent coefficients of each vehicle type at all of the 35 locations were calculated directly and
the relationship with the corresponding gross vehicle weight was obtained formulaically through
statistical analysis. Therefore, the design frequency of the standard vehicle can be calculated by
the product of the actual frequency for a certain type of vehicle and the corresponding equivalent
coefficient. The effectiveness of the proposed method was verified from the perspective of damage
equivalence compared with the existing-standard method, and its flexibility and applicability for
complex traffic conditions such as China were also demonstrated. In addition, three grades for the
design frequency were put forward as references in relevant project design.

Keywords: highway bridge; standard fatigue vehicle; design frequency; fatigue damage equivalence

1. Introduction

Most steel structure failures are related to fatigue damage [1], and this is particularly
prominent for steel bridges [2]. Take the orthotropic steel deck systems for example, fatigue
cracks can often be found in a matter of years or decades of service as a result of the
passing vehicles [3,4]. Generally, fatigue cracks are difficult to be noticed and repaired
in the initial stage during the service period of steel structures [5], and the continuous
propagation of fatigue cracks will affect the structural function and safety, and even cause
bridge collapse accidents [6–8]. The realization of the durability goal of steel bridges (the
design life of important bridges is usually 100 years or more) heavily depends on the
solution of fatigue problems, and ‘fatigue durability’ is not a rare expression in the related
literature [9,10]. Fatigue design or analysis is significant especially for steel bridges, with
the premise of determining reasonable fatigue load. To ensure precise fatigue analysis and
the achievement of bridge durability goals, a reasonable fatigue vehicle load model, which
is also the focus in this paper, should be determined considering that the main variable
load that is borne by highway bridges is vehicle load in engineering practice.

Presently, there are chiefly three forms of load model for fatigue analysis of bridges [11]:
(a) fatigue load spectrum that is represented by several typical vehicles (short for “typical
vehicle model”); (b) standard fatigue vehicle load model (short for “standard vehicle
model”); (c) a vehicle that is used for standard live load in static strength design (short for
“static model”). Specifically, among those mentioned models, the typical vehicle model is

Buildings 2022, 12, 217. https://doi.org/10.3390/buildings12020217 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings12020217
https://doi.org/10.3390/buildings12020217
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-2132-324X
https://doi.org/10.3390/buildings12020217
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings12020217?type=check_update&version=3


Buildings 2022, 12, 217 2 of 21

usually considered to be the closest to the actual fatigue load but not convenient for use,
and “static model” is often considered to be inaccurate. The standard vehicle model is
developed from the typical vehicle model based on the principle of damage equivalence.
Considering the results and the solution procedures that are generated by this model that
are capable of retaining certain accuracy and simplicity, it is widely accepted in fatigue
analysis of bridges.

As shown in Figure 1, the standard vehicle model in China’s current design code of
steel bridges [12] (denoted as Model III) is a four-axle vehicle with gross vehicle weight
(GVW) of 48 t, which is similar to the Eurocode [13] except for simply modifying the
ground contact dimensions of wheels. However, there are still several limitations of appli-
cation with Model III for the actual traffic characteristics of China. As we know, China’s
territory is approximately double that of the European Union (EU), and the overloading
regulations [14,15], which has been proven to have significant influence on truck operating
weights and may cause failure of the current fatigue load model [16], are different. Recently,
Deng et al. [17] revealed that the fatigue damage that was calculated with Model III can
large errors to emerge in several regions in China. Thus, it is necessary for the Model
III to undertake more in-depth and comprehensive research to improve its applicability
and feasibility.

Figure 1. Standard fatigue vehicle load model in China’s code (unit: m).

Precisely, the standard vehicle model is generally involved with a standard vehicle
and corresponding frequency. The conventional single-vehicle-model scheme is usually
utilized in the mainstream fatigue design codes around the world [12,13,18]. Generally,
the standard vehicle is often a single vehicle and the frequency is directly determined
by the flow of the effective vehicles whose fatigue contribution can’t be ignored directly.
Theoretically, the biggest challenge for utilizing the single-vehicle-model scheme is the
varied traffic characteristics due to the uneven development across domestic regions. For
instance, according to Zhou et al. [19], it was found that the GVW of the standard vehicle are
51 t and 29 t for Shanxi Province and Fujian Province, respectively. Therefore, an obviously
conservative standard vehicle is certain to be selected to avoid underestimating the actual
fatigue loads in some regions [19–21]. In view of the limitations of the conventional
single-vehicle-model scheme, Deng et al. [17] proposed a two-vehicle-model scheme with a
three-axle vehicle and a four-axle vehicle. In detail, compared to the Model III, this scheme
is verified to have better adaptability in complex traffic conditions with higher accuracy.
However, the new scheme is far from ideal because it is more complex to used and may still
underestimate the actual fatigue loads in some cases (the maximum relative errors were up
to −26% [17]).

Actually, the method for determining the standard vehicle standard vehicle’s fre-
quency is also a determinant factor to determine the final fatigue damage besides the
vehicle configuration. Traditionally, the frequency of the standard vehicle is determined
by directly counting the average daily traffic flow (ADTF) of effective vehicles without
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taking the differences of fatigue damage that is caused by varied vehicle types into account.
Therefore, to overcome the limitation that results from such a traditional method, a new
frequency calculation method will be developed in this paper that is based on fatigue
damage equivalence while the single standard vehicle in Model III remains unchanged.
According to the new frequency calculation method, during the frequency determining
process, different weights will be assigned for corresponding vehicles based on fatigue
damage equivalence when calculating the frequency of a standard vehicle. Specifically,
in the proposed method, higher flexibility of the fatigue damage equivalence principle is
considered and the simplicity of the form for Model III is also retained.

To conduct the research, firstly, the traffic data sources at 35 highway locations in-
volving 15 provinces in China were collected through weigh-in-motion (WIM) systems
or existing research, and the fatigue load spectrum of the corresponding locations were
derived or obtained; Secondly, based on the linear cumulative damage theory [22–24], the
fatigue damage of the typical representative vehicles for the 35 locations and the standard
vehicle was calculated. After obtaining the equivalent coefficients, i.e., the ratio of fatigue
damage between typical the representative vehicles and the standard fatigue vehicle, the
mathematical relationship with the gross vehicle weight is given based on the statistical
analysis. On this basis, the weight of each typical representative vehicle can be determined
through equivalent coefficients when the frequency of the standard vehicle is calculated by
using the method that is proposed in this paper. Compared with the methods of optimizing
standard vehicle configuration in other literature or that is recommended in the existing
standards, the method that is proposed is more flexible and applicable, especially for the
situation of China, whose territory is vast and the traffic characteristics among regions are
significantly different.

2. Fatigue Damage Theory

The fatigue damage equivalence criterion is the theoretical basis for the study of the
bridge fatigue load model. In the following discussion, the derivation of fatigue load spec-
trum, the calculation of vehicle fatigue damage, and the definition of equivalent coefficient
and equivalent heavy vehicle flow follow the unified fatigue damage theory [22–26]. The
definition of fatigue damage is not unique [27], so it is necessary to explain it here.

The reference stress amplitude of structural details is set as ∆σi, and the corresponding
fatigue life is Ni. According to the S-N line approach [23] for welded structures, the
relationship between the stress amplitude and fatigue life can be expressed by Formula (1).

Ni · ∆σi
m = C (1)

where, m and C are constant related to the material. For steel structures, m = 3 is generally taken.
If ni is the actual number of cycles corresponding to ∆σi, according to the linear

cumulative damage theory (Miner’s rule) [23,27], the corresponding fatigue damage can be
defined as:

Di =
ni
Ni

(2)

When the variable amplitude loading is applied, the total fatigue damage is:

D = ∑ Di = ∑
ni
Ni

=
1
C
·∑ ni∆σ3

i (3)

3. Traffic Data Collection and Preprocessing

Data of traffic load involving 3.9 million vehicles was collected via 47 WIM systems in
toll stations of highways involving 20 provinces of China in late May, 2015 (14 days in total).
The traffic data were collected, including the vehicle type, passing time, axle group type,
GVW, axle load, and other information, was the sum of all lanes in the same direction; see
Table 1. However, the axle type information of Beijing and 7 other provinces (No. 1 to 8)
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was not effectively obtained, thus the corresponding fatigue load spectrum could not be
derived as the vehicles can be hard to classify.

Table 1. Locations for WIM information collection.

Location
Number Province Expressway/

Toll Station
Location
Number Province Expressway/

Toll Station

1 Beijing G2/Dayangfang 11 Hunan G4/Yanglousi
2 Gansu G30/Ganshan 12-1

Hebei
G4/Jiyu

3-1 Guangxi G72/Guixiang 12-2 G20/Jilu
3-2 G75/Guihai 12-3 G1/Jiliao
4-1

Jilin
G1/Lalinhe 13-1

Henan

G4/Anyangbei
4-2 G1/Wulihe 13-2 G 4/Yu’e
5-1

Liaoning
G11/Dalian 13-3 G36/Yuwan

5-2 G1/Maojiadian 13-4 G 40/Yushan
5-3 G1/Wanjia 14 Heilongjiang G1/Lalinhe
6-1

Shanxi

G30/Chencang 15-1
Hubei

G4/Yu’e
6-2 G30/Tongguan 15-2 G4/Xiang’e
6-3 G20/Wangquan 16-1

Jiangsu
S26/Suhu

6-4 G20/Wubu 16-2 G25/Sulu
7-1

Sichuan

G85/Yujian 16-3 G4211/Suwan
7-2 G65/Sichuan 17 Jiangxi G70/Xiongcun
7-3 G42/Lindian 18-1

Shandong
G15/Fushan

7-4 G76/Longnaquba 18-2 G20/Luji
7-5 G75/Sichuan 18-3 G15/Lusu
7-6 G93/Sichuan 19-1

Shanxi
G55/Deshengkou

8 Zhejiang G104/Fenshuiguan 19-2 G20/Jundu
9-1

Fujian
G15/Minyue 19-3 G20/Jiuguan

9-2 G15/Minzhe 20-1 Chongqing G75/Chongxihe
9-3 G70/Mingan 20-2 G75/Xiangxingshan
10 Guangdong G4/Yuebei

Generally, the vehicles with very limited fatigue damage contribution were omitted
directly to lessen the workload of traffic data processing and the rest vehicles were called
effective vehicles. However, there seems no unified filtering criteria so far. The fatigue
damage contribution of the vehicles with a GVW less than 3.0 t can be ignored directly,
and this has been widely accepted [17,19,20,28,29]. However, the threshold raises up to
6 t in NCHRP Report [30], or 10 t in the Euro-code [13] and the Chinese code [12]. The
frequency calculation is closely related to the definition of effective vehicles or filtering
criterion. Thus, the vehicles were divided into three groups to facilitate discussion, that is
“below 3 t”, “3 to 10 t”, and “above 10 t”, which were respectively tagged as “light vehicles”,
“medium vehicles”, and “heavy vehicles”. In the following discussion on fatigue damage,
the data of the light vehicles was omitted in traffic data preprocessing. However, whether
medium vehicles can be omitted needs further discussion later for few related studies could
be found.

The statistics showed that, as shown in Figure 2, the proportion of light vehicles and
heavy vehicles varied greatly among the different locations that were under investigation,
without obvious regularity. The proportion of medium vehicles was always low, with
an average of about 8% and a maximum of 15.9%. However, as shown in Figure 3, the
proportion of the “medium vehicles” was up to 35.8% (S26 Expressway located in Jiangsu
Province, eastern China) after eliminating the light vehicles, and the values at half of the
locations were more than 10%. Therefore, it made no sense to ignore the fatigue damage of
medium vehicles from the perspective of traffic flow, only the data of light vehicles were
omitted temporarily in the subsequent discussion.
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Figure 2. Proportions of light vehicles, medium vehicles, and heavy vehicles.

Figure 3. Proportion of medium vehicles after excluding the light vehicles.

To facilitate the subsequent derivation of the fatigue load spectrum, the vehicles
needed to be classified. Besides the GVM and axle number, the axle group type is also used
as a basis for vehicle classification. Statistics show that the vast majority of the road vehicles
can be categorized into 10 types based on the axle groups, namely “11”, “12”, “112”, “15”,
“115”, “125”, “129”, “155”, and “1129”. The number “1” denotes single axle, single tire.
The number “2” denotes single axle, double tires. The number “5” denotes tandem axles,
double tires, and the number “9” denotes tridem axles, double tires. For the light vehicles
and medium vehicles, vehicles of type “11” and “12” accounted for 98.0% and 96.4% by
average, respectively, in the locations for the traffic data collection. For the heavy vehicles,
96.7% of the vehicles by average belonged to the 9 axle types: “12”, “112”, “15”, “115”,
“125”, “129”, “155”, and “1129”. Therefore, it is reasonable to classify vehicles based on the
10 axle types. For a few of vehicles with axle types that were not included in Table 2, the
corresponding vehicle flows were incorporated into the vehicle types with the same axle
number in Table 2 in the following derivation process of fatigue load spectra. In addition,
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for the vehicles with more than 6 axles account for a very small proportion (no more than
1.4% in the locations surveyed) in the traffic flow of “heavy vehicles”, the vehicle flow was
accumulated into the traffic flow of 6 axles.

Table 2. Vehicle classification in this paper.

Axle Number Axle Type Representative
Axle Configuration

Representative
Vehicle GVW Serial Number

2

11 small passenger car
3 t below

V1

11 minivan (2 t below) V2

12 medium bus
(11–30 seats) 3 to 10 t

V3

12 medium truck (2–8 t) V4

12 Large bus
(30 seats above)

10 t above

V5

12 dual-axle large truck
(8–16 t) V6

3
112 large truck V7

15 large truck V8

4
115 large truck V9

125 dual-axle tractor
+dual-axle semi trailer V10

5
129 dual-axle tractor

+tri-axle semi trailer V11

155 tri-axle tractor
+dual-axle semi trailer V12

6
1129 tri-axle tractor

+tri-axle semi trailer

V13

159 V14

Thus, as shown in Table 2, the vehicles were categorized into 14 types (V1 to V14) in
this paper based on comprehensive consideration of GVW, the axle number, and axle type.
The description of the corresponding representative vehicle type refers to the investigation
of typical vehicle models in China in reference [23].

4. Data of Fatigue Load Spectrum
4.1. Derivation of Fatigue Load Spectrum

The fatigue load spectrum is generally considered to be the closest form to the actual
fatigue load, which can be used for the derivation of the standard fatigue vehicle load
model and to judge the rationality of the proposed standard vehicle model. The fatigue
load spectrum is composed of several typical representative vehicles and the corresponding
frequency. Thus, the equivalent axle load, equivalent wheelbase, and the daily flow of each
type of typical representative vehicle should be determined in a reasonable way.

The wheelbases for the typical representative vehicle type Vi (i = 3 to 14) can usually
be taken as the average value of the vehicles [20] of the same type. However, the collected
vehicle data do not contain wheelbase data. As the wheelbase is fixed after leaving the
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factory and the variation range is small [20], the conclusion of the investigation on vehicle
types in China by Wang et al. [31] was selected, and the unified wheelbase parameters of
V3 to V14 are presented in Table 3.

Table 3. Wheelbases for the typical vehicle types.

Serial Number
Wheelbase (m)

A1 A2 A3 A4 A5

V3 3.6
V4 3.8
V5 6
V6 5
V7 1.9 5.3
V8 4.8 1.3
V9 1.9 4.5 1.3
V10 3.5 8.6 1.3
V11 3.6 6.8 1.3 1.3
V12 3.3 1.3 6 1.3
V13 1.7 2.7 7.3 1.3 1.3
V14 3.3 1.3 9.3 1.3 1.3

Based on the principle of damage equivalence, the equivalent axle load of the typical
representative vehicles in each location can be calculated by the Formula (4) [20]. The
relevant data processing and calculation are completed by compiling VBA program. Due
to space limitation, the calculation results of the equivalent axle load for each location are
not presented in detail.

Wej = (
1
N

N

∑
i=1

W3
ij)

1/3

(4)

where Wej denotes the equivalent axle weight of the jth axle; Wij denotes the weight of the
jth axle that is recorded by WIM system for the ith vehicle; and N denotes the number of
vehicles in total of the same vehicle type.

Assuming that the equivalent GVW of the typical representative vehicle is the sum
of each equivalent axle loads, the statistical results of the equivalent GVW for typical
vehicles in the locations that were surveyed are shown in Table 4. It can be seen that the
mean equivalent GVW of different vehicle types with the same axle number is relatively
close and the dispersion of the equivalent GVW for the vehicles with more than three
axles (V9 to V14) was relatively large on the whole according to the calculation results of
variability coefficient.

Table 4. Statistical values of the equivalent GVW for each vehicle type(t).

Serial Number
Statistical Values Minimum Maximum Mean Standard

Deviation
Variability
Coefficient

V3 5.1 8.4 7.0 0.9 0.13
V4 6.3 7.7 6.9 0.3 0.04
V5 14.4 18.3 16.2 0.8 0.05
V6 14.6 19.1 16.5 1.2 0.07
V7 19.3 28.8 24.2 2.2 0.09
V8 19.0 28.1 24.5 2.0 0.08
V9 27.2 43.6 34.3 3.8 0.11

V10 26.2 38.9 32.7 3.0 0.09
V11 32.9 47.9 42.2 3.8 0.09
V12 26.5 49.7 40.0 5.7 0.14
V13 33.2 60.2 48.5 6.4 0.13
V14 37.5 55.7 48.8 4.9 0.10
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4.2. Lane Distribution Parameters

Generally, the composition of traffic flow in different lanes is different. The proportion
of heavy vehicles in the slow lane is generally significantly higher than that in other lanes.
On the other hand, the behaviors of fatigue vulnerable details of the bridge deck system,
such as typical details of orthotropic steel deck (OSD) system [32], are mainly affected by
the vehicle load of the lane in which it is located. Therefore, the fatigue damage near the
slow lane is usually more serious in practical engineering and it is necessary to consider
the distribution characteristics of the different vehicle types among lanes and the lane
distribution parameters.

The recommended values of the lane distribution parameters are proposed in some of
the literature [33–35] according to the field investigation. Based on that, the proportions
of each typical representative vehicle type in the slow lane are summarized in Table 5.
It should be noted that the recommended values in Table 4 are available only in normal
situations while lacking of the reliable survey data, as the distribution parameters are also
affected by some other factors. For example, drivers, even for heavy vehicles, tend to
choose the inner lane for safe driving in the curved bridge lane with a large radian. The
fatigue load spectrum of the slow lane can be obtained based on Table 5.

Table 5. Proportion of each typical vehicle type in the slow lane (%).

Surface
Support 2 Axles 3 Axles 4 Axles 5 Axles or More

2-way 4-lane 70 100 100 100
2-way 6-lane 40 50 70 70
2-way 8-lane 25 45 60 65

4.3. Fatigue Load Spectrum of Slow Lane

According to the derivation method that is described in Section 4.1 and the lane
distribution parameters in Table 5, the slow-lane fatigue load spectrum of the relevant
investigation locations (No. 9 to 20, involving 27 locations in 12 provinces) was obtained.
Limited by space, only the calculation results of the fatigue load spectra at location “15-1”
are listed in Table 6. ADTF (QD,Vi, i = 3 to 12) in Table 6 denotes the average daily traffic
flow in the slow lane.

Table 6. The fatigue load spectra of the slow lane at the location of ‘15-1′.

Vehicle
Type

Equivalent Axle Load (t) Equivalent
ADTF

1st Axle 2nd Axle 3rd Axle 4th Axle 5th axle 6th Axle GVW

V3 2.4 4.1 6.4 35
V4 2.7 4.5 7.2 147
V5 6.4 10.9 17.3 223
V6 5.3 11.8 17.1 221
V7 4.8 4.8 15.2 24.7 227
V8 6.5 10.6 10.6 27.8 51
V9 5.7 6.1 12.3 12.3 36.4 435

V10 4.7 11.6 10.1 10.1 36.4 83
V11 5.6 14.2 8.7 8.7 8.7 45.9 315
V12 5.6 8.8 8.8 12.9 12.9 48.9 14
V13 4.7 4.8 14.9 9.9 9.9 9.9 54.2 1366
V14 5.5 9.8 9.8 9.6 9.6 9.6 53.9 1376

Meanwhile, considering the limitations of the WIM data that were collected, the
fatigue load spectrum at 8 typical locations in China were selected as a supplementary
source to increase the coverage of the research data across the whole country, as shown in
Table 7.
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Table 7. Traffic data of eight typical locations from the public literature.

Location
Number Locations Notes

21 Xinyihe bridge, Jiangsu province Large bridge

22 Inner Mongolia section of G6 Expressway Main channel for coal
transportation

23 Jiujiang Yangtze River Bridge, on the boundary
between Jiangxi Province and Hubei Province Large bridge

24 Zhejiang province Port highway
25 Pingsheng Bridge, Guangdong province Large bridge
26 Guangxi province Highway toll station
27 Guizhou province Highway toll station
28 Humen Bridge, Guangdong province Large bridge

Among the 8 locations, Xinyihe bridge (No. 21) [36], Jiujiang Yangtze River Bridge
(No. 23) [37], Pingsheng Bridge (No. 25) [1], and the Humen Bridge (No. 28) [34] can
reflect the traffic characteristics of large bridges in China. The Inner Mongolia section of
G6 (No. 22) [38] is the main channel for Inner Mongolia coal transportation, which has
the characteristics of large traffic flow, high proportion of lorries and heavy load. The
port highway in Zhejiang province (No. 24) [39] reflects the transportation characteristics
of port highway in China. The fatigue load spectra of the highway in Guangxi province
(No. 26) [40] and Guizhou province (No. 27) [41] can, respectively, represent the traffic
characteristics of the two provinces that were not involved in the WIM data that were
collected.

Finally, the fatigue load spectrum of a total of 35 locations (No. 9 to 27) involving
15 provinces in China with 23 provinces in total were obtained for further analysis.

5. Fatigue Damage Calculation

The equivalent fatigue damage of the standard vehicle (JTG D64-2015) or a typical
representative vehicle in the fatigue load spectra can be calculated according to the steps in
Figure 4.

Figure 4. Calculation steps of fatigue damage.

Take the standard vehicle as an example.
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Firstly, the section internal force (section moment) history of the vehicle is obtained
by the influence line loading. For general consideration, there are three kinds of influence-
line shapes [17], which, respectively, are the bending moments at three critical sections,
namely the mid-span section of simply supported girder, the mid-span section, and the
mid-support section of two equal-span continuous girder, and can be recorded as “type A
line”, “type B line”, and “type C line”, as shown in Figure 5. The characteristic length of
the influence lines (L) varies from 1m to 100 m (L= (1.0 1.2 1.5 2 3 4 5 6 7 8 9 10 11 12 14 15
16 18 19 20 30 50 75 100)).

Figure 5. Schematic diagram of the three types of influence lines (L: m).

Then, the bending moment history that is obtained by influence line loading is pro-
cessed by the rain flow counting method [42] to obtain the bending-moment amplitudes
∆Mi and corresponding cycles ni.

Finally, the equivalent fatigue damage (EFD) of the standard vehicle can be calculated
according to the basic theory (Formula (3)) of the linear cumulative fatigue damage [22]

Ds =
1
C
·∑ ni · ∆σ3

i =
1

C ·W ∑ ni · ∆M3
i =

1
W
· D0 (5)

where, ∆σi denotes the reference stress for a fatigue detail, W denotes section modulus, and
D0 is regarded as the relative equivalent fatigue damage (REFD) of the standard vehicle.

The section modulus W, which represents the section characteristic value, can generally
be regarded as a constant when calculating the fatigue damage of a certain fatigue detail.
Thus, the REFD can be used to replace EFD to denote the vehicle fatigue damage in the
following discussion and the calculation of W can be avoided.

The calculation of REFD is completed by MATLAB (Version: 9.5.0). The relationship
between the REFD of the standard vehicle (D0) and the influence line is shown in the
Figure 6, which indicates that:

(1) the fatigue damage is not only affected by the shape of the influence line, but also
closely related to the length;

(2) the curve shows no regular pattern as the influence line length (L) is less than 30 m,
while the REFD values seems to increase monotonously with ‘L’ increasing as ‘L’
exceeds 30 m and will basically close to an upper limit value when the length increases
to 100 m.

The REFD values of the typical representative vehicles in the 35 locations were also
calculated in this method. However, the details of the calculation results are not presented
in detail for limitation of space.
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Figure 6. The REFD values of the standard vehicle with varying influence lines.

Based on the calculation results, whether the fatigue damage contribution of medium
vehicles should be considered in the fatigue analysis can be discussed here. According to the
vehicle classification in Table 2, the medium vehicles include the vehicle types of “V3 ∼ V4”,
and the heavy vehicles include the vehicle types of “V5 ∼ V14”. The ratio of fatigue damage
of the medium vehicles (DMV) to that of the heavy vehicles (DHV) can be used as a criterion
for judgment. Considering the length effect of the influence lines, the DMV/DHV value
is not a constant, therefore, the maximum value of DMV/DHV was selected to be the
representative value, which can be calculated according to the following formula:

max{DMV/DHV} = max

{
4

∑
i=3

(QVi · DVi)/
14

∑
j=5

(QVj · DVj)

}
(6)

where,QVi,QVj denotes the average daily traffic flow of Vi, Vj; DVi, and DVj denotes the
REFD of a typical representative vehicle of Vi, Vj in a certain location.

The calculation results are shown in Figure 7. It can be seen that the highest ratio of
REFD was only 2.6% (location of “16-1”) while the ratio of the corresponding vehicle flow
was 35.6%. So, it is reasonable to ignore the fatigue damage contribution of vehicles that
were under 10 t in fatigue analysis.

Figure 7. Ratio of fatigue damage between the medium vehicles and the heavy vehicles.
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6. Equivalent Coefficients and Equivalent Heavy Vehicle Flow
6.1. Equivalent Coefficients

The REFD value of a typical representative vehicle Vi (i = 5 to 12) for a certain location
is marked as Di, then the equivalent coefficient (EC) of Vi can be defined as

δVi = DVi/D0 (7)

EC reflects the relationship between the typical representative vehicle and the standard
vehicle from the perspective of fatigue damage. δVi = 1 means the fatigue damage of Vi is
equal to the standard vehicle, while the degree of deviation from 1 can reflect the difference
of the fatigue damage between Vi and the standard vehicle.

Take the location of “15-1” for example.
The calculated EC values (Vs “length of influence lines”) of partial typical vehicles

are shown in Figure 8. It can be seen that the EC values of the same typical vehicle are
dominated by the shape and length of the influence lines.

Figure 8. EC values vs. the influence lines at ‘15-1′.

The shapes of the influence lines seem to have less effect on EC values as the length
if the influence line is more than 30 m, and the EC values of each typical representative
vehicle change monotonously and tend gradually to a certain constant with the length of
influence line increasing to 100 m. However, the EC curves that are affected by multiple
factors seem to be irregular as the influence line length is less than 30 m. Therefore, the
30 m length can be regarded as a characteristic value to study the law of EC values.

For the convenience of analysis and discussion, three EC curves with different in-
fluence line shapes can be merged into one through extracting the maximum values. As
shown in Figure 9, from which it can be found that each revised EC curve has two relatively
significant peaks, which are approximately located in the intervals of 0 to 5 m and 5 to 30 m,
as the length of the influence line is within 30 m. Therefore, the EC values for each typical
representative vehicle can be divided into three groups according to the length of influence
line: 5 m below (Group A), 5 to 30 m (Group B), and 30 m above (Group C).

The maximum value of the EC values for Vi in each group (denoted as δ′Vi) can be
selected to be the representative EC values. Thus, the representative EC values of Vi in
each group can be defined as

δ′Vi = max{δVi} = max{DVi/D0} (8)

In this way, the process of considering the effect of the influence lines on vehicle
fatigue damage calculation can be greatly simplified.
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Figure 9. The maximum EC values vs. the length of the influence line at “15-1”.

The calculation results of the representative EC values for each typical representative
vehicle in “15-1” are listed in Table 8. From which, it can be seen that the relative fatigue
damage of different typical representative vehicles varies greatly. On the whole, the fatigue
damage of the vehicles with three or less axles was generally lower than that of the standard
vehicle, while the fatigue damage the vehicles with give or more axles was generally higher.
Thus, the corresponding weight of each vehicle type should be reasonably considered when
calculating the frequency of the standard fatigue.

Table 8. Representative EC values, ADTF, and EADTF of ‘15-1′.

Vehicle
Type

Axle-
Number

Representative EC Values
ADTF

EADTF

5 m
Below 5 to 30 m 30 m

Above
5 m

Below 5 to 30 m 30 m
Above

V3 2 0.026 0.012 0.003 35 1 0 0
V4 2 0.034 0.017 0.005 147 5 2 1
V5 2 0.447 0.131 0.066 223 100 29 15
V6 2 0.514 0.202 0.074 221 114 45 16
V7 3 1.063 0.388 0.185 227 241 88 42
V8 3 0.781 0.817 0.31 51 40 42 16
V9 4 1.258 1.279 0.618 435 547 556 269

V10 4 0.907 0.7 0.41 83 75 58 34
V11 5 1.122 1.153 0.846 315 353 363 266
V12 5 1.459 1.211 1.04 14 20 17 15
V13 6 1.495 2.084 1.339 1366 2042 2847 1829
V14 6 1.725 2.53 1.23 1376 2374 3481 1692

6.2. Equivalent Average Daily Traffic Flow

According to the previous discussion, the effective vehicle means a vehicle with a
GVW of more than 10 t. Thus, the average daily fatigue damage in a location based on the
related specification (DD) can be calculated as follows:

DD = D0 ·
14

∑
i=5

QD,Vi = D0 ·QD (9)

where, QD denotes the average daily traffic flow of the effective vehicles (ADTF).
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While the average daily fatigue damage at a location based on the fatigue damage
equivalence principle (DE) can be calculated as follows:

DE =
14

∑
5
(DVi ·QD,Vi) = D0 ·

14

∑
5
(δVi ·QD,Vi) (10)

δ′Vi is used to replace δVi when the process of considering the effect of the influence lines is
simplified based on the discussion in Section 6.1:

DE ≈ D0 ·
14

∑
5
(δ′Vi ·QD,Vi) = D0 ·

14

∑
5

QE,Vi = D0 ·QE (11)

The equivalent average daily traffic flow (EADTF, denoted as QE) can be defined as
the product of the representative EC values and ADTF of the effective vehicles in the slow
lane. The calculation result of ADTF and EADTF at location “15-1” is shown in Table 6.

EADTF, based on the consideration of fatigue damage equivalence is obviously more
reasonable than ADTF. To explore the difference between EADTF and ADTF, the values
of QD/QE for all the locations that were surveyed were taken for research. As shown in
Figure 10, it can be seen that: (1) when the length of the influence line is less than 5 m, the
values corresponding about 40% locations surveyed less than 0.9; (2) when the length of
the influence line is 5 to 30 m, the values corresponding about 43% locations surveyed less
than 0.9; (3) when the length of the influence line exceeds 30 m, the values at all locations
exceed 0.9. It indicates that it is likely to underestimate the fatigue load when the frequency
of the standard vehicle is determined based on the ADTF that is recommended in the
specification and the length of the influence line is within 30 m. However, the frequency
of the standard vehicle based on ADTF is more likely to overestimate the fatigue load as
the length of the influence line exceeds 30 m. On the other hand, the data show significant
dispersion, ranging from 0.5 to 2.9. Therefore, the method to determine the frequency of
the standard vehicle based on ADTF is not suitable for use from the perspective of fatigue
damage equivalence.

Figure 10. QD/QE at different locations.

Through analysis, the main reasons for the deviation between EADTF and ADTF are
as follows: (1) The composition of the vehicle flow is not considered when the frequency
of the standard vehicle is determined. The fatigue load is likely to be underestimated
when the proportion of the vehicles with representative EC values that are larger than 1
in traffic flow is high. (2) Possible overloading problems that are related to the local
traffic management level and freight characteristics is not considered properly. Take the
Inner Mongolia section of the G6 expressway for example. Traffic survey shows that the
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proportion of six-axle freight vehicles is as high as 76% and the overload phenomenon is
serious, the maximal representative EC value of six-axle vehicles is as high as 4.1 (generally
about 2.0). The fatigue load here will be seriously underestimated if ADTF is used according
to the specification.

Therefore, the concept of EADTF should be adopted to replace ADTF in the standard
vehicle frequency calculation, especially in the fatigue analysis of orthotropic steel deck
(OSD) system for the influence line length of the fatigue details is generally within 30 m.

7. Determination for Design Frequency

According to the previous discussion, the design frequency of the standard vehicle
can be determined by the EADTF of the typical representative vehicles other than ADTF.
The key to calculating EADTF is calculating the representative EC values (δ′Vi). However,
a simple and practical calculation method for determining the representative EC values
needs to be developed.

7.1. Calculation for Representative EC Values

The research shows that there is a significant statistical correlation between the vehicle
weight and the representative EC values. Firstly, the representative EC values of each
representative vehicle type at 27 locations (No. 9 to 20 in Table 1) are calculated by
definition. According to the previous discussion, representative EC values can also be
divided into three groups referring to the length of influence line: below 5 m (Group A),
5 to 30 m (Group B), and above 30 m (Group C), as shown in Figure 11, and it can be seen
that the correlation between GVW and the representative EC values is very close to a power
function, and regression analysis can be used to find the corresponding rules.

Figure 11. Relationship between the GVW and the representative EC values: (a) Group A; (b) Group
B; and (c) Group C.

Based on the principle of the least square method, the fitting function of Origin
Software (2017 version) is used to fit and analyze the relationship between the gross vehicle
weight (GVW) and the representative EC values of each vehicle type in the investigated
locations under different influence line lengths. The matching degree between fitting curve
and the data is evaluated by the value of the coefficient of determination (COD) R2. The
closer that the R2 is to 1, the better the fitting curve that is fitted, and the better the fitting
curve can explain the relevant data. Once it exceeds 0.9, it is generally believed that the
fitting curve has a strong correlation with the corresponding coefficient.

The results of regression analysis are shown in Figures 12–14. The shorter the influ-
ence line is, the more divergent the data is, and the more fitting curves are needed for
regression analysis. All the fitting curves are power function curves, and the corresponding
determination coefficient is above 0.92.
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Figure 12. Regression analysis for Group A: (a) V5 to V6; (b) V7 to V8; (c) V9 to V10; and (d) V11 to V14.

Figure 13. Regression analysis for Group B: (a) V5 to V9; (b) V10 to V14.
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Figure 14. Regression analysis for Group C: (a) V5 to V9 and (b) V10 to V14.

The formulas corresponding to the fitting curves in Figures 12–14 reflects the math-
ematical relationship between the representative EC values (y) and GVM (x). For conve-
nience, following the conservative principle, the fitting formulas with the same axle number
of the vehicle are simplified and merged. As shown in Table 9, the representative EC values
can be directly determined according to the number of axles and the GVM of the vehicle.

Table 9. Calculation formula of the representative EC values (×10−5).

Number of Axles
Length of Influence Line

5 m Below 5 to 30 m 30 m Above

2 y = 2.77x3.5

y = 8.27x2.7 y = 1.94x2.93 y = 1.38x3.5

4 y = 2.75x2.9

5
y = 4.45x2.6 y = 0.92x3.1 y = 1.02x3.0

6 (or more)

7.2. Verification

QE, f it denotes the equivalent heavy vehicle flow that is calculated based on the fitting
formula method that is given in Section 7.1. QE denotes the equivalent heavy vehicle flow
based on the definition in Section 6.1. QE is obtained directly by damage calculation and
can be considered to comply with the principle of fatigue damage equivalence. Therefore,
QE, f it/QE can be used to verify the validity of the methodology that is given in Section 7.1.
As shown in Figure 15. It can be seen that almost all the data fall within the range of 0.85
to 1.15. It indicates that the calculation deviation for the methodology that is given in
Section 7.1 is within 15%. Compared with Figure 10, it can be concluded that QE, f it that is
obtained by the proposed method is obviously closer to QE than QD that is obtained based
on the existing standards, and the possibility of underestimating the fatigue load is greatly
reduced. The validity and advance are, therefore, proven.

7.3. Grades for Design Frequency

According to the previous discussion, the calculation of EADTF requires the necessary
traffic investigation and is not a simple process. The design service life of the bridge is also
an important factor to be considered, which is related to the bridge grade. Therefore, the
design load grades are often given in the specifications. In the European code [13], the
design frequency of the standard vehicle is divided into four levels, which can be easily
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selected by designers according to the traffic level. The design load grading is also helpful
for designers to understand the load level of the bridge as a whole.

Figure 15. QE, f it/QE at different locations.

China’s current design code (JTG d64-2015) gives a suggestion for ADTF calculation
through the proportion of effective vehicles (above 10 t) in the total traffic flow, which is
divided into four levels to choose based on the road function and grade. However, it is
no longer suitable for use when the concept of EADTF is adopted. Therefore, the grading
suggestions of the design frequency in the slow lane that are based on EADTF are given in
Table 10. Through the statistical analysis on EADTF in the slow lane at all the investigated
locations (35 in total), the cumulative probability distribution of the change of the slow-lane
EADTF can be obtained, as shown in Figure 16. Then, the cumulative frequency of the
EADTF corresponding to 50%, 70%, and 90% is taken as the three grades, as shown in
Table 9. In the process of fatigue design, after calculating the EADTF that is based on the
traffic investigation, the fatigue load level that is close to it can be conservatively selected as
the design frequency of the standard vehicle. When the traffic survey data is not available,
designers can also choose an appropriate fatigue design load level directly according to the
traffic level, but more relative research should be conducted so that much clearer guidelines
will be provided for designers.

Table 10. Grades for design frequency (×104 vehicles/year).

Design Frequency
of the Standard Vehicle

Cumulative
Frequency

Length of Influence Line

5 m Below 5–30 m 30 m Above

Level 1 50% 100 130 80
Level 2 70% 140 180 110
Level 3 90% 230 265 155

7.4. Procedure for Determining the Design Frequency

Based on the discussion above, the design frequency of the standard vehicle can be
determined by the following steps:

(1) Necessary traffic investigation, analysis, and prediction;
(2) Vehicle classification referring to Table 2;
(3) The corresponding fatigue load spectra of the effective vehicles (with a GVW above

10 t) is obtained;
(4) The representative EC values are determined referring to Table 9;
(5) The EADTF can be calculated based on the representative EC values and ADTF
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(6) The corresponding level of design fatigue load is selected and the design frequency of
the standard vehicle in the slow lane is finally determined based on the EADTF.

Figure 16. The cumulative distribution of EADTF of the 35 locations.

8. Conclusions

When the standard fatigue vehicle load model is adopted in fatigue analysis, the
fatigue load will probably be underestimated due to the limitation of the frequency calcula-
tion method that is recommended by the existing standard. To solve this problem, in this
paper, the fatigue vehicle load data of 35 highway sites involving 15 provinces in China
were collected from weigh-in-motion (WIM) systems or existing research, and analysis
and discussion were made from the perspective of fatigue damage equivalence. The main
conclusions are as follows:

(1) During the fatigue analysis for steel bridges, it was suggested that the vehicle’s
damage contribution with a GVW that is less than 10 t should be ignored;

(2) In view of fatigue damage equivalence, it was reasonable to utilize EADTF, which is
defined as the product of the representative EC values and ADTF, rather than ADTF
in the calculation of the design frequency of the standard vehicle in fatigue analysis;

(3) A practical method was proposed to determine the representative EC values according
to the number of axles and the GVW of the vehicle;

(4) A total of three grades for design frequency of the standard vehicle were put forward
based on the statistical analysis of EADTF at 35 locations;

(5) The steps to determine the design frequency of the standard vehicle in slow lane were
given based on the EADTF calculation and the fatigue design load grades.
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