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Developing Fatigue Vehicle Models for Bridge Fatigue
Assessment under Different Traffic Conditions

Lu Deng, Ph.D., M.ASCE"; Lei Nie?; Wenjie Zhong®; and Wei Wang, Ph.D.*

Abstract: The fatigue damage of steel bridges induced by heavy traffic loads is a critical problem worldwide. A uniform fatigue vehicle is
generally adopted in bridge design codes to evaluate the cumulative fatigue damage of steel bridges. However, since the traffic loads vary
across sites, a single vehicle with predetermined parameters may be imprecise for actual fatigue damage estimations. In this study, a new
method for developing fatigue vehicle models that are applicable to various traffic conditions is proposed. The traffic in China was taken
as an example for illustrating the proposed method. Numerical simulations were performed to investigate the fatigue damage distribution
at 12 typical weigh-in-motion sites in China based on the collected vehicle load spectra, and the errors in fatigue damage estimations
when adopting the fatigue vehicle Model III in Chinese bridge code were evaluated under various scenarios. Results showed that using
Model III for fatigue analysis may seriously underestimate or overestimate the cumulative fatigue damage caused by the actual traffic
loads under some conditions. Using a modified Model III with gross weight adjusted to the site-specific traffic condition could lead to a sig-
nificant improvement, but the errors are still within a relatively large range. Following the classification and mathematical optimization tech-
niques of the proposed method, a three-axle fatigue vehicle model and a four-axle fatigue vehicle model corresponding to the light and heavy
traffic, respectively, were developed. These two fatigue vehicle models were proven to produce better and more consistent accuracy than
the single fatigue vehicle model (i.e., Model III) for various traffic compositions in China. DOI: 10.1061/(ASCE)BE.1943-5592.0001675.
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Introduction

With the rapid development of bridges, fatigue damage of steel brid-
ges is prone to occur under a large amount of heavy traffic and can
lead to serious disasters (Deng et al. 2017; Han et al. 2020; Qin and
Gao 2017; Zhou and Zhang 2019). Accurate bridge fatigue assess-
ment can give support for the maintenance of bridges that have suf-
fered from traffic loads for many years and thus plays an essential
role in bridge safety. Since the actual traffic loads on bridges are
complicated and difficult to obtain, fatigue load models are generally
used to represent the actual traffic loads in fatigue analysis (Croce
2001; Sedlacek et al. 2008). For example, a single fatigue vehicle
has been widely used in a variety of fatigue analyses due to its sim-
plicity (Deng and Yan 2018). Actually, fatigue vehicle models have
been documented in bridge specifications of many countries or re-
gions, e.g., the fatigue truck in AASHTO of the United States, the
Fatigue Load Model 3 in Eurocode 1 of the European Union, and
the fatigue load calculation Model III in JTG D60-2015 and JTG
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D64-2015 of China (AASHTO 2017; CEN 2003; JTG D60-2015,
GB 2015a; JTG D64-2015, GB 2015b). It is worth mentioning
that, according to the clause explanation of Chinese Specifications
for Design of Highway Steel Bridge JTG D64-2015, Model 1II in
the Chinese bridge specification was developed based on the Euro-
code EN 1991-2 Fatigue Load Model 3 (FLM3) by just modifying
the ground contact dimensions of wheels. The traffic data used to
build FLM3 were obtained from two survey activities conducted
in Europe between 1977-1982 and 1984-1988 (Sedlacek et al.
2008). Therefore, it may not be suitable to use Model III to estimate
the bridge fatigue damage caused by traffic load in China.

One of the main goals of studying fatigue load models is to de-
velop single fatigue vehicles that can produce the same fatigue dam-
age as the actual traffic load in the calculation (Chen et al. 2015;
Laman and Nowak 1996). Some researchers and engineers focused
on establishing fatigue load models applicable to different regions.
Laman and Nowak (1996) proposed a three-axle and a four-axle fa-
tigue vehicle based on the traffic load investigations of five steel
bridges in the United States. The three-axle and four-axle fatigue ve-
hicles are applicable to calculate the fatigue damage of bridges in-
duced by vehicles with 2-9 and 10-11 axles, respectively. They
also observed very large errors in the cumulative fatigue damage
when using the fatigue truck model in the AASHTO code, espe-
cially for short-span bridges.

While a single fatigue vehicle model with determined parame-
ters can be very convenient for application, it is generally believed
that it is more accurate to utilize the collected actual traffic load data
than using a single fatigue vehicle model in the fatigue analysis
(Ma et al. 2018). In fact, Laman and Nowak (1996) also pointed
out that an accurate fatigue vehicle model is strongly site-specific
and characterized by the local truckload spectrum. Much effort
has been devoted to proposing fatigue vehicles based on the
weigh-in-motion (WIM) data of a certain region, e.g., a specific
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province in China (Chen et al. 2015) and a specific state in the
United States (Chotickai and Bowman 2006), or even a bridge in
a certain city (Ma et al. 2018). The application of these fatigue ve-
hicles is limited to regions where the traffic data are collected from
and the models may not produce satisfactory accuracy when used
to calculate the fatigue damage of bridges under the traffic loads
of other regions. It is noted that fatigue vehicle models are usually
intended for sites where the traffic load level is relatively high.
Therefore, using these models for sites where the traffic load
level is relatively low may result in excessive overestimation of fa-
tigue damage (Chen et al. 2015; Zhou et al. 2010).

In China, plenty of research on fatigue vehicle models based on
monitored traffic load data has been carried out. For example, Tong
et al. (1997) proposed a vehicle load spectrum using the collected
traffic data of a bridge at Shanghai’s inner ring, which is the first
study on the fatigue load spectrum in China. Zhou et al. (2010) con-
ducted on-site traffic load surveys at eight typical highway and
bridge toll stations in China and developed separate fatigue ve-
hicles for different regions. The fatigue vehicle for Liaoning Prov-
ince in Zhou et al. (2010) was adopted as the standard fatigue
vehicle in China. A single-vehicle fatigue load model based on
the WIM traffic data at three typical sites in Guangdong Province
was given in Chen et al. (2015), and the model was believed to
be applicable to heavily loaded areas of China since the load levels
in Guangdong were higher than those of other regions (Yan et al.
2012). Liu et al. (2017b) investigated the vehicle load distributions
in 23 provinces of China in detail and suggested a three-axle, a
four-axle, and a six-axle fatigue vehicle model for Zhejiang,
Guizhou, and most other provinces of China, respectively. Ma
etal. (2018) developed seven fatigue vehicles for the fatigue assess-
ment of the steel box-girders of XiHouMen Bridge based on the
on-site-collected WIM data.

Till now, a few studies on high-accuracy fatigue vehicle models
that are suitable for various sites where the traffic load composi-
tions are different have been conducted. In this paper, a new
method is proposed for determining fatigue vehicle models that
can be applied to fatigue damage calculations at various sites
where the traffic load compositions are different. Using the col-
lected vehicle load spectra at 12 typical sites in China as an exam-
ple, a three-axle fatigue vehicle model and a four-axle fatigue
vehicle model are suggested for the light-duty and heavy-duty traf-
fic, respectively. These two fatigue vehicle models have proven
better and more consistent accuracy than the current fatigue vehicle
model in the Chinese code. Therefore, they can not only be used
directly as a reference for bridge fatigue evaluation in China but
also serve as examples for developing fatigue vehicle models
with improved accuracy in other regions.

Collected Fatigue Load Spectra
Accurate fatigue damage analysis of bridges should be based on the
actual traffic load data. However, due to the diversity and complex-

ity of actual traffic loads, direct use of the original traffic load data
may cause inconvenience in the fatigue analysis process. To cope

Table 1. Fatigue load spectrum at RD10 in Shanxi Province

up with the problem, fatigue load spectra are widely utilized in
the vehicle-induced fatigue analysis (Chen et al. 2015; Liu et al.
2017b; Zhou et al. 2009).

Since China covers a very large geographic area and the traffic
condition in China varies significantly between different areas, the
traffic in China was selected as the background for the fatigue eval-
uation of bridges and for developing fatigue vehicle models in this
study. Fatigue load spectra at 12 typical sites in China were selected
as the sources of the traffic data. These sites are located in 12 differ-
ent provinces or municipalities in China, namely, Beijing, Fujian,
Guangdong, Henan, Jiangsu, Jiangxi, Liaoning, Shandong, Shang-
hai, Shanxi, Sichuan, and Zhejiang. For the convenience of descrip-
tion, these sites were numbered from RD1 to RD12 in the order of
the provinces in which they are located. These data are representa-
tive of Chinese actual traffic loads because the selected provinces or
municipalities are distributed in different regions throughout China.
For example, Liaoning is located in the northeast region, Beijing
and Shanxi belong to the northern region, Henan is in the central re-
gion, Sichuan is located in the southwest region, Jiangsu and Fujian
are in the eastern coastal region, and Guangdong is in the southern
region. The traffic in the northwestern region of China was excluded
in this study due to the underdeveloped traffic in the region and the
lack of traffic statistics. All traffic load spectra were collected from
existing references (Liu et al. 2014a, 2017a; Liu 2017; Shao and Lu
2015; Su et al. 2018; Sun and Sun 2012; Tong et al. 1997; Yang
2015; Yin 2016; Zhao 2014; Zhou et al. 2009, 2010). These load
spectra were collected based on traffic investigation of more than
6.23 million trucks in total by multiple research teams during the pe-
riod of 1995-2017. These traffic loads were collected in a variety of
ways, including the bending plate WIM system on urban loop ex-
pressways, the weighing system used on toll stations of freeways
and bridges, and on-site manual measurements. It should be noted
that vehicles with a gross weight below 30 kN were omitted in
the traffic statistics and fatigue analysis procedures because these
vehicles have very limited contribution to the fatigue damage (Lu
etal. 2017; Zhou et al. 2010). Table 1 exhibits the fatigue load spec-
trum of RD10 in Shanxi Province provided in Zhou et al. (2010).
The fatigue load spectra of other sites are not exhibited due to
space restrictions.

Laman and Nowak (1996), Raju et al. (1990), and Schilling
(1984) suggested that the axle weights of a fatigue vehicle should
be adjusted in proportion to the equivalent gross vehicle weight
(EGVW) if the load distribution data at the specific site are avail-
able to improve the accuracy of the fatigue evaluation results,
and the EGVW can be calculated by the following equation:

13
EGVW = <Z f,-GVW?) (1)
1
where f; = frequency of occurrence of the ith vehicle in the load spec-
trum; and GVW; = gross vehicle weight of the ith vehicle in the load
spectrum. The EGVW values at different sites are shown in Table 2.
These EGVW values were used to illustrate the effectiveness of the
strategy of adopting the site-specific EGVW in the fatigue analysis.

Number of axles Axle weight (kN) Axle spacing (m) Gross weight (kN) Relative frequency (%)
2 40, 100 4.0 140 29.4
3 50, 75, 150 28,35 275 3.8
4 55, 65, 140, 140 2.0,45,14 400 7.6
5 50, 140, 100, 100, 100 35,62,1.8,1.4 490 11.1
6 50, 105, 130, 110, 110, 110 2.6,2.0,7.0,14,1.4 615 48.2
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From Table 2, it can be found that the EGVW at different sites
presented a very large variation. The minimum value of EGVW in
the selected sites was 180 kN at RD9 in Shanghai, while the max-
imum value was 508 kN at RD10 in Shanxi.

In the United States, the Federal Highway Administration
(FHWA) divides vehicles into 13 classes, and the Federal Bridge
Formula B is widely utilized to limit vehicle weights. Bridge For-
mula B takes the distance between the outermost two axles of an
axle group and the number of axles in that axles group as parameters
to calculate the allowable weight limit of a group of axles. In addi-
tion, Bridge Formula B sets an upper limit of 36.3 tons for the
gross weight of all vehicles. Differently, the Chinese national stand-
ard GB1589-2016 divides axles into single axle, two-axle group, and
three-axle group and limits the axle weight based on the characteris-
tics of each axle/axle group in the form of a table. In addition,
GB1589-2016 divides all vehicles into 19 vehicle types and imposes
a total weight limit on each vehicle type. It should be emphasized
that GB1589-2016 sets the upper limit of the gross vehicle weight
to 49 tons, which is much higher than the upper limit of 36.3 tons
allowed by Bridge Formula B. Due to the differences in vehicle
types, axle limits, and other factors in different countries or regions,
the actual traffic load in different regions varies greatly. Therefore, it
is necessary to propose suitable fatigue load models for different re-
gions based on regional traffic characteristics.

Fatigue Damage Calculation Method

According to the “General Design Atlas of the Superstructure of
Highway Bridge Structures,” which is widely used by Chinese
bridge designers, simply supported girder bridges with a span
length of 640 m and continuous girder bridges with a single
span length of 16—40 m are the two main bridge types for medium
and small bridges in China. Therefore, in the present study, simply
supported girder bridges with spans of 640 m and continuous
girder bridges with two equal spans of 16—40 m were selected. Ac-
cording to Brithwiler and Herwig (2008) and Gonzalez et al.

Table 2. EGVW values at 12 sites

Site EGVW (kN)
RDI 2232
RD2 2725
RD3 442.8
RD4 4303
RD5 344.5
RD6 3573
RD7 439.6
RDS 355.6
RD9 180.8
RDI10 508.6
RDI11 212.6
RDI2 237.9

(2011), the bending moment generally governs the requirements
of bridge sections. Thus, only bending stresses on girders were cal-
culated. The fatigue damage at three critical sections, namely, the
midspan of the simply supported girder bridges and the midspan
and midsupport of the two equal-span continuous girder bridges,
was considered, and these three damage locations were marked
as DL1, DL2, and DL3, respectively. The damage locations and
their corresponding moment influence lines are shown in Fig. 1.

Miner’s hypothesis, which is suggested by the AASHTO LRFD
code, was adopted for cumulative fatigue damage calculations
(AASHTO 2017; Miner 1945). Since Miner’s hypothesis assumes
that the material fatigue damage is linearly accumulated under re-
peated loads, the cumulative fatigue damage (D) could be expressed
as the sum of damage caused by every single cycle. Due to the fact
that the vehicle-load-induced stress cycles are complex and cannot
be directly applied to fatigue damage calculations, the rainflow-
counting method was utilized to decompose the original stress cycles
into a primary stress range and higher-order stress ranges (Downing
and Socie 1982). According to the research in Schilling (1984), the
single-vehicle-induced cumulative fatigue damage (D) could be ex-
pressed by the primary stressed range (S;.max) With the corresponding
equivalent number of stress cycles (V,):

S,
D= 2)

Srl )m < Sr2 )m ( Sri >m
Ne=1l+("—) +(——) +--+ : 3
¢ <Sr,max Sr,max Sr,max ( )

where S, .« = primary or maximum stress range in the cycle; S, ;=
higher-order stress range; m =slope constant of the S—N curve of
the fatigue detail, which equals approximately 3 for all kinds of fa-
tigue category details in AASHTO (Schilling and Klippstein 1977);
and C =parameter related to the fatigue category detail.

Analysis of Traffic Loads in China

Venhicle Type Composition

The vehicle type proportions (by the number of axles) at 12 sites
obtained by the analysis of the collected traffic load spectra are
plotted in Fig. 2.

It is observed in Fig. 2 that the proportion of each vehicle type
varied greatly from site to site. For example, a six-axle vehicle was
the main vehicle type at RD3, RD4, and RD10, accounting for
more than 40% of the total number of vehicles. In contrast, over
70% of the total vehicles at RD11 and RD12 are two-axle vehicles
and the six-axle vehicle took up less than 10%.

In addition, as shown in Fig. 2 and Table 2, the two-axle vehicle
occupied more than 50% of the total number of vehicles at RD11
and RD12, and the EGVW values at these two sites were relatively

(a) (b)

N

(©

Fig. 1. Three damage locations (rectangular blocks) and the corresponding moment influence lines: (a) midspan of the simply supported bridge
(DL1); (b) midspan of the continuous bridge (DL2); and (c) midsupport of the continuous bridge (DL3).
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Fig. 2. Proportion of each vehicle type (by the number of axles).

low. In contrast, the six-axle vehicle was the most numerous of all
vehicle types at RD3, RD4, RD7, and RD10, and the EGVW val-
ues at these sites were relatively high. It can be concluded that the
EGVW was highly related to the proportion of each vehicle type.
The larger the value of EGVW, the larger the proportion of six-axle
vehicles and the smaller the proportion of two-axle vehicles.

Damage Composition

The damage contribution ratio (DCR), which represents the proportion
of the fatigue damage caused by each vehicle type, was calculated at
each site to analyze the damage distribution. The moment time history
at each damage location caused by the passage of each vehicle in the
load spectrum was calculated by using the moment influence lines
(Fig. 1) and the axle weights and spacings of vehicles in the load spec-
trum. Then, the primary moment range and the equivalent number of
cycles caused by the passage of each vehicle in the load spectrum were
computed by using the rain-flow counting method and Eq. (3). Finally,
the DCR value of the ith vehicle in the load spectrum was calculated
by Eq. (4). It should be noticed that the stresses at the fatigue damage
points were assumed to be proportional to the bending moments of the
sections; thus, the ratio of two stress ranges would be equal to the ratio
of the corresponding moments:

_ ﬁDi _ ﬁN&iSE,max,i

CX DY fiNeiSE

_ SiNeiM i )
> SiNeiMD i

DCR;

where D; = fatigue damage caused by the passage of the ith vehicle
in the load spectrum; S, maxi> Mymax» and N, ;=primary stress
range, the primary moment range, and the corresponding equiva-
lent number of cycles caused by the passage of the ith vehicle in
the load spectrum, respectively. Due to limitations on the paper
length, the DCRs at RD10, RD11, and RD12 were selected as ex-
amples, as shown in Fig. 3. Besides, 6, 16, 25, and 40 m were se-
lected as example single span lengths for illustration.
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It can be found in Fig. 3 that the proportion of fatigue damage at
different sites may vary greatly. For example, at RD10, the six-axle
vehicle contributed over 60% of the total fatigue damage under all
considered conditions, while other types of vehicles contributed
very little. However, at RD11, the two-axle vehicle caused more fa-
tigue damage than other types of vehicles, while the six-axle vehicle
contributed very little. In addition, large differences might exist be-
tween the DCR and the corresponding quantitative proportion of
each vehicle type. For example, at site RD12, the six-axle vehicle oc-
cupied only 3.2% of the number of vehicles in the traffic; however, it
brought over 30% of the total fatigue damage, which was more than
any other type of vehicle. Therefore, it can be concluded that heavy
vehicles could also cause a large proportion of fatigue damage in the
case of a small quantity proportion in some areas. In addition, the fa-
tigue damage contribution changed irregularly with the damage loca-
tions and the span lengths of bridges.

Fatigue Evaluation Using Vehicle Model Il

Two Chinese bridge specifications, namely, Specifications for De-
sign of Highway Steel Bridge (JTG D64) and General Specifications
for Design of Highway Bridges and Culverts (JTG D60), suggest the
single-vehicle fatigue load model, namely, the fatigue load calcula-
tion Model III (Model III), for the fatigue damage estimation of
bridge components directly bearing wheel loads (JTG D60-2015,
GB 2015a; JTG D64-2015, GB 2015b). The axle weight and axle
spacing configuration of the model are shown in Fig. 4.

As concluded previously, the quantity proportion of each ve-
hicle type and fatigue damage distribution varied greatly from
site to site. The accuracy of the model was verified at various
sites based on monitored traffic load to examine the applicability
of the fatigue load Model III under Chinese traffic circumstances.
The fatigue damage ratio (FDR), which equals the ratio of the fa-
tigue damage caused by the passage of the fatigue vehicle to that
caused by the measured traffic load spectrum, was adopted to eval-
uate the accuracy of the fatigue load model. The calculation process
of FDR is shown in Eq. (5). Assuming that the bridge conforms to
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Fig. 4. Fatigue load calculation Model III in Chinese specification.

the flat section assumption and the materials are in the stage of lin-
ear elasticity, then

Dmodel _ Dmodel

FDR =

where S,,,, M,,,, and N,,, =primary stress range, the primary mo-
ment range, and the corresponding equivalent number of cycles
caused by the passage of the fatigue vehicle, respectively; I, = mo-
ment of inertia of the cross section; and yp = distance from the fa-
tigue point to the neutral axis. The FDR calculation process does
not need to determine the classification of fatigue details and related
parameters; the detail parameter C exists in both the numerator and
the denominator and can be eliminated together.

The damage computed by the passage of ideal fatigue vehicles
should be the same as that calculated using the measured load spec-
trum with an equal number of vehicle passages (Laman and Nowak
1996). Therefore, errors of the fatigue damage calculated by the fatigue
vehicle can be well evaluated by the FDR. An FDR equal to 1 means

Dactal - 2_ fi - Di that the fatigue damage calculated by the fatigue vehicle can accurately

S3 N, M3 v Now reflect the fatigue damage caused by the actual traffic load. Besides, an

""Tm T M3 N FDR greater than 1 means that the calculated result by the fatigue ve-

= SN M AN = S M3 N, hicle may overestimate the actual fatigue damage and vice versa.

Y fy el SN ”ma’;’l D el i rmax. et Based on the analysis, the FDRs at different sites are plotted in Fig. 5.

¢ LC It can be found from Fig. 5 that the FDR values of Model I1I var-

5) ied widely at different sites, which means that the relative errors of
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Fig. 5. FDR of Model IIT at 12 sites.

Model IIT are highly dependent on the traffic load composition. In
addition, it is noted that for some short bridges in some area, the
FDR value can reach 20, meaning that using Model III directly
can significantly overestimate the vehicle-induced fatigue damage
under certain circumstances.

Some researchers suggested that if the load distribution data
at the specific site are available, the axle weights of a fatigue
vehicle should be adjusted in proportion to the EGVW to im-
prove the accuracy of the fatigue evaluation results. Following
this strategy, the EGVW values as calculated in Table 2 are
adopted to recalculate the fatigue damage, and the results are
shown in Fig. 6.

As shown in Fig. 6, by adopting the site-specific EGVW values,
the range of the calculated FDR values was reduced significantly.
The newly calculated FDR values ranged from 0.46 to 1.84, mean-
ing that using the adjusted Model III with site-specific EGVW (will
be referred to as the adjusted Model III hereafter), can significantly
improve the accuracy of fatigue damage evaluation.

In addition, it is found that when the span length of a simply
supported bridge was smaller than 12 m, the FDR of the adjusted
Model III at DL1 decreased as the span length increased. How-
ever, the FDR increased with increasing span length for bridges
with the single-span length between 12 and 23 m. When the span
length was greater than 23 m, the FDR at the three selected dam-
age locations either increased or decreased to the ultimate value
approaching unity. It can be concluded that the fatigue damage
estimation accuracy of the adjusted Model III is still insufficient
and fluctuates considerably for bridges shorter than 23 m, while
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the accuracy increases with increasing span length when the
single-span length is larger than 23 m.

Besides, the relative errors of fatigue damage calculated by
using the adjusted Model III for simply supported bridges with
span lengths around 12 m are smaller than those of bridges with
other spans. In some special cases, such as 12 m simply supported
bridges at RD11 and RD12, the actual fatigue damage value may
reach more than two times the calculated value. In these conditions,
using the adjusted Model III for fatigue assessment may seriously
underestimate the effects of actual fatigue damage.

In addition, the estimation errors of the adjusted Model III
may exhibit large differences at different damage locations on
the same bridge. For example, for a 2 X 16 m continuous bridge
at RD7, the estimated fatigue damage by using the adjusted
Model III is approximately 1.6 times the actual value at the mid-
span but is about 0.7 times the actual value at the midsupport.
However, when the single-span length of the bridge is larger
than 23 m, the relative errors at three damage locations are sim-
ilar, which means that the error is not sensitive to the fatigue
damage location for large-span bridges.

From the previous analysis, it can be concluded that due to the
large diversity of traffic load composition, bridge span length, and
damage location, the errors of the estimated fatigue damage by
using Model IIT can be very large. By adopting the adjusted
Model III with site-specific EGVW, the errors can be significantly
reduced. However, due to the inherent limitation with the single fa-
tigue vehicle model, namely, Model 111, the errors were still within
a relatively large range. Therefore, a new fatigue vehicle model
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Fig. 6. FDR of the adjusted Model IIT at 12 sites.

needs to be proposed to improve the accuracy of the fatigue damage
estimations under various traffic conditions in China.

Development of Fatigue Vehicle Models

Process of the Optimization Method

For regions that cover a large geographic area like China, due to the
large difference in traffic load compositions at different sites, the
diversity of bridge span lengths and damage locations, and the un-
clear relationship between different model parameters and fatigue
damage calculation results, it is difficult to propose an accurate fa-
tigue vehicle model that can be applied under various conditions by
using regular methods.

A mathematical optimization method was utilized in this section
to find a fatigue vehicle that was accurate under all selected condi-
tions. The physical fatigue vehicle model is converted to a mathe-
matical model with key variable parameters, namely, the number of
axles, the axle weight ratio (W), and the axle spacing (L). The
EGVW, which is calculated by the traffic load spectrum, is adopted
in the fatigue damage calculation. Therefore, each actual axle
weight of the fatigue vehicle can be calculated by the EGVW
and the axle weight ratio (W). A three-axle fatigue vehicle model
or a four-axle fatigue vehicle model is commonly adopted as the
fatigue vehicle models in bridge design specifications of different
countries. For example, the European EN 1991-2 code, the British
BS 5400 code, and the Chinese JTG D64-2015 code all adopt a
four-axle fatigue vehicle model, while the AASHTO LRFD bridge
design specification adopts a three-axle fatigue vehicle model.
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Therefore, the three-axle vehicle and the four-axle vehicle were
both considered as the possible form of the fatigue vehicle. In ad-
dition, it is worth mentioning that although a three-axle fatigue ve-
hicle model or a four-axle fatigue vehicle model may be a good
choice, other vehicles with different configurations that can repre-
sent the fatigue damage induced by actual traffic loads may also sat-
isfy the requirement. When the fatigue vehicle was assumed to be a
three-axle vehicle, the variable parameters were set as shown in
Eq. (6). When the fatigue vehicle was assumed to be a four-axle ve-
hicle, the variable parameters were set as shown in Eq. (7).

W = {wi, wa, w3}

6
L={ll’12} ( )

= {wy, wa, w3, ws}

L={l, b, h} @

where w; =ratio of the ith axle weight to the gross vehicle weight; and
I;=spacing between the ith and (i + 1)th axles. There were four inde-
pendent parameters for the three-axle vehicle and six independent pa-
rameters for the four-axle vehicle because the sum of w; equals 1, and
there was one redundant parameter. The configuration of the three-axle
and the four-axle vehicles are shown in Figs. 7(a and b), respectively.

A qualified fatigue vehicle model should cause almost identical
fatigue damage as the load spectrum under considered conditions,
including all selected site-specific traffic, a range of span lengths,
and different damage locations. The root-mean-square error
(RMSE) of FDR was defined as the evaluation function to quantify
the errors of fatigue damage calculated by the fatigue vehicle:

J. Bridge Eng.

J. Bridge Eng., 2021, 26(2): 04020122



Downloaded from ascelibrary.org by HUNAN UNIVERSITY on 06/17/22. Copyright ASCE. For persona use only; all rights reserved.

40 40 DL3
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RMSEFDR(S, W, L) =

where s=selected sites where the fatigue vehicle was used,
namely, RD1, RD2,..., RD12; num(s) = number of elements of s;
/=single-span length of the bridge; d = fatigue damage location,
which could be DL1, DL2, and DL3, shown in Fig. 1; and W
and L =axle weight ratio and the axle spacing of the fatigue ve-
hicle, respectively. The FDR could be calculated by s, [, d, W,
and L by using Eq. (5). The smaller the RMSEgpg, the higher
the accuracy of the fatigue vehicle model to calculate the fatigue
damage caused by actual traffic. Therefore, W and L corresponding
to the minimal RMSEgpg value should be selected as the parame-
ters of the fatigue vehicle.

Since the effects of W and L on RMSEgpRr are uncertain and
irregular, the genetic algorithm (GA) is utilized to identify the
minimum value of RMSEgpr and the corresponding W and L
(Holland 1992). The GA is a mature intelligent algorithm and
has been widely applied to various optimization problems
(Deng and Cai 2010; Liu et al. 2014b). In this study, the param-
eter settings of the GA were as follows: the fitness function was
set to be the RMSEgpg; the initial population size =400; the
number of generations =80; the crossover probability =0.7;
and the mutation probability =0.01.

It should be noted that since the adjusted Model III represents
the best accuracy that could be possibly achieved by the available
fatigue vehicle model and the best practice so far, the effectiveness
of the proposed fatigue vehicle models in this study will be com-
pared to the accuracy of the adjusted Model III. The goal was
that the newly developed fatigue vehicle models could achieve bet-
ter accuracy and consistence than the adjusted Model III.

First Attempt to Develop a Single Fatigue Vehicle Model

An optimization process of minimizing the RMSEgpr(Stotal, W, L)
was carried out to find a single fatigue vehicle model that can be ap-
plied to fatigue damage calculations at all 12 sites. According to the
research in Zhou et al. (2010), the axle spacing range of the main
vehicle types in China was between 1.35 and 7.21 m. Therefore,
the constraints of the axle spacing were set between 1.35 and
7.21 m in the optimization process. The optimization mission was
set as Eq. (9). Since the initial population of each optimization pro-
cess was random, the optimization program was run independently
and repeatedly several times, and the minimum value of all opti-
mized results was selected as the ultimate result of each vehicle
type. Because the optimized RMSEgpr(Siota, W, L) value of the
four-axle fatigue vehicle was smaller than that of the three-axle fa-
tigue vehicle, the four-axle fatigue vehicle was selected as the single
fatigue vehicle used for fatigue damage calculations at all 12 sites.
The optimized results of W and L of the four-axle vehicle are rep-
resented by Eq. (10), and the corresponding FDRs at different

w EGVW  w,EGVW

by

w;EGVW

w EGVW

s \/=6 /=16 d=DL2 (®)
num(s) X (35 + 25 x 2)
sites are presented in Fig. 8
Minimize RMSEFDR(Stotals W, L)
subject to
O<w;<1
Z w; = 1 (9)
1.35<;<7.21
where sor1 = {RD1, RD2, ..., RDI2}
W ={0.14, 0.23, 0.22, 0.41}
(10)

L=1{23,6.0,3.4}

The result of RMSEgpr of the optimized fatigue vehicle model
at 12 selected sites was 0.15, representing an apparent decrease
from the value of 0.24 for the adjusted Model III. However, the fa-
tigue damage estimation errors, which was from —52% to 29%,
were still too high, especially for short-span bridges under some
traffic conditions. Therefore, it can be concluded that the configu-
rations of a fatigue model (including axle weight ratio and axle
spacing) have a great influence on the estimated value of fatigue
damage, and the accuracy of the fatigue model is able to be modi-
fied by adjusting the axle configurations. If a fatigue vehicle model
can accurately estimate the fatigue damage by light-duty traffic,
then the configurations of the model are close to the characteristics
of the light-duty traffic rather than the heavy-duty traffic and then it
will produce a large error when calculating the fatigue damage
caused by the heavy-duty traffic. Therefore, the optimization pro-
cess cannot generate a unified model for the fatigue damage estima-
tion under the traffic load of the selected 12 sites; otherwise, it will
result in large errors in some cases.

Attempt of Adopting Two Fatigue Vehicles

In this section, a two-model scheme was attempted, which is the re-
sult of tradeoff between reducing the number of necessary models
for fatigue assessment at 12 sites and improving the accuracy of the
models. In order to obtain the two models, a classification of the
types of traffic loads was made, and EGVW was chosen as the clas-
sification basis because this parameter could reveal the tendency of
traffic compositions at different sites. As indicated by the discus-
sions in previous parts, the larger the EGVW, the larger the propor-
tion of six-axle vehicles and the smaller the proportion of two-axle
vehicles. Moreover, the EGVW can be directly calculated from the
local vehicle weight distribution, which can be easily collected
from nearby toll stations.

Based on the previous discussions, the 12 sites are classified into
two groups, namely, a light-duty group and a heavy-duty group, ac-
cording to the EGVW of the site-specific traffic. Sites with an EGVW

w,EGVW

i 'y

i
O, 0 , O

< S 2 ,

(@ ° ‘ ‘ (b)

l
O

O

[ b I8

i< 2 <
* *

Fig. 7. Axle weights and axle spacings of (a) the three-axle and (b) four-axle fatigue vehicles.
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Fig. 8. FDR of the optimized single fatigue vehicle at 12 sites.

less than 300 kN, including RD1, RD2, RD9, RD11, and RD12, are
within the light-duty group, while sites with an EGVW greater than
300 kN, namely, RD3, RD4, RD5, RD6, RD7, RDS8, and RDI0,
are assigned to the heavy-duty group. Note that it is assumed in the
present research that the fatigue damage caused by the traffic loads
of each group can be calculated with the same fatigue vehicle.

In this section, two functions, namely, the RMSEgpr of the
light-duty group sites and the RMSEgpr of the heavy-duty group
sites, were defined to quantify the errors of the corresponding fa-
tigue vehicle. It should be stated that the constraints of the axle con-
figuration in this section were the same as the constraints in the
previous section. Subsequently, two optimization processes,
shown in Egs. (11) and (12), were carried out individually to search
for the minimum values of the two functions.

Minimize RMSEgpr (siight, W, L)

The two optimization processes of Egs. (11) and (12) were con-
ducted utilizing the GA, similar to the process of the first attempt to
develop the single-vehicle model in the previous section. The pa-
rameter settings of the GA were described in the previous section.
Each optimization process was carried out several times randomly
to obtain the minimum value of RMSEgpg, both for the three-axle
fatigue vehicle form and the four-axle fatigue vehicle form.

The optimized RMSEgpg value of the four-axle vehicle was less
than that of the three-axle vehicle in both the light-duty and
heavy-duty traffic groups. However, the spacing of the two rear
axles was too short, but the weight difference between the two
rear axles was significantly large for the optimized four-axle ve-
hicle in the light-duty traffic group, which is abnormal for a vehicle
model. Therefore, the optimized three-axle vehicle was selected for
the light-duty group, and the optimized four-axle vehicle was se-
lected for the heavy-duty group. The optimization results of the

bject t

subject to 0<w <1 two fatigue vehicles are shown in Fig. 9. The FDR values of the
S wi '= 1 (11) newly proposed two vehicles are expressed in Figs. 10 and 11. In
13 5’ <l <721 addition, the RMSEgpr values of fatigue vehicles under different

] e traffic groups are shown in Table 3.
where sign = {RD1, RD2, RD9, RD11, RD12; It can be observed by comparing Fig. 10 with Fig. 6 that the ac-
L curacy of the fatigue damage calculated with the newly proposed
Minimize RMSErpR (Sheavy, W, L) light-duty fatigue vehicle is apparently improved compared with
subject to that calculated with the adjusted Model III, especially for short-
0<wi<l1 span bridges with a single span length ranging from 6 to 23 m. Spe-
2wi=1 cifically, for simply supported girder bridges with a single span
1.35</;<7.21 length ranging from 6 to 23 m in RD12, the fatigue estimation er-
where speayy = {RD3, RD4, RDS5, RD6, RD7, RDS, RD10} rors calculated by the adjusted Model III at DL1 varied from —54%
(12) to 1%, while the errors calculated by the newly proposed light-duty
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Table 3. RMSEpy of fatigue vehicles under different traffic conditions

Fatigue vehicle Light-duty traffic Heavy-duty traffic

Model IIT 0.16 0.31
Light-duty fatigue vehicle 0.09 —
Heavy-duty fatigue vehicle — 0.05

fatigue vehicle varied within a much smaller range of —16% to —1%.
When the bridge span increased to larger than 23 m, the errors cal-
culated by the newly proposed light-duty fatigue vehicle were still
smaller, although the errors calculated by the two models both grad-
ually decreased. Overall, for the traffic loads in the five sites of the
light-duty group, the FDR of the new light-duty fatigue vehicle
under all considered span lengths and damage locations ranged
from 0.74 to 1.21, and the corresponding relative errors were from
—26% to 21%. Compared with the relative error range of the adjusted
Model TIT from —54% to 23%, the upper and lower bounds of the
relative errors of the new light-duty fatigue vehicle were obviously
reduced in calculating the fatigue damage at light-duty sites. In addi-
tion, for the new light-duty fatigue vehicle, the RMSEgpgr at the
light-duty sites was sharply reduced from 0.16 of the adjusted
Model III to 0.09, which indicates that the accuracy of the newly pro-
posed light-duty fatigue vehicle is greatly improved.

Similar conclusions could also be made for the newly proposed
heavy-duty fatigue vehicle. By comparing Fig. 11 with Fig. 6, it
can be found that the accuracy of the fatigue damage calculated
with the newly proposed heavy-duty fatigue vehicle is dramatically
improved compared with that calculated with the adjusted Model
I under all considered span lengths. Specifically, for girder bridges
in RD10, the fatigue estimation errors calculated with the adjusted
Model IIT at DL1 and DL3 ranged from —17% to 67% and from
—28% to 39%, respectively, while the errors calculated with the
newly proposed heavy-duty fatigue vehicle just ranged from —1%
to 10% and from —8% to 2%, respectively. Overall, for the traffic
loads in the seven sites of the heavy-duty group, the FDR of the
heavy-duty fatigue vehicle under all considered span lengths and
damage locations ranged from 0.86 to 1.18, which means that the cor-
responding relative errors ranged from —14% to 18%. Compared with
the error range of the adjusted Model III from —29% to 84%, the error
range of the new heavy-duty fatigue vehicle was significantly re-
duced. Moreover, the RMSEgrpr under all selected conditions in
the heavy-duty group was sharply reduced from 0.31 for the adjusted
Model IIT to 0.05 for the new heavy-duty fatigue vehicle.

In summary, based on the analysis of the FDR of different fa-
tigue vehicles under different conditions, it was found that com-
pared with results with the adjusted Model III, the accuracy of
the newly proposed two models, namely, the light-duty fatigue ve-
hicle and the heavy-duty fatigue vehicle, was highly improved in
calculating the vehicle-induced fatigue damage under considered
conditions. In particular, for the heavy-duty fatigue vehicle, the
RMSEgpr under the selected heavy-duty traffic was sharply re-
duced from 0.31 to 0.05, which showed that the accuracy of the
new model was greatly improved in heavy-duty traffic compared
to the adjusted Model III. Moreover, the results showed that classi-
fying traffic before the optimization process was helpful for propos-
ing new fatigue vehicles with improved accuracy. Furthermore, the
EGVW could be an effective indicator to make this classification.

Summary and Conclusions

In this study, a new method for developing fatigue vehicle models
applicable to various sites with different traffic conditions is pro-
posed. The traffic in China is used as the background and the
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collected vehicle load spectra from 12 typical sites are used as an ex-
ample to illustrate the procedure of the method. A two-vehicle-model
scheme, i.e., a three-axle vehicle model and a four-axle vehicle model
that represent the light-duty traffic and heavy-duty traffic, respectively,
is proposed. Based on the results from the present study, the following
conclusions can be drawn:

(1) The vehicle load spectra and the equivalent gross vehicle
weights depend strongly on the site locations. The relation be-
tween the frequency of occurrence of each vehicle type and the
percentage of fatigue damage caused by that type of vehicle is
not straightforward. In some areas, the largest proportion of fa-
tigue damage may be caused by heavy vehicles with a small
frequency of occurrence.

(2) The accuracy of Model III in the Chinese specification is re-
lated to both the site-specific traffic load compositions and
the damage locations and span lengths of bridges. The relative
errors of the fatigue damage calculated with Model III can be
very large for some regions. By adopting an adjusted Model I11
with the gross vehicle weight adjusted to the site-specific
EGVW, the errors can be significantly reduced. Yet, due to
the inherent limitation with the single fatigue vehicle model,
the errors are still within a relatively large range.

(3) Both the axle weight ratio and axle spacing of fatigue vehicles
have strong effects on the accuracy of the fatigue damage cal-
culation. A single fatigue vehicle model is obtained for all the
12 sites considered in the present research by using an optimi-
zation method in the first attempt. It is found that the single fa-
tigue vehicle model has improved accuracy over the adjusted
Model IIT but still give results with errors greater than 30%
when simply used for the fatigue damage calculation due to
the differences in traffic load compositions at different sites.

(4) The proposed two-vehicle-model scheme that includes a
three-axle vehicle and a four-axle vehicle was found to be more
accurate and consistent than a single model scheme for various
traffic load compositions. In particular, the root-mean-square
error of the estimated fatigue damage at sites with heavy traffic
is within 5% when using the developed four-axle fatigue vehicle,
which is significantly lower than that of the adjusted Model III.

In summary, the proposed method in this study provides a good
approach for developing fatigue vehicle models for regions where
the traffic load composition may vary significantly between differ-
ent sites. In addition, the fatigue vehicle models developed in the
present study can be used as a reference for the calculation of
vehicle-induced bridge fatigue damage in China.
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