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Abstract 
To evaluate the bridge condition and optimize cost-effective bridge maintenance programs, 
the knowledge of site-specific live loads is nearly indispensable. Data collected by the 
structural heath monitoring (SHM) system provide valuable information to develop site-
specific live load models. The Tsing Ma Bridge (TMB) in Hong Kong, which was 
instrumented with a permanent SHM system after the completion of its construction, is taken 
as the testbed. Based on nine years of weigh-in-motion and strain data, as well as typical 
recordings of the close-circuit television video system, which was installed to monitor the 
traffic of the bridge, this paper studies the development of live load models for bridge 
condition assessment making full use of long-term SHM data. The live load is modelled by a 
uniform distribution load and single concentrated load. Multilane factors and dynamic 
impact of vehicles are also considered. Models for bridge evaluation under both the 
serviceability limit state and ultimate limit state are developed. The TMB is a typical 
suspension bridge, not only because of its large scale, but also because of the extraordinarily 
heavy and busy traffic on it. Therefore, in addition to evaluating the condition of the TMB, 
the developed live load model can also serve as a reference for the design and condition 
assessment of other long-span bridges. 
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1 INTRODUCTION 

To evaluate existing bridges, live load of traffic is one of the most variable parameters, 
because traffic varies with time and is different from site to site. Live load model is essential 
information for relatively accurate and objective bridge condition assessment. Various live 
load models have been provided in bridge design codes worldwide, such as the ASCE 
Recommended Design Loads for Bridges [1], AASHTO LRFD Bridge Design Specifications 
[2], Canadian Highway Bridge Design Code [3], Eurocode 1 [4], and British Standard 5400 
[5]. The generic live load models in the codes are inherently conservative. The reason is that 
by their very nature, they have to be applicable to a large range of bridge types and spans 
under the most aggressive traffic. Thus, it is probable that the design live load models are not 
valid to the bridge condition assessment. This has been proved by a previous study of the 
authors [6]. Inaccurate bridge evaluation results will bring about economic losses and even 
casualties. Results too conservative may lead to unnecessary bridge closure and maintenance 
works. Even worse, an underestimation could make sudden damage of a bridge without any 
warning possible and cause catastrophes. A site-specific live load model is essential to 
accurate condition assessment, as well as cost-effective and safety-ensured bridge 
maintenance. 
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The live load models in most of the bridge design codes were developed for short and 
median span bridges. There are live load models for long span bridges in some codes [1,7]. 
However, these models are mainly extrapolated from those of the shorter-span bridges, other 
than based on measured data in site. Though several large-scale bridges with span of more 
than 1000 m have been built worldwide, until recently the knowledge of design traffic 
loading for long-span bridges is still limited. The most widely known research of live loading 
on long-span bridges may be that conducted by Peter G. Buckland [8-10]. A recent research 
on the design live load model for long-span bridges is the one conducted by Lutomirska [11]. 
It concludes that the AASHTO live load model: HL-93 load, is valid for spans up to 1500 m. 

The live loads are usually modelled by a combination of a uniform distribution load (UDL) 
and concentrated loads in the bridge design codes [1-5, 12]. The UDL represents the normal 
traffic flow, and the concentrated loads represent overloaded freights. The factors and 
parameters considered in developing the live load models for short-span and long-span 
bridges are different in some ways. Firstly, the detail characteristics of individual vehicles, 
such as axle loads and axle configuration, are important parameters for short and median 
span bridges. On contrary, these parameters are usually not of great concern for the long, 
especially super long bridges. Those deserve attention for long-span bridges include the 
number of vehicles, the proportion of heavy trucks, and distribution of vehicles on the bridge 
in both transverse and longitudinal directions. Besides, the UDL usually decreases while 
concentrated load increases as loaded length increases [9-11]. Moreover, dynamic impact of 
vehicles due to factors, including roughness of the roadway, dynamic characteristics of the 
bridge and vehicles, vehicle number and speed, can be ignored for long-span bridges [1, 7, 8, 
11]. 

Using long term SHM data, including the traffic loads and load effects measured from a 
particular bridge, the live load model can be evaluated with confidence. Recent advances in 
the extrapolation of variables to long return periods also engender confidence in lifetime 
estimation of live load models [13]. Based on nine years of SHM data measured from the 
Tsing Ma Bridge (TMB) of Hong Kong, a site-specific model for highway load is developed 
in this paper for the condition assessment of the bridge. The TMB is a long-span bridge with 
a main span of 1,377 m and a total length of 2,160 m. It serves a port and airport complex, so 
the traffic on it is relatively busy and heavy. The live load is modelled by a set of UDL and a 
single concentrated load called knife edge load (KEL). The UDL represents the traffic flow 
and is determined based on the weight-in-motion (WIM) data and recordings of the close-
circuit television video (CCTV) system. The KEL is calculated inversely by the full 3D finite 
element model (FEM) of the bridge, targeting an extreme stress level with a certain return 
period. The multi-lane factors are determined by the data-driven UDL, and the dynamic 
impact factor is ignored based on the conclusions of previous studies. To evaluate the bridge 
in the serviceability limit state (SLS) and ultimate limit state (ULS), the live load model is 
respectively developed. To validate the developed live load models, they are compared with 
the ASCE load model [1], BD 37/88 load model [7], and AASHTO HL-93 load model [2] 
which is suggested to be used in the design of long-span bridges by the recent research [11]. 
This comparison includes the magnitude of the loads, as well as their effects (i.e. the stresses 
they induced). 

2 THE TMB AND SHM SYSTEM 
The TMB is the key linkage of the most important transport network in Hong Kong, 

which connects the international airport and a port to the urban area. As shown in Figure 1, 
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the TMB is a two-span suspension bridge with an overall length of 2,160 m and a main span 
of 1,377 m. It is currently the world’s longest suspension bridge that carries both highway 
and railway traffic. The stiffening deck system of the bridge is a streamlined box-shaped and 
continuous truss girder with a central air-gap. The truss girder has two types of trusses, i.e., 
the Warren truss in the longitudinal direction and the Vierendeel truss in the transverse 
direction. The two longitudinal trusses link up the cross frames, acting as the main girder of 
the bridge. The deck has two levels: the upper level carries a dual three-lane highway, and the 
lower level carries two railway tracks and two single-lane carriageways. The two directions 
of traffic are called the Airport bound way and the Kowloon bound way, respectively. 

 

 
Figure 1: Overview of the TMB. 

The three lanes for each traffic direction on the upper level are divided into slow, middle 
and fast lane. Vehicles with different speeds usually run on their corresponding lane. Thus, 
most heavy goods vehicles run on the slow lane. Because of the function of the bridge, the 
traffic on the bridge is busy, and sometimes it carries a particularly large amount of heavy 
lorries. In normal days, the highway traffic is on the upper deck; while when there is a strong 
typhoon, the traffic on the upper deck will be closed and the two carriageways on the lower 
deck will be used for emergency. The vehicles running across the bridge are classified into 
eight categories according to their main features, including the number of axles, magnetic 
vehicle length, axle distance, and also gross vehicle weight (GVW). The characteristics of the 
vehicles such as the maximum GVW and axle load are governed by the Hong Kong road 
traffic regulations (HKRTR) [14]. 

A bridge health monitoring system called Wind And Structural Health Monitoring System 
(WASHMS) was installed on the TMB after the completion of its construction. The system 
started operation in 1997, and it has worked continuously since then. In this study, the data 
measured by the WIM stations and strain gauges are used to develop the live load model. 
Seven dynamic WIM stations are installed about 2 km away from an anchorage of the bridge. 
The WIM stations have measured the highway traffic on the TMB since August 1998. The 
strain gauges are installed in three typical cross-sections of the stiffening deck system. In 
these three cross-sections, the strain gauges are installed at critical locations such as chord 
members of the longitudinal trusses and cross frames, plan bracing members, deck trough 
and rocker bearings. 

3 SHM DATA 

3.1 WIM Data 
The WIM database contains information of date and time, lane, speed, vehicle category, 

number of axles, spacing between axles, and axle weight. To study the highway loads, the 
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vehicles on the TMB are usually simplified into four classes based on the GVW. These four 
classes include: vehicles with GVW less than 3.00 tonnes, 3.00-5.49 tonnes, 5.50-23.99 
tonnes, and equalling to or more than 24.00 tonnes, respectively. They are denoted by Cars, 
LGV (light goods vehicle), MGV (median goods vehicle) and HGV (heavy goods vehicle). 
The average daily count of vehicles passing the bridge is about 60,000. The proportions of 
these four types of vehicles in the traffic flow are shown in Figure 2. Overall, most of the 
vehicles passing the TMB are Cars and LGV, which takes up more than 70% of the total 
vehicle count. 

 

10.43%
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Figure 2: Proportion of different vehicles. 

The proportions of different vehicles on each lane, can be obtained based on the WIM data. 
The average daily vehicle counts as well as the composition of different vehicle classes for 
the six lanes of the upper deck is shown in Figure 3. It can be found that most of the heavy 
vehicles run on the slow lanes, while most cars and light goods vehicles run on the fast and 
middle lanes. On the slow lane, the percentage of MGV and HGV is about 60%; on the 
middle lane, it is around 5%; and on the fast lane, it is only about 2%. 
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Figure 3: Average daily vehicle counts with composition of vehicle classes for each lane. 

3.2 Strain Data 
The measured strain is mainly due to four effects: highway traffic, railway traffic, wind, 

and temperature. A wavelet-based signal pre-processing method was applied to decompose 
the strain signal accordingly as well as to remove the embedded noises and spikes. 
Recognizing the fact that the bridge performs in elastic stage under normal in-service 
conditions, the stress experienced by the steel trusses can be obtained by the Hook’s Law. 
Figure 4 shows the scatter plots of the daily maximum tensile stresses induced by the 
highway traffic. The plot is based on data from a strain gauge installed on a bottom chord of 
the longitudinal truss, at the quarter of the main span. The data shown were measured during 
the period from April 2004 to December 2012. To provide a target stress level for the 
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development of live load models, extrapolation of extreme stresses has been studied by the 
authors [6]. Extreme stresses with different return levels can be derived, so that live load 
models for different states of bridge evaluation, such as SLS and ULS, are able to be 
developed accordingly. 
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Figure 4: Scatter plot of daily maximum tensile stresses due to highway traffic. 

4 DEVELOPEMET OF LIVE LOAD MODEL 
The TMB was designed based on the British code, BD 37/88, with amendments to suit the 

traffic conditions predicted for the bridge. In the BD 37/88 live load model, the highway 
traffic load is modelled as a UDL representing the normal traffic flow, and a single 
concentrated force called KEL, which simulates an extremely heavy vehicle. In this study, 
the live load model for the condition assessment of the TMB is also modelled as a 
combination of UDL and KEL. 

4.1 UDL 
To calculate the UDL for bridge condition assessment, the vehicles are assumed to be 

distributed on each lane and along the whole length of the bridge one after another by a 
certain spacing. The inter-vehicle gap is an important parameter. However, this information 
is not included in the WIM data. To simulate the traffic flow, the distances between two 
vehicles are usually represented by the headway or clearance. The headway means the 
distance between the back axle of the leading vehicle to the front axle of the following 
vehicle [15]; and the clearance refers to the distance between the back bumper of the leading 
vehicle and the front bumper of the following vehicle [16]. For example, Nowak and Hong 
use headways between successive vehicles of 4.57 m and 9.14 m, respectively [15]. 
Vrouwenvelder and Waarts adopt headways of 5.5 m for simply distributed lanes and 4-10 m 
for full congested lanes [17]. In the background studies to Eurocode, a headway of 5 m was 
used [18, 19]. Bailey uses beta distributions to model the distance between vehicles for 
different speeds [20]. Normally distributed clearances are generated using traffic 
microsimulation by Caprani to replicate different traffic compositions and flow rates [16]. As 
for long-span bridges, a simple gap model is very attractive, because it is computationally 
efficient and could be used by practitioners. To develop live load model for long-span 
bridges based on WIM data, Lutomirska adopted a clearance of 4.57 m [11]. 

Clearance is used as the measure of inter-vehicle spacing in this study. Considering the 
traffic jam scenario, the clearances in the design model are generally in the range of 1.8-6.4 
m [11]. The live load model developed in this study is mainly for bridge condition 
assessment, thus, the inter-vehicle spacing may be not as dense as that adopted in the design 
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model. However, according to the recordings of the CCTV, the highway traffic on the TMB 
is relatively dense sometimes, as shown in Figure 5. Therefore, a clearance of 10.0 m (about 
length of an HGV) and 5.0 m (about length of a Car) is adopted for the SLS and ULS 
evaluation model, respectively. 

 

      
(a) Record on June 29, 2007                          (b) Record on May 2, 2008 

Figure 5: CCTV record of highway traffic on the TMB. 

The information of vehicles for the development of the UDL model is listed in Table 1. In 
this table, the maximum length means the maximum vehicle length limited by the HKRTR 
[14]; and the axle length means the distance between the front and rear axles of the vehicles. 
The total length of the vehicles is determined by adding front and back overhangs to the axle 
distances measured by the WIM stations, as well as referring to the legal vehicle lengths. The 
total length for front and back overhangs of a car is about 2 m, and that for a 5-axle truck is 
about 1.5 m [11]. For the SLS evaluation, the proportion of different vehicles on each lane is 
determined referring to the WIM data. On the other hand, all the vehicles on the slow lanes 
are MGV and HGV (each taking up 50% percentage) for the ULS evaluation. Therefore, for 
SLS evaluation, the UDL of the slow, middle and fast lane is 9.04 kN/m, 2.53 kN/m and 1.91 
kN/m, respectively; and the UDL of the three lanes is 16.48 kN/m, 3.28 kN/m and 2.54 kN/m 
respectively for ULS evaluation. 
 

Class GVW 
(tonnes) 

Maximum 
length 

(m) 

Axle 
distance 

(m) 

Vehicle 
length 

(m) 

Percentage on each lane 
(%) 

slow middle fast 
Car 1.83 6.3 2.82 5.0 20 85 95 

LGV 4.01 10.0 3.56 6.5 25 10 5 
MGV 11.43 11.0 5.87 9.0 25 3 0 
HGV 28.78 13.0 6.62 10.0 30 2 0 

Table 1: Vehicle information for calculation of UDL. 

4.2 KEL 
The KEL is inversely calculated by the full 3D FEM of the bridge targeting a stress level 

obtained by extreme value extrapolation. To realize this, the UDL and KEL loads were 
imposed simultaneously on the six lanes. The KEL corresponding to the stress with a return 
period of one year will be used for the SLS evaluation, while that corresponding to the stress 
with a 120-year return period will be used for the ULS evaluation. The stress targeted is 
measured from a typical component of the bridge deck, which has been introduced in section 
3.2. The extreme stresses corresponding to a one-year and a 120-year return period were 
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extrapolated by the extreme value theory. They are 5.81 MPa with a 95% confidence interval 
of (5.74, 5.93), and 6.43 MPa with a 95% confidence interval of (6.27, 7.07), respectively. 
Therefore, the KEL for the SLS evaluation is 242 kN with a 95% confidence interval of (239, 
247), and that for the ULS evaluation is 342 kN with a 95% CI of (334, 376). 

4.3 Multilane Factor 
It is unusual that all the lanes are loaded with dense heavy vehicles. Thus, in the bridge 

design or condition assessment, the highway loadings are usually applied to the lanes after 
being multiplied by appropriate multiple reduction factors. The multilane factors could be 
very site specific. These factors for the TMB are calculated based on the data-driven UDL, i.e. 
they are 1.0, 0.3, and 0.2 for the slow, middle, and fast lane, respectively. 

4.4 Dynamic Impact 
When vehicles cross a bridge, the interaction of the dynamic characteristics of the bridge, 

the characteristics of vehicles such as the GVW and speed, and the roughness of the road 
surface, may induce the dynamic response of a bridge. To take this into account, a dynamic 
amplification is usually added as a percentage to static effects. This is applicable for the short 
and median span bridges. However, for a long span bridge, the dynamic amplification is 
small and can be neglected in the structural analysis. Therefore, the dynamic factor is not 
considered in the live load model developed for the TMB in this study. 

5 VALIDATION OF DEVELOPED LIVE LOAD MODEL 
To validate the developed live load models, they are compared with the existing models 

for long-span bridges, which include the ASCE load model, BD 37/88 load model, and 
AASHTO HL-93 load model. The ASCE loading specifies three levels of live load depending 
on the average percentage of heavy vehicles in traffic flow: 7.5%, 30%, and 100%. The live 
load is represented by a uniform load and a concentrated load. The uniform load decreases 
while the concentrated load increases as load length increases. The British standard, BD 
37/88, designs the bridges to resist more severe effects of either HA loading or HA loading 
combined with HB loading. The AASHTO HL-93 load model is defined as a uniformly 
distributed model with an additional design truck or tandem. The multilane factors of the 
developed live load model are compared with those defined in the three existing models, as 
shown in Table 2.  

 
Load 
model 

Number of lanes 
1 2 3 4 5 6 

ASCE 1.00 0.70 0.40 0.40 0.40 0.40 
BD 37/88 1.00 1.00 0.60 0.60 0.60 0.60 
AASHTO 1.20 1.00 0.85 0.65 0.65 0.65 

TMB 1.00 0.30 0.20 0.20 0.30 1.00 

Table 2: Comparison of multilane factors. 

The live load models are applied to the full 3D FEM of the bridge to study their effects. 
Table 3 lists the stresses these models induced at the point which the KEL of the developed 
model refers to, as well as the values of UDL and concentrated loads of all models. For the 
ASCE load model, the case of 30% heavy vehicles is considered. It is found that the UDL of 
the developed model is relatively large. The reason is that the TMB serves a port and airport 
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complex, so a particularly huge amount of extraordinarily heavy lorries pass through it. 
Based on the statistical analysis of the WIM data, the median GVW of the MGV and HGV is 
11.43 and 28.78 tonnes, respectively. However, the heavy vehicles defined in the compared 
code models have smaller GVW. For example, the GVW of the heavy vehicle defined in the 
ASCE loading is only 5.44 tonnes. Another observation is that the concentrated load has 
more significant influence on the stress than the UDL. This can be explained by the influence 
line of the concerned stress, as shown in Figure 6. Both adverse and positive effects are 
produced by the UDL, and these two effects nearly cancel each other. Thus, the stress 
induced by the UDL is very small. On the other hand, it can be observed from Figure 6 that 
the length to generate adverse load effect is narrow and sharp. Consequently, the most 
adverse situation is when several heavy trucks are positioned at the region corresponding to 
the peak of the influence line. In other words, the concerned stress is very sensitive to the 
local heavy vehicles. 

 
Load model UDL (kN/m) Concentrated load (kN) Stress (MPa) 

ASCE 8.76 809 30.34 

BD 37/88 14.85 120 (HA) 1.12 
450+450+450+450 (HB) 21.10 

AASHTO 9.3 35+145+145 (design truck) 12.71 
113+113 (design tandem) 9.17 

TMB_SLS 9.04 242 5.81 
TMB_ULS 16.48 342 6.43 

Table 3: Comparison of different live load models. 
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Figure 6 Influence line of the concerned stress. 

The traffic on the TMB is very dense sometimes, and the proportion and GVW of the 
heavy vehicles on the slow lane are extremely large as well. Thus, the UDL in the developed 
live load model for bridge evaluation is not much smaller than that of the design models. 
Nevertheless, the multilane factors derived based on the data-driven UDL for each lane are 
smaller than those of the design models. The pattern of the live load model for long-span 
bridges is suggested to be represented by a UDL and a single concentrated load. For long 
spans, the use of multiple axles makes problems unnecessarily complicated [8]. The decks of 
long-span bridges are very sensitive to the single concentrated load, so more attention should 
be paid to it. 

The developed live load model can be applied to the FEM of the bridge to analyze the 
strength or deformation of each structural component, no matter there is sensor installed or 
not. Therefore, it will be helpful in the objective condition rating and cost-effective 
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management of the bridge. For example, the tension force of the main cables, which suspend 
all the dead and live loads on the bridge deck, can be calculated by applying the developed 
live load models to the FEM, as shown in Figure 7. To show the load effect obviously, the 
vertical displacement of the deck has been magnified 50 times. The calculated tensional 
forces of the main cable at the right-side span are listed in Table 4. In the table, LL represents 
tension induced by live load only, DL+LL means tension induced by the combination of dead 
load and live load. And then, the results can be incorporated into a three-dimensional bridge 
condition rating system developed by the authors. This rating system integrates SHM data, 
FEM analysis results, bridge inspection results, and bridge construction and maintenance 
records together. Therefore, a comprehensive and objective condition rating result will be 
obtained, providing an importance reference for optimizing the bridge management activities 
such as inspection, repair, replacement, and so on. 
 

 
Figure 7: Application of live load model to the FEM. 

 

State LL (kN) DL+LL (kN) Permissible tension (kN) 
SLS 25494 444538 522878 
ULS 42148 461192 654665 

Table 4: Tension of main cable calculated based on the developed live load model. 

6 CONCLUSIONS 
This study develops a site-specific live load model for more accurate condition assessment 

and cost-effective management of the TMB, making use of nine years of SHM data. This 
model is represented by a UDL and a KEL. The UDL is determined based on the WIM data 
and the traffic recording of the CCTV. The KEL is calculated inversely by the full 3D FEM 
of the bridge, targeting an extreme stress level with a certain return period. The extreme 
stresses employed were obtained by extrapolating the long-term strain data using the extreme 
value theory. Live load models for both SLS and ULS evaluation of the bridge are developed. 
The multilane factors are derived directly by the data-driven UDL. As a key linkage 
connecting a port and an airport to the urban area of Hong Kong, the TMB carries a large 
amount of extremely heavy goods vehicles. Therefore, this bridge is typical, and the live load 
model developed can be used as a reference for the design and assessment of other long-span 
bridges. 

The main conclusions of this study are as follows. 
 The live load model of a long-span bridge is suggested to be represented by a 

uniformly distributed load and a single concentrated load. 
 The decks of long-span bridges are very sensitive to the local heavy vehicles, so the 

magnitude of the single concentrated load deserves much concern.  
 Multilane factors are very site-specific, and those defined in the design specifications 

are relatively subjective and general. To assess the bridge condition more accurately, 
multilane factors are desired to be determined based on in-site WIM data or traffic 
surveys. 
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