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ABSTRACT 
 
Stonecutters Bridge (SCB) in Hong Kong is the third-longest cable-stayed bridge in the world with a main span 
stretching 1,018 m between two 298 m high single-leg tapering composite towers. A Wind and Structural Health 
Monitoring System (WASHMS) has been installed on SCB by the Highways Department of Hong Kong SAR 
Government, and the SCB-WASHMS is composed of over 1,300 sensors in 15 types. In order to setup a linkage 
between structural health monitoring and maintenance management, a Structural Health Rating System (SHRS) 
with relevant rating tools and indices is devised. On the basis of a 3D space frame finite element model (FEM) 
of SCB and model updating, this paper presents the development of an SHRS-oriented 3D multi-scale FEM of 
SCB for the purpose of structural damage diagnosis and safety evaluation, including modeling, refinement and 
validation of the multi-scale FEM. The refined 3D structural segments at deck and towers are established in the 
critical segment position corresponding to maximum cable force. The components in the critical segment 
position are modeled as a full 3D FEM and fitted into the 3D space frame FEM. The boundary conditions 
between beam element and shell element are performed conforming to equivalent stiffness, effective mass and 
compatibility of deformation. The 3D multi-scale FEM is verified by the in-situ measured dynamic 
characteristics and static response. A good agreement between the FEM and measurement results indicates that 
the 3D multi-scale FEM is precise and efficient for WASHMS and SHRS of SCB. 
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INTRODUCTION 
 
With the rapid development of long-span cable-supported bridges over the past two decades, implementation of 
structural health monitoring systems for important bridges has been increasingly accepted (Wong 2004; Ko and 
Ni 2005; Ni et al. 2011; Wong and Ni 2011). Diagnostic and prognostic analyses of the structural and durability 
performance of cable-supported bridges under in-service conditions are an essential strategy for planning and 
scheduling of inspection and maintenance activities. To fulfill this task, an accurate finite element model of the 
bridge is of importance to perform effective assessment of the required structural and durability performance. 
There have been a number of studies on the finite element modeling of cable-supported bridges to facilitate 
static and dynamic analyses (Hassan 2013; Wei et al. 2012; Brownjohn et al. 1999; Chang et al. 2001). Among 
many works, the FEM updating of large-scale bridges in reliance on ambient vibration testing results and modal 
identification technique has made a rapid progress in recent years (Zhang et al. 2001; Brownjohn et al. 2000; 
Jaishi and Ren 2005). 
 
A simplified spine beam FEM of equivalent sectional properties to the actual bridge components is utilized in 
most of the researches, which is effective to evaluate the global dynamic characteristics and global structural 
behavior of a complex bridge with high computational efficiency. However, critical local damage under static 
and dynamic loading cannot be estimated directly through stress and strain nephogram in the spine beam FEM. 
On the other hand, it is obviously impossible to elaborately model and analyze the global and local behavior of 
response and damage in a unified spatial scale, because the simple task with ordinary load case is extremely 
difficult to execute with the existing computing power in full 3D FEM. Therefore it is absolutely necessary to 
develop a numerical approach in multiple spatial scales for modeling and calculating the dynamic response and 
local damage in large structures such as long-span bridges. Attempts to develop such multi-scale FEMs are an 

mailto:ceyqni@polyu.edu.hk


effective method for long-span bridges. Accurate evaluation of the effect of possible damage in critical 
components on the global dynamic characteristics of a bridge structure is of critical importance in developing a 
robust structural damage identification scheme particularly for a long-span bridge. A strategy of finite element 
modeling of a long-span cable-stayed bridge for multi-scale numerical analysis has been investigated (Ding et al. 
2010). A multi-scale model of the suspension Tsing Ma Bridge (TMB) has been developed based on the design 
drawings and the proposed strategy for multi-scale modeling (Li et al. 2007). A procedure for multi-scale 
numerical analysis of dynamic response and local damage has been proposed by referring to a 3-dimensional FE 
model of the suspension Runyang Bridge (Wang et al. 2010).  
 
For the purpose of structural health evaluation based on the bridge structural health monitoring system, an 
efficient numerical approach for multi-scale modeling of large structures such as cable-supported bridges is 
presented in this study. The SCB in Hong Kong is being instrumented with a structural health monitoring system 
called Wind and Structural Health Monitoring System (WASHMS). Research collaboration between The Hong 
Kong Polytechnic University and the Hong Kong Highways Department to develop a partial 3D multi-scale 
FEM for SCB purposed for structural health monitoring is currently underway.  
 
 

 
 

(a) FEM                                      (b) SCB 
Figure 1. Multi-scale FE modeling of SCB 

 
MULTI-SCALE FE MODELING  
 

Strategies for Multi-Scale FE Modeling  
 
The task of multi-scale modeling for large-scale bridges is to meet the requirements that (Ko et al.1999): (a) the 
FEM is accurate enough through comparisons of the computed and measured modal parameters and (b) the 
stiffness contribution of all individual structural components is independently described in the model, so the 
sensitivity of global and local modal properties to the material or geometric parameters of any structural 
component can be computed accurately; consequently, damage occurring in any structural component can be 
directly simulated in the model. Based on this concept, a precise three-dimensional FEM could incorporate 
where necessary local detailed models into the global and component models depending on the purpose of 



analyses as shown in Figure 1. The following strategies for multi-scale FEM of cable-supported bridges for 
damage analysis are proposed:  
(1) The multi-scale FEM should represent the modal properties of the real bridge accurately so that the essential 
static and dynamic analysis results of the FE model are well correlated with the measurement data; 
(2) The multi-scale modeling for the critical segments of the bridge should be precise enough so that it can 
provide considerably accurate calculation of both load-induced and distortion-induced stress distributions/ 
damages under specific loadings; 
(3) The reasonable mesh method of complex bridge components considering result accuracy and computational 
efficiency should be executed to reduce the unnecessary computation time; and 
(4) The systematic output results of multi-scale FE analysis in non-linear calculation, the dynamic wind stability 
analysis and the dynamic seismic destructive evaluation should be compatible with SHRS for the performance of 
WASHMS. 
 
FE Modeling of Stonecutters Bridge  
 

 
Figure 2. Critical locations of cables in SCB 

 
In order to establish a multi-scale FEM, the critical segment position of deck-stay connections and tower stay 
connections in each cable plane should be selected for the cable with highest force in respective side-span and 
central span. Figure 2 shows the measured values of stay cable forces through the structural health monitoring 
system of SCB. The highest cable force critical locations in the diagonal members of the north outer-longitudinal 
decks can be determined from the figure: the cables No. N127, N227, N327, N427. Furthermore, four cables 
close to the two towers are also identified as critical locations owing to abrupt change of cable force. According 
to the strategies for multi-scale FE modeling, the five critical segments of the SCB will be modeled spatially, as 
shown Figure 3, which include: (a) concrete beam segment, (b) steel beam segment with web plate, (c) steel 
beam segment without web plate, (d) concrete tower segment with anchorage box, and (e) concrete tower 
segment without anchorage box. 
 

 
(a) Five critical segments of SCB 

FE Segment model 3: Steel beam segment without web plate 
FE Segment model 2: Steel beam segment with web plate 
FE Segment model 1: Concrete beam segment 

FE Segment model 5: Concrete tower segment without anchorage box 
FE Segment model 4: Concrete tower segment with anchorage box 



 

 
 

(b) FE segment model 1 
 

 
 

(c) FE segment model 2                        (d) FE segment model 3 
 

                     
 

(e) FE segment model 4                            (f) FE segment model 5 
 

Figure 3. Multi-scale segment models of SCB 
 

 
(a) Concrete box-girder 

                 
(b) Concrete anchorage section   (c) Steel anchor     (d) Concrete web     (e) Cross concrete box-girder 
 

Figure 4. FE segment model 1 



 

 
 

(a) Steel beam segment with web plate 

       
(b) Top plate           (c) U-shape rib            (d) Bottom plate        (e) Cross box-girder 

                  
(f) web plate                 (g) Cross plate              (h) Beam anchorage  
 

Figure 5. FE segment model 2 
                           

 
 

(a) Steel beam segment without web plate 
 

                
(b) Top plate               (c) U-shape rib              (d) Bottom plate         

                       
(e) Cross box-girder           (f) Cross plate              (g) Beam anchorage 
 

Figure 6. FE segment model 3 
 



 
(a) Concrete tower segment with anchorage box  

                       
(b) Steel skin              (c) Steel anchor box          (d) Concrete segment  

                        
(e) Cross plate               (f) Steel anchor               (g) Steel guide pipe 

 
Figure 7. FE segment model 4 

 

 
(a) Concrete tower segment without anchorage box 

                
(b) Steel skin         (c) Steel guide pipe           (d) Steel anchor       (e) Concrete segment 
 

Figure 8. FE segment model 5 
 

The concrete box-girder segment is meshed into 98000 concrete solid elements in Figure 4, including concrete 
anchorage section, steel anchor, cross concrete box-girder and concrete web. The steel beam segment with 



140000 shell elements is the second multi-scale FE model of the selected segment, as shown in Figure 5, which 
includes top plate, U-shape rib, bottom plate, cross box-girder, web plate, cross plate and beam anchorage. 
Almost 13500 shell elements constitute the third model without web plate as illustrated in Figure 6. The fourth 
model in Figure 7, including steel skin, steel anchor box, concrete segment, cross plate, steel anchor and steel 
guide pipe, are fully modeled by 160000 solid concrete elements and 40000 shell elements. Figure 8 shows the 
fifth multi-scale model of the concrete tower segment without anchor box owing to the design angle of cables.   
 
Boundary Conditions 
 
The connection between beam element and solid/shell element must be reasonably represented by boundary 
conditions, which also should conform to equivalent stiffness, effective mass and compatibility of deformation. 
In the current multi-scale model, the boundaries are modeled by a set of rigid link elements, which appropriately 
simulate the actual behavior between the beam element and 3D segments. Due to the influence of stress 
concentration in boundary, the critical 3D segments, as shown in Figure 9, is divided into one reliable segment 
and two boundary segments. Referring to the Saint-Venant's Principle, the range of the boundary segments is 
optimized for computational efficiency. 
 

 
 

Figure 9. Boundary conditions of steel beam 31 for SCB FEM 
 
STATIC AND DYNAMIC MODEL CALIBRATION  
 

Static Analysis  
 
In the establishment of the SCB multi-scale FEM, the coordinates of the bridge obtained from as-built drawings 
are taken as the target configuration. Therefore, the objective of static calibration is to determine the initial cable 
forces which minimize the displacement response under dead load. After the static and dynamic model 
calibration in the multi-scale FEM with segment model 1 of SCB, the difference of displacement in Y direction 
under dead load between calculation and as-built drawings is illustrated in Figure 10. In the five multi-scale FE 
segment models, the maximum upward and downward displacements of the bridge deck fall below ±3.92 cm. 
Cable force measurement using AVM was carried out by Bridge Technical Advisory Section (BTAS) during 
4-12 November 2009. The comparison of the cable forces between the multi-scale FE segment model 1 results 
with the measured results is presented. The relative differences are calculated as shown in Figure 11. It can be 
concluded that all the cable force differences between measurement and computation fall below ±8%. 
 

 
Figure 10. Difference of displacement in Y direction between calculation and as-built drawings 

Boundary Beam Segments in 3D beam 

Reliable Beam Segment 



 
Figure 11. Difference of cable forces between calculation and measurement 

 
Comparison of Modal Frequencies  
 
The frequency measurement of SCB after completion of the bridge deck was carried out by the Highways 
Department. The computed modal frequencies from the five multi-scale FE segment models are compared with 
the measured results in Table 1. The relative difference in modal frequency is defined as 

%100×
−

= Measure

FEMMeasure

f
ffd  

where FEMf and Measuref  are the computed and measured modal frequencies, respectively.  
 

Table 1. Comparison between measured and calculated modal frequencies 
No Measured 

(Hz) 
Model 1 Model 2 Model 3 Model 4 Model 5 

Freq. Diff. 
(%) 

Freq. Diff. 
(%) 

Freq. Diff. 
(%) 

Freq. Diff. 
(%) 

Freq. Diff. 
(%) 

f1 0.1613 0.1593 1.26 0.1582 1.92 0.1577 2.23 0.1593 1.24 0.1593 1.24 
f2 0.2126 0.2120 0.27 0.2120 0.29 0.2117 0.42 0.2120 0.28 0.2120 0.28 
f3 0.2167 0.2179 -0.55 0.2179 -0.56 0.2179 -0.55 0.2176 -0.42 0.2177 -0.46 
f4 0.2104 0.2193 -4.23 0.2192 -4.31 0.2191 -4.13 0.2190 -4.09 0.2191 -4.13 
f5 0.2632 0.2580 1.98 0.2580 2.05 0.2575 2.17 0.2580 1.98 0.2580 1.98 
f6 0.3268 0.3163 3.20 0.3162 3.37 0.3159 3.34 0.3162 3.24 0.3162 3.24 
f7 0.3340 0.3337 0.09 0.3337 0.10 0.3322 0.54 0.3337 0.09 0.3336 0.12 
f8 0.3952 0.3949 0.07 0.3908 1.19 0.3894 1.47 0.3949 0.08 0.3949 0.08 
f9 0.4125 0.3958 4.04 0.3958 4.37 0.3951 4.22 0.3958 4.05 0.3957 4.07 
f10 0.4586 0.4596 -0.21 0.4596 -0.24 0.4575 -0.24 0.4596 -0.22 0.4595 -0.20 
 
Table 1 compares the first 10 modal frequencies computed from the present five multi-scale models with those 
measured by the Highways Department. It can be seen that the results of the multi-scale FEM agree well with 
the measured ones. The relative differences fall below ±4.31%. 
 
CONCLUSIONS  
 
In this paper, the strategies and methods for multi-scale FE modeling of a long-span cable-stayed bridge are 
presented for the purpose of multi-scale dynamic characteristics and damage analysis. Five multi-scale FE 
models including deck segments and tower segments in critical segment of SCB are performed. Based on the 
results from this study, the main results consist of: 
(1) Single-scale FE model fails to satisfy the requirements of local stress analysis on critical important 
components of long-span cable-stayed bridges, and full 3D FE fine modeling is unsuitable for damage analysis 
under complicated load conditions owing to the limit of existing computing power. The multi-scale FE modeling 
techniques has high efficiency and accuracy on local component stress analysis, which has been validated by the 
experimental results from the field test. As a result, the multi-scale FE method can be broadly performed in 
similar analysis of long-span bridges for the security evaluation of SHRS; 
(2) Another key issue during the multi-scale analysis is to determine the length of the reliable middle segment in 
critical segment. Analyses show that the stress concentration phenomenon near the two boundaries of the critical 
segment is very clear, and the influence length is about 1/3 of the critical segment in each of the two boundaries. 
Therefore, the stress located more than 1/3 critical segment to the boundary can be utilized; 
(3) The multi-scale FE modeling method for SCB is presented for a comprehensive representation of the global 
structure and critical components including concrete beam segment, steel beam segment and concrete tower 
segment with anchor box. The static and dynamic calibration of the model has been carried out, based on the 
measurement data of static configuration, cable forces and modal frequencies provided by the Highways 



Department. A good agreement is observed between the computed results and the field measurements. 
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