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ABSTRACT 
 
Multi-type sensor can give the different information regarding the structural behavior, in order to acquire rich 
information from the various kinds of sensors and give the integrity information of the structure, the acquisition 
method on structural responses using hybrid sensor measurements is proposed. The optimal placement of 
multiple sensors is explored so as to capture most appropriate and sensitive stress features for information 
acquisition. Pattern identification is constructed with the pattern library given by the hybrid measurements. In 
addition, more than one best pattern is selected to fusion the final identified stress value.  To validate the 
capacity of the proposed acquisition method, finite element analysis is conducted to identify the structural stress 
response in Shenzhen Bay Stadium as an example. The performance of the pattern identifications, constructed 
by two kinds of pattern libraries captured by (i) sole strain measurement, and (ii) both kinds of strain 
measurements and deformation measurements, respectively, are compared, to observe that the one constructed 
by hybrid sensor measurements outperformed the others. Errors analysis for a series of parametric studies, in 
which noise at different levels is included in the measurements, are further carried out, and robustness of the 
proposed information acquisition scheme under noisy measurement is demonstrated. 
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INTRODUCTION 
 
The various kinds of measurement devices, monitoring objectives and projects are implemented one by one. 
Through the site studies on Zhanjiang Bay Bridge structural health monitoring system, the parameters studied in 
the analysis include thermal time lags and gradients of the steel box girder, concrete tower, and stayed cables, as 
well as displacements at center span and tops of the towers. From this project on these towers, the findings 
convey the ability of a health monitoring system to firstly provide realistic examples of thermal behavior; 
secondly to estimate conditions at locations free of measurement devices, and lastly to suggest areas of concern 
for future manual inspections. Furthermore, it also provides evidence that a structural health monitoring system 
is not only helpful for bridge design and management, but also for the development of itself (Cao et al. 2010). A 
field application at Leziria Bridge across the Tagus River, Portugal, evinces the ability of the transducer to be 
applied in both temporary and permanent structural health monitoring systems with automatic and remote data 
acquisition (Rodrigues et al. 2010). An integrated structural monitoring framework on a highway bridge was 
established, which is capable of supporting over 300 sensor channels and three cameras. The changes in the 
bridge dynamic responses were identified by the time-synchronized video as well as the acceleration data were 
continuously recorded (Fraser et al. 2010).  
 
In addition, the structural health monitoring methods are studied in order to obtain much more information about 
the structural safety, the identification results considering the uncertainties and so on. Based on the continuous 
monitoring of dam static deformation, the singular spectrum analysis with auto regressive model and the 
nonlinear principle component analysis using auto-associative neural network method were applied to generate 
the residual deformation between the estimated and the record data and to determine the threshold level of the 
dam static deformation (Loh et al. 2011). A cost-effective structural health monitoring strategy is studied as well, 
in which the performance prediction model were updated periodically. The strategy associated with monitoring 
duration and prediction duration, which minimizing the total monitoring cost and maximizing the availability of 
the monitoring data for performance prediction (Kim et al. 2011).  
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As we have seen, the structural health monitoring are developed not only on trying to deploy the applications, 
but also on the structural health monitoring methods. However, it is still a concerned question on giving a robust 
system. A life cycle analysis is usually dependent on structural assessment and prediction models under 
uncertainty, and the accuracy associated with them can be considerably improved if the data from structural 
health monitoring are used efficiently (Peil 2005). Due to the presence of errors and uncertainties, the 
comprehensive structural health monitoring system explored by involving a combination of advanced structural 
analyses integrated with field investigation using sensors and performance data acquisition (Modares et al. 
2011). The actual performance assurance relies heavily upon sensor data. The sensor data is used for 
documenting performance and for improving the technical design of the structures, whereas an interactive 
graphical user interface supports continuous decision making. The sensor system serves the needs for both 
customs and the service provider (Glaser et al. 2008).  
 
As a whole, the various types of sensors are located in the structural health monitoring system of the real project, 
which can give various kinds of measurements, while a lot of measurements are available in various types of 
sensors and data mining in various measurements can support much effective results (Zhang et al. 2003); in 
addition, the much more information about the structural safety is urgently to be known, especially the 
information on the locations free of measurement devices; furthermore, the structural health monitoring method 
is promoted to consider the uncertainty. The objective of the present research is to develop an efficient stress 
identification method by using a hybrid measurement scheme and considering uncertainties. Multi-kind of 
sensing agents including strain sensors and displacement measurements are employed for the hybrid 
measurement. As an important issue in such a hybrid sensing configuration, optimal placements of different 
sensors is crucial, this is comparatively explored in this study with an aim to achieve a compromise between 
detection accuracy and number of sensors. With this hybrid measurement, three types of inputs are captured: (i) 
the strain measurements; (ii) the hybrid measurements by combing the two types of inputs aforementioned. 
Considering a structural health monitoring system of Shenzhen Bay Stadium, the capacity of the approach in 
tolerating measurement noise is carried out, where noises of different levels were added to inputs. 
 
SHM OF SHENZHEN BAY STADIUM 
 

Description of Project 
 
Shenzhen Bay Stadium is open space and bordering the sea, which is in a serious typhoon affected area. 
Because of its large span spatial structure and irregular complex shape, Shenzhen Bay Stadium is a typical 
wind-sensitive structure. In addition, the roof structure is composed mainly with the single layer shell and the 
vertical support system, where the former vibration modes of the structure are formed with the local vibration. 
Moreover, a large number of elements are designed at their stress ratio larger than 0.9 during its working period. 
Although the structural capacity calculated satisfied the requirements and codes, the amplitude of structural 
responses is very large because of its large span shape and low frequency characteristics. Considering these 
factors, the structural health monitoring system was applied to monitor the structural responses in its 
construction status and working status. 
 
Instrumentations 
 
The first purpose of the structural health monitoring on this structure is to provide the temperature of the 
different parts of the structure, and second purpose is to choose a properly time to gather up the substructure. 
Due to its structural complexity and wind sensitive characteristic, the vibration of the structure induced by wind 
load was concerned in this structural health monitoring system. Additionally, the stress of the important 
elements and the deformation of the important structural part should be concerned in order to give the estimation 
on the safety of the structure and guide the construction. The sensors placed in Shenzhen Bay Stadium are 
shown in Table 1. The stresses in the front rods of the steel roof are identified in this research paper. 12 sensors 
were located in six front rods and 2sensors were located in each front rod, the placements of these six front rods 
are shown in Figure 1.  
 



Table 1. Sensor details for Shenzhen Bay Stadium 
monitoring type of sensor Number position 
temperature digital thermal sensor 102 closing seam 
stress vibrating wire extensometer 12 ring members 
stress vibrating wire extensometer 48 tree-type column 
stress vibrating wire extensometer 48 the support of the roof 

deformation prism and total station 12 the front part of the steel 
roof 

vibration acceleration sensor 8 steel roof and viewing bridge 
wind speed anemometer 2 the open fields of structure 
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Figure 1. Placements of six front rods 

 
Stress Measurements From Six Front Rods 
 
The labels for the six front rods with vibration wire strain sensors are 1-1, 1-2, 1-3, 1-4, 1-5, 1-6, while the 
measurements are recording from the beginning of construction to this day. There are two vibration wire strain 
sensors in each front rod, the sensors are labeled by 1-1-1 and 1-1-2 with the inside location and outside location, 
respectively. The other 10 vibration wire strain sensors located on the other five front rods are labeled as 1-2-1, 
1-2-2, 1-3-1, 1-3-2, 1-4-1, 1-4-2, 1-5-1, 1-5-2, 1-6-1 and 1-6-2, respectively. The stress variation in 16 months 
from 2011 to 2013 is shown in Fig. 10, the stresses for these three front rods were all collected at 11:00 and it 
shows that the stress values along these three years are almost the same and stable. 
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Figure 2. Stress variation curves of three front rods in three years 

 



RESULTS AND DISCUSSIONS 
 

Finite Element Model and Analysis Data 
 
The finite element model constructed by commercial FE code Midas ® is shown in Figure 3. The transient 
analysis was used to analyze the stress distribution of the roof structure, in which the load for the roof structure 
was the earth pulsation in the form of acceleration series in the time domain and simulated by the white noise in 
three directions. The peak values of such an earth pulsation were 0.1g, 0.1g and 0.15 g in X, Y and Z directions, 
respectively; the frequencies were from 0.5 to 20 Hz; and the time duration was 600s in total with a step of 
0.02s. The stress values in monitoring locations 1-1-1, 1-2-1, 1-3-1, 1-4-1, 1-5-1 and 1-6-1 are extracted firstly. 
 

 
Figure 3.  Finite element model in Midas 

 
Modified Pattern Recognition to Stress Identification 
 
The stress identification using pattern recognition considering uncertainties is proposed and strain sensors and 
deformation measurements are both used. There are some uncertainties which are existed in structural health 
monitoring system, especially in the measurements collected from sensors and the effectiveness of the sensors, 
considering these uncertainty, the best pattern selected may not be the real best one. The proposed method 
modified the selection on patterns. Firstly, the measurements were divided into several parts, and there must be 
a best pattern for each part of measurements, while several best patterns can be obtained from these parts of 
measurements. Secondly, the identified stress values were synthesized by fusion method. Thirdly, the input 
patterns for the pattern recognition were changed to two kinds of measurements which are from strain sensors 
and displacement sensor. The analysis and comparisons are given mainly on: (1) the different number of strain 
sensors; (2) the different inputs from three types of the measurements as aforementioned; (3) the different noise 
levels interfered. 
 
Results in Different Number of Strain Sensors 
 
The stress in monitoring location 1-3-1 is identified here. The measurements set is built by the stress values in 
monitoring locations 1-1-1, 1-2-1, 1-4-1, 1-5-1, 1-6-1 and additional 1-7-1, 1-8-1, 1-9-1, 1-10-1, 1-11-1, 1-12-1, 
where the locations of the additional simulated strain sensors are shown in Figure 4. 
 

 
Figure 4. Locations of additional simulated strain sensors 

 
Four scenarios are discussed in this part, (1) the measurements set is built by the stress values in monitoring 
locations 1-1-1, 1-2-1, 1-4-1, 1-5-1, 1-6-1; (2) the measurements set is built by the stress values in monitoring 



locations 1-1-1, 1-2-1, 1-4-1, 1-5-1, 1-6-1, and additional simulated locations 1-7-1, 1-8-1; (3) the measurements 
set is built by the stress values in monitoring locations 1-1-1, 1-2-1, 1-4-1, 1-5-1, 1-6-1, and additional simulated 
locations 1-7-1, 1-8-1, 1-9-1, 1-10-1; (4) the measurements set is built by the stress values in monitoring 
locations 1-1-1, 1-2-1, 1-4-1, 1-5-1, 1-6-1, and additional simulated locations 1-7-1, 1-8-1, 1-9-1, 1-10-1, 1-11-1, 
1-12-1.  
 
The identified results are shown in Table 2, in which the first line represents the errors and the following lines 
represent the number of patterns within the corresponding errors. It can be seen that the number of patterns with 
error less than 5% is becoming larger with the increasing on the number of the strain sensors. In the other word, 
the number of the strain sensors is one of the important parameter for improving the identified results.  
 

Table 2. The errors using simulated data for 4 scenarios 

Scenario <5% 5%~10% 10%~15% 15%~20% 20%~25% >25% 
1 100 94 102 57 75 77 
2 110 101 98 74 67 50 
3 163 129 74 40 37 57 
4 224 141 82 17 18 18 

 
Results in Different Inputs of Measurements 
 
Beside the stress measurements, the deformation measurements are added here. The locations of deformation 
measurements in the monitoring system are just in the placements shown in Figure 4. Four scenarios are 
discussed in this part, (1) the measurements set is built by the stress values in monitoring locations 1-1-1, 1-2-1, 
1-5-1, 1-6-1, and additional simulated locations 1-7-1, 1-8-1, 1-9-1, 1-10-1, 1-11-1, 1-12-1; (2) the 
measurements set is built not only by the stress values in monitoring locations 1-1-1, 1-2-1, 1-5-1, 1-6-1, and 
additional simulated locations 1-7-1, 1-8-1, 1-9-1, 1-10-1, 1-11-1, 1-12-1, but also by the deformation 
measurements in monitoring locations 1-1, 1-3, 1-7, 1-10, 1-11, 1-12;  (3) the measurements set is built not only 
by the stress values in monitoring locations 1-1-1, 1-2-1, 1-5-1, 1-6-1, and additional simulated locations 1-7-1, 
1-8-1, 1-9-1, 1-10-1, 1-11-1, 1-12-1, but also by the deformation measurements in monitoring locations 1-1, 1-2, 
1-3, 1-7, 1-8, 1-10, 1-11, 1-12; (4) the measurements set is built not only by the stress values in monitoring 
locations 1-1-1, 1-2-1, 1-5-1, 1-6-1, and additional simulated locations 1-7-1, 1-8-1, 1-9-1, 1-10-1, 1-11-1, 1-12-
1, but also by the deformation measurements in monitoring locations 1-1, 1-2, 1-3, 1-5, 1-6, 1-7, 1-8, 1-10, 1-11, 
1-12. 
 
The identified results are shown in Table 3, in which the first line represents the errors and the following lines 
represent the number of patterns within the corresponding errors. It can be seen that: (1) the identified results 
using 10 stress measurements and 6, 8, 10 deformation measurements are all better than the identified results 
using 11 stress measurements, while the two kinds of measurements are helpful to the stress identification, 
though the number of the strain sensors is less; (2) the number of patterns with error less than 5% is becoming 
larger with the increasing on the number of deformation measurements.  
 

Table 3. The errors using stress measurements and hybrid measurements 

No. of Stress & Deformation <5% 5%~10% 10%~15% 15%~20% 20%~25% >25% 
11 & 0 224 141 82 17 18 18 
10 & 6 223 149 80 21 16 11 
10 & 8 227 144 82 17 18 12 
10 & 10 230 147 77 21 15 10 

 
Results in Different Level of Noises 
 
Four levels of noises are discussed in this part, which are 5%, 10%, 15% and 20% noise level for all 
measurements. Two scenarios are listed here, (1) the measurements set is built by the stress values in monitoring 
locations 1-1-1, 1-2-1, 1-5-1, 1-6-1, and additional simulated locations 1-7-1, 1-8-1, 1-9-1, 1-10-1, 1-11-1, 1-12-
1; (2) the measurements set is built not only by the stress values in monitoring locations 1-1-1, 1-2-1, 1-5-1, 1-6-
1, and additional simulated locations 1-7-1, 1-8-1, 1-9-1, 1-10-1, 1-11-1, 1-12-1, but also by the deformation 
measurements in monitoring locations   



 
The identified results are shown in Table 4, in which the proportion of the recognition values with the errors less 
than 15% is listed. It can be seen that the errors of the identified stress using hybrid measurements are a little 
better than the errors of the identified stress using stress measurements with increasing in noise level.  
 

Table 4. The errors using different type of measurements under noises 

Noise level Scenario 1 Scenario 2 
5% 89.6% 90.0% 

10% 88.4% 88.6% 
15% 78.8% 80.8% 
20% 75.6% 75.0% 

 
CONCLUSIONS 
 
This paper has presented the implementation of the structural health monitoring system of Shenzhen Bay 
Stadium, including the description of the project, the objectives for applying the structural health monitoring 
system on this real structure, the sensor system including the number and locations of various devices, the stress 
measurements from these recent three years are also shown in the paper. Considering the information 
acquisition and measurement uncertainties, the stress identification based on hybrid measurements constructed 
by strain measurements and deformation measurements is proposed. As following, the identified influence 
factors, such as the number and the locations of the sensors, the different type of input measurements and the 
interfered noises, are discussed. From the errors analysis, it can be known that the number and locations of the 
measurements are important for stress identification, the stress values can be better recognized by the sensors 
located nearly; the hybrid measurements of stress and deformation outperforms than the stress measurements 
only, the number of the strain sensors can be cut down if the deformation measurements are used to identify 
stress distribution; even with the different levels of noises, the hybrid measurements with less number of strain 
sensors can give better identified errors than the stress measurements. The proposed method using hybrid 
measurements can identify better stress values and cut down the number of the strain sensors, which is effective 
for the stress identification of the real project.  
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