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ABSTRACT 
 
Extensive research has shown that bonding a fibre-reinforced polymer (FRP) plate to the tension face of a 
reinforced concrete (RC) or steel beam can effectively enhance its serviceability and ultimate strength. The 
controlling failure mode of such a strengthened beam often involves the premature debonding of the FRP plate 
from the original beam in a brittle manner. A solid understanding of the cause and mechanism of this debonding 
failure mode is important for the development of an accurate strength model so that this strengthening technique 
can be used more effectively and economically. This paper presents a new analytical solution for the interfacial 
stresses in simply supported beams bonded with a thin plate and subjected to arbitrary symmetric loads. The 
solution is represented by Fourier series and is based on the minimisation of the complementary energy. It not 
only takes into consideration the non-uniform stress distribution in the adhesive layer and the stress-free 
boundary condition at the ends of the plate, but also correctly predicts the drastic difference in the interfacial 
normal stress between the plate-to-adhesive interface and adhesive-to-concrete interface as revealed by finite 
element analysis. 
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INTRODUCTION  
 
Civil infrastructure, which includes bridges and buildings, begin to deteriorate once they are built and used. 
Maintaining safe and reliable civil infrastructures for daily use is important to the well-being of all of us. 
Knowing the integrity of the structure in terms of its age and usage, and its level of safety to withstand 
infrequent but high forces such as overweight trucks, earthquakes, tornadoes, and hurricanes is important and 
necessary. The process of determining and tracking structural integrity and assessing the nature of damage in a 
structure is often referred to as structural health monitoring (SHM). 
 
The attenuating capabilities of long-span spatial structures due to environmental erosion, material aging and 
long-term load effect, fatigue effect and mutation effect will inevitably lead to accumulated structure damage, 
reduced resistance against natural interference, and even extreme catastrophe. Therefore, in order to guarantee 
the safety, integrity, serviceability and durability of the major construction project, it is necessary to adopt 
effective measures to monitor and assess its safety conditions, repair and control damage.  
 
A documented monitoring system and a group of specific sensors including Fiber Bragg Grating (FBG) strain 
sensors, accelerometers, displacement meters and tilt transducers were presented and applied in a new 
gymnasium, in Dalian Sports Center, a steel based structure with a large multi-chorded dome (cable-based 
latticed Shell).The structure health monitoring systems of the long-span spatial structure are developed for the 
following purposes: (i) provide real-time data for safety assessment; (ii) monitor anomalies in loading and 
response during the whole life of the structure; (iii) decide the degree and locate the position of damage or 
deterioration of the structure; (iv) evaluate and predict the potential damage and life span of the structure; (v) 
verify design assumptions and parameters with the potential benefit of improving design specifications and 
guidelines for future similar structures. 
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The structural health monitoring system of the long-span spatial structure consists of four subsystems: (i) sensor 
system, including Fiber Bragg Grating (FBG) strain sensors, accelerometers, displacement meters and tilt 
transducers; (ii) data acquisition and processing system; (iii) data communication and transmission system; 
(iv) data analysis and monitoring system.  
This paper aims to put forward the principle of monitoring system development. Single monitoring target 
variables (displacement, inclination, acceleration) will be merged into the integrated data acquisition system. 
The monitoring system will automatically collect, display, store and analyze real-time signal to evaluate the 
structure health status and advertise warning ahead of loss. 
 
SENSOR DESIGN AND MEASURING PRINCIPLE 
 
As new sensors become available, the possibility for application of improved structural health monitoring 
techniques is increasingly feasible. New sensors typically target the monitoring of one specific type of damage, 
for example, concrete cracking, cable breakage, steel reinforcement corrosion, and delamination or debonding. 
New sensor technologies make it possible to implement long-term real-time monitoring of the concerned 
structure. 
 
Fiber Bragg Grating (FBG) Sensors 
 
A group of FBG sensors were developed and produced in this project to measure truss chord strain and cable 
force. Standard telecommunication single mode fibers (Corning-SMF28) were used to fabricate FBG sensors.  
Installation of bare FBG sensors on components of civil infrastructure may result in a high rate of sensor failure 
owing to the fragile nature of the glass fiber and the harsh environment of the construction industry. In addition, 
an FBG sensor made with a bare fiber is fragile in the direction of shear force and easily damaged when handled 
improperly during and after fabrication. The following sections will describe novel FBG strain sensor designed 
in the long-span spatial structure. 
 
(1) Packing Technic 
The schematic diagram of a FBG strain sensor is presented in Figure 1. The strain sensor consists of a fiber 
Bragg grating, two gripper tubes and two mounting supports. The fiber in both sides of a FBG is packaged with 
epoxy resin in the two gripper tubes, which are installed on the mounting supports by adhesive or solder. Since 
the FBG area is not in contact with epoxy resin, the FBG strain sensor eliminates the multi-peaks of reflective 
light from FBG induced by the non-uniform bonding distribution of epoxy resin. 
 

 
Figure 1. The schematic diagram of FBG strain sensor packaged by two gripper tubes 

 
(2) Measuring Principle 
The detailed information about the strain transferring characteristics and theory of sensor design was introduced 
by Ren (2009). It is obtained that the strain of the gripper tube can be neglected in contrast with the strain of 
fiber in the above sensor construction. The fiber between the two gripper tubes bears nearly the whole 
deformation between the two mounting supports. For a FBG with central wavelength of 1550 nm, the relation 
between the shift of the central wavelength of FBG and the strain of the sensor can be written as Eq.1. 
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The strain sensitivity is decided by the ratio of the distance between the two mounting supports L and the length 
of the fiber between the two gripper tubes Lf, as is shown in Eq.1. The picture of gripper packaged FBG strain 
sensor is presented in Figure 2. The distance between two mounting supports L and the length of fiber between 
the two gripper tubes Lf of the FBG strain sensor were 35 mm and 30 mm respectively. It is derived from 
equation Eq.1 that the calculated strain sensitivity of FBG strain sensor was 1.4 pm/με. 
 
 
 
 
 



     
Figure 2. The FBG strain sensor 

 
(3) Calibration Test 
To characterize the working performance of the FBG strain sensor, a series of calibration tests of FBG strain 
sensor were conducted. A FBG strain sensor and a strain gage were mounted directly on the plates within the 
cyanoacrylate adhesive. Then, the tensile tests in the steel plates were carried out in the material testing system. 
The steel plates were loaded continuously from 0με to 1000 με respectively. In the linear elasticity range of steel, 
the strain value was considered identical between FBG strain sensor and strain gage. To ensure repeatability and 
better averaging of the results, all measurements were taken several times. The results of the calibration tests 
obtained are plotted in Figure 3, showing the relationship between the Bragg wavelength shift of the FBG strain 
sensor and the strain value of strain gage. Excellent agreement between strain gages and the FBG strain sensor 
was observed at the load level and the coefficient of linear association is more than 0.9999. As is shown in 
Figure 3, the experimental sensitivity of FBG strain sensor in steel plates is 1.4851 pm/με,. The experimental 
values agree well with the calculated strain sensitivity of the FBG sensor. Similar test was also conducted on the 
cable. 
 

 
Figure 3. Result of FBG strain sensor calibration test 

 
Accelerometer   
 
A group of 3D piezoelectric acceleration sensors produced by LANCETEC was adopted in this project to 
measure structure dynamic response. They were bolted on the top of the truss chord. The detailed sensor 
parameters are shown in Table 1. 
 

Table 1. Sensor parameters 
Feature Direction X Direction Y Direction Z 

Sensitivity 997 mV/g 995 mV/g 1008 mV/g 
Measuring Range 5 g 5 g 5 g 
Driving Voltage 18-30 V 18-30 V 18-30 V 

 
Displacement Transducer 
 
24 rod type conductive plastics displacement transducer were purchased and installed on the corresponding 24 
mega truss support to monitor its radial slippage. 
 
Angle Sensor 
 
Capacitive single axis angle sensor, MEMS chip embedded, developed by Xi’an Precise Measurement .Ltd 
(XPM), was adopted in the system to measure the truss support inclination.  
 



MONITORING SYSTEM 
 

Data Acquisition and Processing System 
 
The data acquisition portion of the structural health monitoring process involves selecting the types of sensors to 
be used, the locations where the sensors should be placed, the number of sensors to be used, and the data 
acquisition/storage/transmittal hardware.  
 
In this project, a CompactRIO system developed by National Instrument was adopted as the basic data 
acquisition hardware platform. As is shown in Figure 4, CompactRIO is a rugged, reconfigurable embedded 
system containing three components–a real-time controller, a reconfigurable field-programmable gate array 
(FPGA), and industrial I/O modules. The real-time controller contains an industrial processor that reliably and 
deterministically executes LabVIEW Real-Time applications offers multi-rate control, execution tracing, 
onboard data logging, and communication with peripherals. The reconfigurable FPGA chassis is the center of 
the embedded system architecture. The reconfigurable I/O (RIO) FPGA is directly connected to the I/O modules 
for high-performance access to the I/O circuitry of each module and unlimited timing, triggering, and 
synchronization flexibility.  
 

 
Figure 4. CompactRIO controller 

 
The control systems typically incorporate a human machine interface (HMI) and a real-time control system. 
Real-time controllers offer reliable, predictable machine behavior, while HMIs provide the machine operator a 
graphical user interface (GUI) for monitoring the structure health status, machine’s state and setting its 
operating parameters. NI LabVIEW, a Graphical Programing Language, compatible with CompactRIO was used 
to develop the HMI and real-time control system. Since TCP/IP protocol is natively supported in NI LabVIEW 
programming environment and CompactRIO, it is applied to the CompactRIO communication network as the 
basic data transmission medium between Host PC and data acquisition system. 
 
 Human Machine Interface and Warning System 
 
Although every one of physical measurement, including strain, acceleration, displacement and inclination is 
important, giving the picture of the overall health of the structure requires a combined system capable of 
displaying, storing and processing multi-signal in real-time. NI CompactRIO Real-Time controller and more 
than 50 NI C Series I/O modules for CompactRIO create a possibility to construct an integrated monitoring 
system. As is shown in Figure 5, a friendly interface was developed in NI LabVIEW as the basic man-machine 
interactive platform. It will automatically display, store and processing multi-signal in real-time. 
 

       
 

Figure 5. Gymnasium rendering and monitoring interface 
 
When a certain part of the structure suddenly changes or begins to fail caught by corresponding sensor, the 
monitoring system will automatically issue a failure alert by changing the status light to red, sending warning 
notice via mobile short messages (SMS) and E-mail to launch corresponding emergency plan. 
 
MONITORING RESULTS 
 

Cable Force Monitoring 
 
According to theoretical calculations, 24 representative cables adhered with FBG sensors on anchors were 
chosen as monitoring objects when the mega truss was in construction stage. They were equally installed on the 
three circles, presented in Figure 6, in which the dots denote the mounting positions of FBG sensors. Every 



cable has two anchors at its each end. The tension anchor is bolted with the lower end of the vertical struct, 
where oil jack is also installed to exert tension force, while the fixing anchor is directly bolted on the mega truss.  
 

       vertical struct
tension anchor

fixing anchor
mega truss

cable  
Figure 6. Sketch of FBG cable force sensor locations 

 
The stretching process of cable Ci1 is presented in Figure 7. In prior to exert tension force, the oil jack is 
installed at the end of the cable which makes a portion of cable force transited from cable into the jack, resulting 
in an instant cable force decreasing. Afterwards, during the tensioning process, a tension increment is acquired 
and calculated by monitoring system. In this stretching step, an increment of approximate 270kN (from 80kN to 
350kN) is read out based on FBG strain sensor calibration test on cable. However, a small fluctuation also exists 
in the acquired signal before and after the stretching process, which is caused by temperature variation. 
Nevertheless, since the increasing slope is gentle, the tensioning process can be easily distinguished from the 
temperature influence, which thus can be neglected when process the signal. 
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Figure 7. Time-history of cable stretching process and comparison result 

 
After the whole stretching process, the cable force of each stretching step was verified by comparison with the 
designed cable force. Cable force comparison of designed and measured value of Ci1 is presented in Figure 7, 
from which an average error rate less than 20% was calculated. In consideration of thermal expansion and 
contracting of steel anchor caused by temperature influence, this error rate is acceptable. Since it’s a short-term 
process, temperature has little influence on real-time monitoring of stretching construction. However, the 
temperature effect cannot be neglected when analyzing long-term data. The ambiguousness of temperature 
effect still needs to be investigated. 
 
Site Blasting Monitoring 
 
A structural dynamic response, shown in Figure 8, was detected and stored by the monitoring system when the 
site blasting was carrying out near the gymnasium. Based on signal transferring theory and Fast Fourier 
Transform (FFT) algorithm, structural modal parameters were identified. From Figure 8, the calculating 
fundamental frequency of the mega truss is 2.45 HZ. 
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Figure 8. Time-history of structural dynamic response and acceleration frequency spectrum 

 



CONCLUSIONS 
 
The background and application of structure health monitoring system in long-span spatial structure were briefly 
introduced. The application of multiple sensors and CompactRIO system that monitored the cable force and 
acceleration on the Dalian Gymnasium has been demonstrated. A field trial with CompacrRIO system, properly 
developed and reconfigured, performed successfully. Due to the long-term test and operation, it is found that the 
structural health monitoring system based on NI CompactRIO achieve its goal to provide real-time data for 
safety assessment, monitor anomalies in loading and response, verify design assumptions and parameters and 
decide the deteriorative degree of the long-span spatial structure. 
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