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1 INTRODUCTION  

1.1 '%.%2!, 3#/0% 

This code is devised as a structural health monitoring (SHM) guideline for civil 

infrastructure with the aim to provide the general and comprehensive approaches for SHM 

technologies and systems. It is also deployed to bridge the gap between the research and 

practical applications of SHM system. The scope covers SHM basic concepts, category, 

objective and strategies of structural health monitoring systems, which is organized in 

consistence with main monitoring components of a structural health monitoring system 

including (i) sensors/sensing system; (ii) data acquisition, management, transmission, 

processing and control system; (iii) structural state identification and structural diagnosis; 

and (iv) structural performance evaluations and prognosis. In addition, as a professional 

associations, the code - we developed is in scope of recommendation instead of mandatory. 

In this SHM CODE LEVEL 1, SHM systems and monitoring strategies for some major 

structures including bridges, tall building and high-rise buildings, tunnels, towers and 

railway systems are provided in Appendix A.1-A.5. SHM systems for other structures 

including pipelines and geological structures will be specifically provided in SHM CODE 

LEVEL 2. 

The development of the code has referenced many valuable guidelines, such as current 

guidelines and studies from Europe, America, Canada, China, Japan, and 

international/national professional associations. 

1.2 3(- "!3)# #/.#%043 

 !#4)/.3 

The term action is used in order to group together generically all external influences on a 

structure performance. It encompasses loading by gravity and wind, but also includes 

vibration, thermal effects, fire, and seismic excitation. The knowledge about actions and 

action-induced effects on structures is the basis for SHM, e.g., the absolute value of actions 

can be utilized for the design purpose, and the variations due to actionsô temporal and spatial 

changes are of interest for damage analysis.  

0ôāüðýôýă !òăøþýĂ 
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The permanent actions include the self-weight of structures and fixed equipment, which are 

likely to act continuously throughout the design working life and for which variations in 

magnitude with time are small compared with the mean value. 

3ôāąøòô !òăøþýĂ 

Service actions include traffic loads, solid loads, crane loads, loads from service pipes, 

machine loads, brake and centrifugal forces, and human excited loads, etc. 

%ýąøāþýüôýăðû !òăøþýĂ 

Temperature: The ambient temperature variation is one of the live loads on the structure, 

its temporal and spatial changes are frequent and can result in the variations in the structural 

internal force or deformation. Temperature effects should be considered when the structural 

internal force and deformation are affected by the ambient temperature.  

Humidity: Humidity is suggested to be monitored, which depends on the structural 

environmental conditions.  

Corrosion: is an important action on maritime structures. The corrosion of steel leads to the 

reduction of not only the cross-sectional area of steel but also the interaction between steel 

and concrete. Corrosion has become the main reason of insufficient durability and failure 

of maritime structures, which is a disaster of universal concern. 

Wind: Wind actions include wind forces and pressures which are act on a structural element 

or surface. Wind effects should be considered̆especially for the supertall building.  

Wave and swell: The wave loading, and swell can lead to the loads on maritime structures. 

These loads are usually determined indirectly by load models with the geometrical data of 

inflowed structural component, kinematics of the moved water particle, wave height and 

length, water depth, etc. 

%ćăāôüô (ðĉðāó !òăøþýĂ 

The extreme hazard actions are due to the extreme events, which are considered to be rare 

events that may have severe operational impact and whose return period may be 

significantly greater than the design life of the structure. The extreme hazard actions include 

fire, extreme flood, typhoon, earthquake, explosion, impact, etc. 

The effects of above actions can be classified into static and dynamic effects, which are 

summarized in the following Table 1.1. 

Table 1.1 Summary for action -induced effects on structures  

 Static effects Dynamic effects 

Structure 

actions/loads 

· materials from which the structure 

was built; 
· N/A 
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· loading conditions experienced during 

constriction period; 

· shrinkage of structural materials; 

· creep;  

· prestress; 

· constrains, etc. 

Service 

action/loads 

· traffic loads; 

· construction material; 

· solid loads; 

· crane loads; 

· loads from service pipes. 

· traffic loads; 

· machine loads; 

· brake and centrifugal 

forces; 

· human excited loads. 

Environmental 

action/loads 

· earth and rock pressure; 

· static fluid pressure; 

· flow pressure; 

· groundwater pressure; 

· snow and ice load; 

· foundation-soil settlements; thermic 

loads; 

· humidity; 

· corrosion; 

· carbonation, etc.  

· wind; 

· waves and swell; 

· earthquake loads; 

· avalanches, etc. 

Extreme hazard 

action/loads 
· N/A 

· earthquake vibration; 

· typhoon 

· collision loads; 

· explosion loads, etc.  

 3425#452!, $!-!'% 

In the context of civil infrastructure SHM, structural damage is defined as a change that 

adversely affects its current or future performance. In details, structural damage means 

degraded structural condition that may take the form of corroded material, strength and 

stiffness reduction by chemical reaction, fire, metals and metallic connections nearing the 

end of their (actual) fatigue life and developed cracks, component failure, wear, seizure of 

other form of failure of bearings and expansion joints, dislocation or reduction in capacity 

of supports (e.g. bridge scour), components that have exceeded limit under various 

structural actions.  

 3425#452!, 0%2&/2-!.#% 

Structural performance refers to the behavior of a structure under different levels/states of 

individual and/or combined effects of actions. The performance of in-service structures 
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usually involves structural operability, safety, and durability. Structural operability refers to 

the structure performing which meets the functions of structures. Structural safety refers to 

the structure performing in ranges that will not result in any form of damage (see above) to 

carry out the full functions for which it was originally designed. Structural durability refers 

to against structural performance downgraded due to deterioration induced by 

environmental attacks such as corrosion and aging. 

 3425#452!, (%!,4( 

Good structural health refers to the normal state of structural performance. It enables the 

high performance and long life (no hidden danger, no potential risk) of structures with self-

rehabilitation ability. Structural health consists of structural safety, durability as well as any 

other problems that have a bearing on its safety and long service life. 

Good structural health of civil infrastructure systems is a necessity for the prosperity of 

society and for economic development. The criteria and the requirements for structural 

safety, durability and health are inter-related. Thus, any deteriorations, or even small-scale 

local damages, within a structure may threaten the structural health, adversely affect its 

safety/reliability and pose potential challenge to its durability and life cycle. For instance, 

as shown in Figure 1.1, consider the following ñhealthò problems pertaining to different 

damage level in a RC structure. Following corrosion attack, effective cross-sections are 

reduced and reinforcement surfaces are gradually damaged. Corrosion causes expansion of 

reinforcing steel which exerts pressure on the surrounding concrete and cracks start 

occurring on the surfaces of concrete. This phenomenon keeps on increasing with the higher 

levels of corrosion. On the other hand, corrosion monitoring can provide much beneficial 

information to SHM, accurate monitoring technologies from microscopic damages to 

macroscopic damages can obtain targeted data on the health degree (and/or the damage 

degree) which provide the feedback to enable corrosion control and prevention methods to 

be optimized. 
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Figure 1.1 An example of the r elation between  damage degree and structural 

performance  

 3425#452!, (%!,4( -/.)4/2).' ˭3(-ˮ 

SHM is the usage of in-field sensing systems and relevant analytical techniques to evaluate 

the actions and performances of structures (i.e. structural operability, safety and durability) 

in all ranges of operating conditions, and the usage of the data analysis techniques such as 

AI-based and intelligent data analysis, combined with the advanced physics-based 

modelling to identify the structural characteristic parameter and damage conditions, to 

produce appropriate alarms when the monitoring criteria are exceeded, to conduct structural 

performance evaluations and damage prognosis, to carry out structural health rating and 

structural life prediction, and make decision support on structural interventions such as 

maintenance, retrofit and replacement. 

Structural health monitoring mainly has two types of scientific problems: ñSensingò and 

ñDataò. ñSensingò includes various sensors and their sensing principles, which monitor 

structural loads and environments, overall structural response, local response; ñDataò 

includes theory, methods, hardware and software for data collection and transmission, data 

management, data mining and analysis, structural condition identification and performance 

evaluation, structural damage detection and prognosis, and structural maintenance 

decisions. 
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 3(- 3934%- 

A SHM system is the integration of sensing and instrumentation system and relevant 

processing, analysis and management tools to evaluate the performance (in terms of 

codified requirements, operability, safety and durability) of the structure and its 

surrounding environment under respective normal, abnormal and extreme-event operating 

conditions, to provide appropriate alarms when the designated monitoring criteria are 

exceeded, and to perform structural diagnosis and prognosis. A structural health monitoring 

system in general consists of (i) sensing and instrument system; (ii) data acquisition, 

management, transmission, processing and control system; (iii) structural state 

identifications and damage detection; (iv) structural performance evaluations and prognosis. 

and (v) asset management decisions such as maintenance, retrofit, strengthen and 

replacement based on the physical-principal models. The compositions of a SHM system 

can be found in Figure 1.2.  

 

Figure 1.2 Compositions  of a SHM system  

1.3 /"*%#4)6%3 /& 3(- 

The main objectives of SHM are: 

1) to monitor structural performance in terms of structural operability, safety and 

durability and to provide/use such monitoring results for supporting decisions on 

structural maintenance and rehabilitation works such as planning, scheduling and 

execution of inspection and maintenance activities combined with the physical-

(i) Sensing and Instrument System (ii) Data Acquisition, Management, 

Transmission, Processing and 

Control System 

(iii) Structural State 

Identificationsand 

Damage Detection 

(iv) Structural Performance Evaluations and Prognosis 

database 

(v) Maintenance 

Decision 
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principal models; and 

2) to provide realistic information of structural performance for planning and design works 

such as updating and/or revision of standards, codes, specifications and manuals for 

structural design and construction; and 

3) to enhance the developments of various branches of structural health monitoring 

technologies such as sensing and instrumentation systems, data acquisition and 

transmission, signal processing and analysis, data operation and information 

management, structural modeling and simulation, structural diagnostic and prognostic 

analyses, structural health/condition rating, etc. 

4) to play an essential role in structural life-cycle maintenance management as illustrated 

in Figure 1.3. 

Therefore, SHM can provide support to ensure the safety, durability, and health of civil 

infrastructures, such as bridges, tunnels, high-rise buildings, long-span space structures, 

geotechnical structures, underground structures, roads and railway transportation facilities, 

so as to build a structural long-life safety guarantee system with high resilience. 

 

Figure 1.3 SHM in structural life -cycle maintenance management  

1.4 2%,!4)/.3 !-/.' 2/54).% ).30%#4)/. ʿ./.̌$%3425#4)6% 

4%34).' ˭.$4ˮ !.$ 3(- 

 2%,!4)/.3 "%47%%. 2/54).% ).30%#4)/. !.$ 3(- 

Routine (primarily visual) inspection is a key activity in structural inspection works. When 

major structural defects/problems are identified in inspection, in-depth inspection will be 
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carried out. This type of inspection includes: (i) structural material sampling and laboratory 

tests, (ii) on-site testing/inspection by general portable tools, (iii) structural strength, 

deflection (settlement) and integrity ratings by load-trials, and (iv) desk-top studies 

including structural modeling and analysis. 

Routine inspection has many applications, though with potential shortcomings. They are 

generally costly, time-consuming, labor-intensive, and subjective. Their success is usually 

based on in-depth experience of the professionals. In fact, the portion of the structure being 

inspected should be readily accessible and the vicinity of the damage must be known a 

priori.  

Both techniques of SHM and routine inspection are used to detect the degradation or 

abnormal state in structures during their in-service operation. Since routine inspection 

usually outputs the visible external information (structural condition or appearance) of 

accessible components while SHM also continuously outputs the invisible internal 

information (strain/stress status, distortion, deterioration, etc.) of accessible and non-

accessible components, it is therefore necessary to combine these two outputs for precise 

and reliable assessment of performance degradation and/or abnormal state in structural 

components so that appropriate maintenance strategy can be planned precisely and 

executed timely. A reliable deployment of SHM system may minimize and optimize the 

works of in-depth inspection. 

 2%,!4)/.3 "%47%%. .$4 !.$ 3(- 

Nondestructive testing (NDT) is a wide group of physical or chemical inspection techniques 

used to evaluate the properties of a material, component, or structural system without 

causing any damage. NDT mainly relies upon the use of radiation, sound, image and 

inherent properties of materials to test samples. NDT usually requires prior knowledge of 

the location of the critical defects. When rare collapses occur, it is often due to defects at 

locations that were not known. Some widely used NDT inspection techniques include: (i) 

acoustic emission, (ii) ultrasonic testing, (iii) electromagnetic testing, (iv) stress wave, (v) 

guided wave, (vi) infrared and thermal testing, (vii) laser testing, (viii) X-ray technology, 

(ix) digital image processing, and (x) electrochemical, optical and radar based testing. 

Both NDT and SHM are used to detect the degradation or abnormal state in 

structures/components. NDT inspection is usually developed for ñseeing through or 

probing throughò a structure via various physical or chemical inspection techniques for 

direct detecting conditions and characteristics at the ñlocal levelò. NDT is an invaluable not 

only a stand-alone technology but also a complement to the global structural health 

monitoring. It is therefore also essential to combine NDT and SHM for precise and reliable 

monitoring the performance degradation and/or the abnormal state in structures.  

http://en.wikipedia.org/wiki/Acoustic_emission
http://en.wikipedia.org/wiki/Ultrasonic_testing
http://en.wikipedia.org/wiki/Electromagnetic_testing
http://en.wikipedia.org/wiki/Guided_wave_testing
http://en.wikipedia.org/wiki/Infrared_and_thermal_testing


)3(-)) 3(- #/$% ,%6%, ю 

9 

 

 ).4%'2!4%$ /2 #/-").%$ ).30%#4)/. !.$ 3(- 

Traditionally, a structure is inspected regularly by engineers, and a major maintenance or 

repair is normally carried out if a component fails or a major damage occurs. This is 

commonly referred to as breakdown maintenance. If any structure is subjected to a major 

damage, such as component failure, either the expected performance of the structure is 

adversely affected or the structure may become completely dysfunctional; that is, not being 

able to provide the expected service. Therefore, given the cost and other issues involved 

with breakdown maintenance, the field of predictive maintenance emerged as a more 

effective approach to optimize structure life cycle cost (LCC). Predictive maintenance 

differs from preventive maintenance because it relies on the actual condition of the structure, 

rather than average or expected life statistics, to predict when maintenance will be required. 

For instance, in Japan, an integrated monitoring (Figure 1.4) and a combined monitoring 

(Figure 1.5) system are proposed to ensure structural safety by using SHM and inspection 

means. Both these cases are designed to support the operation of preventative maintenance 

management. Whereas, for the integrated monitoring case, all necessary inspection 

processes of an original maintenance system, such as regular inspection and special 

investigation, are included in a high-level and opportune SHM system. For the combined 

monitoring case, regular, casual inspections and monitoring are implemented 

simultaneously. 
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2 SHM  SYSTEM COMPOSITION , 

FUNCTION, STRATEG Y AND DESIGN  

2.1 #/-0/3)4)/. /& 3(- 3934%- 

As stated in the SHM terms in Clause 1.2.6 above, a SHM system is mainly composed of 

the following four sub-systems as: 

1) Sensing and instrument system: A variety of sensors, transmitters, and advanced 

sensing techniques for sensing actions, surrounding environment conditions, structural 

global and local responses. The sensing system is one of the most critical components 

of SHM since the quality of the analysis results directly depends on the quality of the 

data collected.  

2) Data acquisition, management, transmission, processing, and control system: Data 

acquisition consists of hardware and software components for collecting signal 

conditioning, pre-processing, temporary storage and transmission control of the data 

received from the sensory systems; Data management is composed of data warehouse 

and the management platform. For the storage of huge size signal, big data and cloud 

storage techniques have been proposed in recent years; Data transmission is carried out 

by the commercial cabling system, fiber optic cabling network, or wireless network to 

transmit the collected signals/data in structure-site to the data processing and control 

system located in the administration center; Data processing and control systems 

interactively display the graphics on instrumentation system and outputs, and operation 

control of the instrumentation system and data operation. 

3) Structural states/damage identification and structural diagnosis: execute automatic 

and/or semi-automatic data analysis with algorithms for the identification of structural 

states/damages at local/global structural level in terms of static parameters (including 

strain/stress distributions, deformation, tilt, stiffness, loads, internal force, support 

condition) and dynamic parameters (including modal frequencies, mode shapes, 

displacement profiles and modal analysis) for detection/assessment of any degradation 

in performance or damage. 

4) Structural performance evaluation/prognosis, and residual life predictions: 

include early warming when exceedance of assigned limit occurs, structural prognostic 

analyses at local/global structural level, structural state monitoring, and future structural 

performance estimation for residual life predictions, etc. 
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2.2 &5.#4)/. /& 3(- 3934%- 

In order to achieve the SHM objectives as stated in the previous section, a SHM system 

should have six operational functions, including observation, management, damage 

identification/detection, evaluation, rating and prediction. The definitions of these six 

operational functions are briefly outlined as follows: 

1) Observation: to observe (including measurement and analysis) the variation of 

structural performance at local component level in terms of appearance, loads, impacts, 

structural characteristics and structural responses basing on sensing and instrumentation 

systems and together with relevant analytical tools for transformation of measured data 

into codified parameters; 

2) Management: to manage (data operation and management) storage and retrieval of 

different types of data and information for semi-automatic and/or automatic execution 

of data interfacing, processing, analysis, display and reporting works. 

3) Identification and Detection of Damages: to develop and implement effective 

strategies, methods, and technologies for damage detection, especially for hidden and 

invisible early-stage damage identification, is the most promising and effective means 

for the evaluation of the present, as well as the long-term, performance of new or 

existing structures, and for achieving the most reliable structural preventive 

maintenance. 

4) Evaluation: to evaluate (including prognostic and diagnostic analyses) the variations 

of structural performance by structural modelling and data driven tools for 

detection/assessment of any degradation in performance or damage in structural 

components; 

5) Rating: to rate (including ranking and prioritization) of individual components, 

grouped components and global structural systems based on the observed results, 

inspection results, evaluated results and weighted importance factors in components for 

planning and scheduling of inspection and maintenance works. 

6) Prediction: to set up effective infrastructure maintenance and management according 

to the prediction of future structural performance situations. Prediction of retrofit 

performance, prediction of capacity under evolving loads, replacement avoidance, new 

functions (e.g., new subway lines on old bridges). The prediction for the residual life of 

structures is also considered to be a key scope of life cycle management of structures. 
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2.3 -/.)4/2).' 342!4%'9 /& 3(- 

 '%.%2!, !30%#43 

Monitoring strategy, which is correlated with structural category described in the following 

Clause 2.4, should be determined by considering the following three aspects:  

1) Monitoring approach (white-box or black-box): the white-box approach considers 

measurands in Input, Structure and Output while the black-box approach considers 

measurands in Input and Output only. For structures with complicated structural 

arrangements and having many types and huge numbers of structural components, 

white-box approach is recommended for SHM; For structures with less complicated 

structural arrangements and having fewer types and numbers of structural components, 

black-box approach is recommended for SHM. 

2) Real- or off-line monitoring: Real-time monitoring refers to a monitoring mode for 

synchronous and continuous data acquisition of structural parameters using a sensing 

system to ensure the synchronization and timeliness of data. Real-time monitoring 

normally applies to structures with complicated structural forms and subject to 

comparative larger loads, otherwise, off-line monitoring should be adopted. 

3) Continuous or triggering monitoring: Continuous monitoring refers to continuous 

monitoring of structures in order to track and grasp the performances and states of 

structures. Triggered monitoring refers to a means of monitoring whereby data are 

collected and sent for storage only when specific emergencies occur and exceed the 

designed threshold values, facilitating the analysis and identification of the impact of a 

particular emergency on the performances of structures. 

 /.,).%s/&&,).% -/.)4/2).' /& 3(- 

Data acquisition and management subsystems in a SHM play the role of the various data 

processing, data file arrays, data dynamic link library, database system, etc. The processing 

types include online real-time data processing, offline data processing, and the mixed mode 

processing. Online real-time mode refers to the case where the users make data processing 

and analysis online. Offline mode mainly consists of data processing and analysis of 

preserved data. 

The SHM online monitoring is a continuous, active, or passive monitoring solution, which 

is normally applied to structures with complicated structural forms or comparative heavy 

loading conditions. Moreover, continuous monitoring is also suggested to be applied to 

those structures that are either extremely important, or if there is a doubt about their 

structural integrity, for example, if the structure is likely to be exposed to extreme events, 
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such as severe earthquakes and hurricanes, or if its design includes an innovative concept 

that does not have a history of performance to prove its long-term worthiness.  

The requirements for online monitoring are list as follows. 

· First, the monitoring plan should be prepared properly for approval by relative 

authorities, for example, the property owner, environmental department, safety 

department, and technical department, etc.  

· The monitoring equipment should be calibrated and testified before installation and 

utilization.  

· The monitoring equipment should be utilized properly.  

· The monitoring equipment working environment should be guaranteed and 

necessary protection should be assigned around the equipment.  

· The monitoring equipment should be maintained regularly.  

It should also be noted that since there are on-line and off-line monitoring modes of SHM 

systems, the period of online monitoring can be further divided into more sub-categories in 

each category components are connected and controlled in a different way. For example, in 

order to reduce the pressure on the transmission hardware equipment, acquisition data 

analysis and storage device, an automatically alternating on-line mode category is designed. 

In this case, the monitoring switches to on-line or higher-level monitoring mode, for 

instance, switching from regular monitoring to full-time monitoring, only if the sensor 

network or analyzing mechanisms trigger a certain condition. 

 )-0,%-%.4!4)/. /& 3(- 3934%- 

Implementation of SHM is the procedure including monitoring system design, sensor 

selection, sensor installation, signal transmission plan, and data collection. The data may 

be permanently stored locally (the default choice for most acquisition systems, on a 

computer disk drive), alternatively the data may be processed locally to a reduced quantity 

of higher-level data/information. This applies to both short- term field investigations (e.g., 

modal surveys) and medium or long-term monitoring, but system architecture for long term 

monitoring usually caters for a broader range of signal types compared to dynamically 

varying acceleration equivalent voltages acquired in modal tests, hence we distinguish 

between the two applications here. 

 3(- 3934%- $%3)'. 

In larger health monitoring systems where distributed and multi-phenomena measurements 

are required, it is desirable to have a connected and centrally controlled array of discrete 

and distributed sensing and data acquisition systems and components. An ideal modular, 
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distributed monitoring system is then capable of expanding and interacting consistently on 

a uniform platform. 

2.4 #!4%'/29 /& 3425#452%3 7)4( 2%#/--%.$%$ -/.)4/2).' 

342!4%')%3 

This guide offers general information on the structural health monitoring strategies for 

major structures such as bridges, tunnels, buildings, towers, dams, and structures made by 

steel, concrete or composites material. 

 #!4%'/2):!4)/. /& 3425#452%3 &/2 3(- 

SHM systems can be classified according to their scales, complexity and purposes. Basic 

demands, monitoring type, data transmission modes and requests of individual 

structure/structure group are shown in Table 2.1. 

Table 2.1 SHM system categories for individual structures and groups of 

structures  

Structure 

category 
Monitoring type Remarks 

A-type 

 

Individual 

structure 

(existing or 

newly built 

structures, major 

structures, etc.): 

 

Long-

term 

A1: Continuous 
 High level evaluation ה

 Suitable for comprehensive ה

structural analysis 

A2: Periodic: yearly (or 

monthly, or weekly, or 

daily) 

Short-

term 

A3: Continuous 

 Normal level evaluation ה

 Relate to monitoring proposes A4: Regular /Irregular ה

monitoring or inspection 

B-type 

 

Continuous 

Structure Group 

(road network 

structure group 

includes: bridges, 

tunnels, roads, 

major 

transportation 

Long-

term 

B1: Continuous 

 Continuous -type network ה

 

B2: Periodic: yearly (or 

monthly, or weekly, or 

daily) 

Short-

term 

B3: Continuous 

B4: Regular /Irregular 

monitoring or inspection 
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hubs, etc.): 

 

C-type 

 

Discrete 

Structure Group 

in Wide area 

(urban structure 

group, etc.): 

 

Long-

term 

C1: Continuous ה Star-type network 

 

 Tree-type network ה

 

C2: Periodic: yearly (or 

monthly, or weekly, or 

daily) 

Short-

term 

C3: Continuous 

C4: Regular /Irregular 

monitoring or inspection 

 %8)34).' 3425#452% -/.)4/2).' 

2.4.2.1  'ôýôāðû 0āøýòøÿûôĂ 

In the case of implementing SHM on existing structures, instrumentation and measurement 

opportunities are somewhat more limited and certain information about the initial forces 

and the previous loading history cannot be reliably measured. However, in spite of these 

limitations, it is still possible to collect a wealth of data and information that offers a great 

payoff potential for enhancing any aspect of the performance and effective management of 

the structure.  

As structures are aging, the condition assessment is becoming increasingly important. 

Structural codes have been developed for design, but they often are not appropriate for 

assessment since there are significant differences between design and condition assessment. 

Design uncertainties arise from the prediction of load and resistance parameters of a new 

structure. Also, a conservative design does not result in a significant increase in structural 

cost while a conservative assessment may result in unnecessary and costly repairs or 

replacement. Therefore, there is a clear need for technical rules for the assessment of 

existing structures. The monitoring for existing structures is suggested to be long-term and 

online monitoring and is highly recommended to be installed on high-rise and towering 

structures, long-span spatial structures and bridges, as well as seismically isolated 

structures.  

Implementation of SHM for existing infrastructures is driven by concerns over the 

structural performance, i.e., structural safety, stability, and reliability. The long-term 

monitoring of structures or structural elements is nowadays a common tool for the 
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permanent observation for structural integrity. The most compelling argument of 

technology development and related implementations of SHM is on the structures that 

exhibit premature aging, distresses and performance problems. The secondary to this would 

be on the structures that have aged beyond their anticipated design lifecycles. The overall 

routines of SHM for in-service monitoring of an existing structure can be found in Figure 

2.1.  

 

Figure 2.1 Basic routines of SHM for existing structures monitoring  

2.4.2.2  -þýøăþāøýö 4ðāöôăĂ 

Under SHM, the permanent or periodical measurement of time-variant measurands like 

displacement, strains/stresses, damages, e.g., crack width, and vibration characteristics with 

the aim to detect changes in the structural properties and in some cases to alarm when limit 

states are reached or exceeded.  

For deformation monitoring, the monitored deformation should include vertical 

displacement, lateral displacement, and tilt displacement. The frequency of data collection 

for lateral and vertical displacement should be the same.  

For strain monitoring, the strain of structural components can be measured directly or 

obtained indirectly, which will be uploaded to the SHM system regularly.  

For environmental and operational monitoring, wind, waves, temperature, humidity, and 

traffic loads should be monitored if required. But for most structures, the temperature and 

wind monitoring are two major parts. For example, the monitoring of temperature actions 
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should contain air temperature measurements, and the temperature distribution among the 

structure if necessary. The temperature sensor should be selected properly according to the 

monitoring targets and accuracy requirements. For the wind monitoring, it should cover 

wind speed, wind direction, and wind pressure. The anemograph sensor should be installed 

with a specially designed supporting frame on the top surface of the structure.  

In addition, the live loads are suggested to be monitored. With data from monitoring site-

specific live load models can be developed and used for structural assessment instead of 

load models from codes. 

 ).4%'2!4%$ ,)&%#̌9#,% -/.)4/2).' 

2.4.3.1  'ôýôāðû 0āøýòøÿûôĂ 

Integrated SHM system for the entire life-cycle period includes both the construction 

monitoring and in-service monitoring with the consideration of life-cycle management. The 

concept of life-cycle management has been widely recognized as an effective tool for 

maximizing the cost-effectiveness of implementing intervention actions that improve 

condition and safety and extend the service life of deteriorating infrastructure systems. The 

in-service monitoring has been described in previous Clause 2.4.2. The construction 

monitoring is the focus of this subsection.  

The construction period monitoring provides an opportunity for monitoring the inherent 

structure attributions and characteristics, such as material properties, precise geometric 

distributions, flexibility coefficients, mode shapes, frequencies, and damping coefficients 

etc., during its fabrication, erection and construction periods. The measurements and 

documentations of the as-constructed structures are essential and would serve as the 

baseline model for structural evaluation and management decisions in the future. In 

addition, the monitoring strategy is developed based on the structural whole designed life, 

hence, the sensor system can be managed to be continuously used in the operation period, 

not only for the construction monitoring. Therefore, the construction period monitoring is 

strongly recommended as a contract delivery requirement at least for the critical structures 

or the structures with complexity.  

The instrumented health monitoring system during construction process on a newly built 

structure is an event-based data collection process, which means the collected data are 

recorded with relevant information of the corresponding construction stage. The structural 

loading conditions and performance are monitored, measured, analyzed and documented in 

the construction process. The overall routines of SHM for construction process monitoring 

are shown in Figure 2.2. 
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Figure 2.2 Basic routines of SHM for construction process monitoring  

2.4.3.2  -þýøăþāøýö 0āøýòøÿûôĂʿ 4ðāöôăĂ ðýó &āôĀĄôýòĈ 

The guideline is aiming for many kinds of structures, e.g. bridges, tunnels, buildings, 

industrial structures, on-and offshore, of many types of structural material, e.g. concrete, 

steel, timber, masonry, composite material. But several principles of construction 

monitoring are listed as follows.  

Generally, the structures with the following features should be monitored since the 

constructing period: (i) the structure is designed more than 300-meter-high; (ii) the structure 

has a rigid long span over 120 meters; (iii) the structure has a flexible long span over 60 

meters; (iv) the largest cantilever of the structure is over 25 meters; (v) the cantilevered 

roof of the structure is over 50 meters; or (vi)the structure is requested to be monitored by 

the property owner or design documents.  

The structures with the following features are suggested to be monitored since the 

constructing period: (i) the structure is designed more than 250-meter-high but less than 

300-meter-high; (ii) the rigid long-span structure with the largest span over 120 meters; (iii) 

the flexible long-span structure with the largest span over 60 meters; (iv) the structure with 

the largest cantilever over 18 meters. (v) the structure with cantilevered roof over 50 meters; 

or (vi) the structures requested to be monitored by the property owner or design documents. 

Moreover, the structural members or components with the following features should be 

monitored since the construction period: (i) components with concentrated stress or a high 

stress level; (ii) components or nodes with significance among the structure; (iii) 

components or nodes with evident deformation; (iv) components or nodes are required to 
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be monitored and controlled, in terms of stress and deformation, during the construction 

period; or (v) components or nodes are required to be monitored by the property owner or 

design documents.  

Monitoring targets can be generally divided into three parts, deformation, stress, and 

environmental condition monitoring. Table 2.2 lists the suggested monitoring targets for 

various types of structures. The monitoring targets shall be determined according to the 

structural characteristics.  

Table 2.2 Monitoring target during construction  period.  

 Deformation monitoring 

Strain 

monitoring 

Environmental 

monitoring 

 

F
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W
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High-rise building 
      

Rigid long-span structure 
      

Flexible long-span structure 
      

Long cantilever structure 
      

High-altitude or large-span 

structure 
      

Note:  Target should be monitored;  Target suggested to be monitored;  Target could be 

monitored. 

Monitoring frequency should obey the following principles: (i) the monitoring shall be 

carried out at least once for each construction stage; (ii) the monitoring frequency should 

be adjusted according to the online monitoring stress or deformation rate; (iii) the 

monitoring frequency of complex structures should be determined comprehensively based 

on structure type, deformation characteristics, monitoring accuracy, and geological 

conditions; and (iv) if the construction is interrupted, monitoring should be carried out 

immediately when the construction work resumes.  

Time interval of monitoring should be reduced if the following conditions have been 

observed during the constructing period: (i) the monitoring data reaches or exceeds the 

threshold value of early warning, (ii) the structure is affected by extreme loading conditions, 

such as earthquakes, floods, typhoons, blasting, and traffic accidents; or (iii) the potential 

risks around the structures are visible, such as the visible deformation cracks or serious 

cracks on the ground. It is worth noting some monitoring systems specify only the 

necessary monitoring frequency, that is a certain number of monitoring process must be 

carried out over a certain period of time. In this case, the time interval of each monitoring 

process can be different. 
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Moreover, the construction events records should be updated properly, including: 

Records of the main process of construction work and major structural components install 

procedure; 

Records of loading distribution of construction machinery, equipment or temporary loads; 

Records of formwork and supports during construction process, including the support 

condition, installation time and removal time; 

Records of component connection status; 

Records of surroundings; 

Records of interior decoration work and exterior equipment installation work; 

Records of other key events that will be used for further structural analysis. 

 3(- 3934%- &/2 3/-% -!*/2 3425#452%3 

In this SHM CODE LEVEL 1, SHM systems and monitoring strategies for some major 

structures including bridges, high-rise buildings, tunnels, towers and railway systems are 

provided in Appendix A.1-A.5. SHM systems for othe structures including pipelines and 

geological structures will be specifically provided in SHM CODE LEVEL 2. 

 3(- 3934%-3 &/2 3425#452% '2/503 

A structure group is a collection of structures composed of many dependent /independent 

structures, which may consist of the same or different structural types. A structure group in 

a certain large area can be divided into a series of sub-structure groups, which can be a large 

individual structure and/or several similar structures. Furthermore, each object in the sub-

structure group can be regarded as a sub-unit and be connected to a proper monitoring 

network based on their structural characteristic. Moreover, distributed sensors should be 

installed in the key parts of each sub-unit, therefore, the structural response change can be 

directly reflected from the measured data and it would make more sense to adopt a high- 

efficient management system of the full structure group. 

Generally, when the following conditions are achieved, the sub-units can be regarded as 

being in the same structural characteristic: 

· to be closely connected geographically and physically; 

· have similar functions; 

· have the same degree of importance; 

· mutual controlling possible or at the same decision-making level.  

According to the above principles, structure groups can be divided into two categories (see 

Figure 2.3): (a) continuous structure group, and (b) discrete structure group. The 
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continuous structure group is a collection of structures that are relatively and continuously 

distributed within the same system. The discrete structure group is a collection of structures 

that are spatially dispersed and relatively independent.  

 

(a) Continuous structural group of bridges, tunnels, roads, major transportation hubs, etc. 

 

 

(b) Discrete structure group of inter-city structures 

Figure 2.3 Typical network of structure groups  

For the continuous structure group, according to the geographical direction of 

communication, it is customary to divide the structure group into several subunits in which 

the monitoring system construction is similar to the single structures. Similarly, a number 

of distributed sub-unit workstations are set up, and each subunit workstation covers several 

subunits in order to achieve the overall management. It is also possible that all sub-units 

use the same central workstation.  

For the discrete structure group, according to the distribution, the structure group is divided 

into several sub-units in which the monitoring system construction is similar to single 

structures. There is a workstation in each unit. Usually, there is a long transmission distance 

and poor transmission quality between the discrete structure group, and it is difficult for 

each unitôs workstation to make mutual decisions and to control effectively. The inter-city-

wide area network communication is usually used for the discrete structure group and the 

star topology mode is often adopted in the networking between acquisition and the 

monitoring center. 
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Overall, the SHM system is a systemic project related to the consideration of both global 

and local sensing. In order to address this challenge, areas distributed sensing can be 

adopted to carry out extensive studies in the important area of individual structures or 

structure groups. The ñareasò can be regarded as key parts of an individual structure, and it 

also can be considered as key structures in a structure group. To illustrate in detail, the 

concept of areas distributed sensing, a case example for individual structures, and a case 

example for structure groups are provided in Appendix B.1-B.3. 
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3 SENSORS AND INSTRUMENT SYSTEM  

3.1 3%.3/23 

A SHM system needs a sensory system that includes a variety of sensors and transmitters, 

some advanced sensing techniques in the modern SHM system, such as fiber optic sensing, 

graphic processing, and oscillating wave analysis, can provide more available response than 

traditional human-operated inspections. Therefore, sensors are one of the most critical 

components of SHM since the quality of the decision support directly depends on the 

quality of the data collected.  

3.2 #!4%'/2)%3 /& 3%.3/23 

Sensors can be classified according to their working principles, measurand physical 

quantities, output signals, energy conversion, measurement range and contact form.  

1) According to working principles, sensors are divided into mechanical structure type 

sensors and physical property type transducers.  

2) In the light of the measurands, there are strain sensors, acceleration sensors, 

displacement sensors, temperature sensors, anemometers, tiltmeters, steel stress sensors, 

humidity sensors and other types of sensors.  

3) According to the output signals, there are analog sensors and digital sensors. The output 

of an analog sensor is analog voltage and a digital sensor is digital voltage.  

4) Based on the energy conversion, sensors are divided into energy control sensors and 

energy conversion sensors.  

5) According to the sensor location and measurement range, sensors are divided into point 

sensors, quasi-distributed sensors, and highly distributed sensors. 

6) According to the contact forms, sensors are classified into contact sensors and non-

contact sensors, i.e. vision-based technologies. 

In recent decades, vision-based technologies, and devices, e.g., the high-resolution camera-

based monitoring and video-based monitoring, have been developed for SHM. For high-

resolution camera-based monitoring, cameras are used to measure the frequency response 

spectra of rods and fabrics and use them to detect changes in their material properties. Video 

cameras offer the benefit of long-range measurement and can collect a large amount of data 
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at once because each pixel is effectively a sensor. The video-based monitoring can be 

applied for analysis of small motions, small subpixel displacement, and the accuracy is 

more as compared to camera-based measurement. Computer-based programming can be 

used to convert displacement units obtained in pixels to mm. The process of converting 

video signals to displacement signals was proved to be effective and was validated using 

signals measured from laser vibrometer and accelerometer. The recent development of 

computer vision techniques for analyzing the small motions in videos allows the 

quantitative measurement of the vibration behavior of structures from videos, which named 

as motion magnification. They can be employed as remote sensors for structural monitoring. 

The vision-based displacement measurement offers significant advantages over other 

contact-type and other noncontact- type displacement sensors, as summarized below: 

· The vision sensor does not require physical access to the structures, as the camera 

can be set up at a remote location. This represents a significant time and cost saving. 

For bridge monitoring, no traffic control is required. 

· The vision sensor can be placed hundreds of meters away and still achieve 

satisfactory measurement accuracy. 

· The vision sensor can be termed as a noncontact distributed sensing technique as it 

can simultaneously tracking multiple points from a long distance. Moreover, the 

measurement points can be easily changed after the video images are taken. 

However, vision-based monitoring still suffers the limitations̔illumination, hindrance due 

to weather conditions, and the higher noise floor of the measurement compared to 

traditional sensors.  

7) Emerging sensing technologies 

There are also new sensors and communication design focus based on distributed, 

intelligent sensing networks demands sensor arrays capable of adaptive self-configuration, 

autonomous data processing, selective ad-hoc networking and two-way communication 

that often resemble a neural-tree architecture where every node is able to connect, 

communicate and collaborate with the nodes in its vicinity. Moreover, bio-inspired sensor 

and sensing technologies have emerged. Biomimetic sensors are designed and improved by 

studying and utilizing the molecules and structures of living organisms so that the sensors 

have unique biological properties. By borrowing and simulating the unique and sensitive 

features of biology such as smell, taste, hearing, touch, etc. and learning how natureôs 

creations sense and interact with its environment, some novel sensors and sensor sensing 

technologies such as bio-inspired intelligent sensing materials, creature-like robots, skin-

like sensors, bio-inspired sensory membrane, bio-inspired ultrasensitive low 

frequency sensor, bio-inspired algorithms, and bio-inspired sensor network design (e.g. 

bio-inspired microfabricated stretchable sensor networks) have great potential for SHM. 

For ease of description, a summary of sensor types classified by the measurands type is 

given in Table 3.1, while detailed descriptions of applicable sensor in SHM systems are 
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presented in Appendix C.1.  

Table 3.1 Category of sensors for various measurands  

Measurands Sensors 

Strain 

· Point sensing (electrical 
resistance strain gauge, FBG, 

thick film ceramic sensor, etc.); 

· Brillouin-based sensing 

(BOTDR, BOTDA, BOCDA, 

etc.); 

· Long-gauge sensing (long-gauge 

FBG, long-gauge FOS, long-gauge 

carbon fiber sensor, Interferometer 

-based FOS, etc.) 

· Point-distributed sensing 

· Area distributed sensing 

· Quasi-distributed (primarily brillouin-based) sensing 

Displacement 

· Laser and LED devices;  

· Image tracking via CCD arrays; 

· Optical marker tracking;  

· GPS;  

· Surveying and total station; 

· Pneumatic systems̕ 

· Microwave interferometry; 

· Video-based measurements. 

· High-resolution camera-based measurements; 

· Contacting displacement measurements: LVDT and pull-wire 

extensometer; 

Velocity 
· Laser vibrometer; 

· Piezo-electric velometer; 

· Video-based measurements; 

· GPS. 

Acceleration 

· Servo-accelerometer; 

· Piezo-electric accelerometer; 

· Capacitive accelerometer; 

· FBG accelerometer; 

· MEMS (capacitive and piezo-

resistive) accelerometer; 

· Laser vibrometer; 

· GPS based accelerometer. 

Force and 

pressure 

· Force transducers; · Pressure taps. 

· Strain gauges for dynamic measurements; 

· Vibrating wire sensors for static measurements; 

Corrosion 

· Electrochemical techniques; · Electrical resistance probes;  

· Chloride concentration measurement; 

· Destructive techniques, i.e. coring 

Temperature 
· Thermocouples; 

· Thermistors; 

· Vibrating wire sensors; 

· Fiber optic sensors. 

Wind 
· Anemometer; 

· Film pressure sensor 

· Wind pressure transducer; 

Rotation 
· MEMS (capacitive and piezo-

resistive) tiltmeter; 

· Electrolevel beam sensor; 

· Fiber optic sensors. 

3.3 3%.3).' -!..%2 

In practical sensing applications, a single sensor is rarely sufficient. Large numbers of 

sensors are required to properly monitor various measurand of a structure. When a large 
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network of sensors is interrogated by a single demodulation system, the sensors are 

ñmultiplexedò and "distributed". The concept of distributed strain sensing techniques is 

proposed to develop an integrated SHM strategy in view of civil engineering. The 

distributed strain sensing system is dedicated to catching and transferring the information 

of strain distribution throughout the full or some partial areas of structures to detect the 

arbitrary and unforeseen damage. Although structural health monitoring technology has 

become increasingly mature and has been implemented in a wide range of engineering 

structures, there still remain many challenging problems to be solved. The biggest challenge 

is the lack of a sensing technology tailored specifically for civil engineering structure and 

for effective structural performance evaluation based on monitoring data. Existing local 

sensing schemes and techniques, with strain sensing and limited range measurements are 

not suitable for performing a comprehensive task of monitoring large scale structures. They 

lack the ability of capturing structural damage which may require continuous sensing 

throughout the entire structure. Even ñwholeò structure sensing devices, such as 

acceleration sensors, can only conduct sensing measurements at a macro scale and provide 

limited or no correlation between the monitoring data and structural damage (see Figure 

3.1). 

 

Figure 3.1 Comparison of local sensing and macro sensing  

According to sensing manners, sensors and SHM systems can be classified into: point-

sensing, point-distributed sensing, Brillouin distributed sensing, long-gauge and area-

distributed sensing. 

¶ Point and Point-distributed sensing: Sensors for local damage and response of 

structure. Common local sensors include strain gauges (also including point-type 

optical fiber sensors), crack meters, corrosion instrument, etc., which can be used 

to monitor the detailed parts of the structure. Strain measurements, for example, are 

considered sensitive to structural damage. However, existing strain gauges, 

including the most advanced FBG sensors, are point-type sensors, which are too 

local for large-scale and massive civil engineering structures. For large-scale 

structure, a distributed sensing system which is relatively independent and 

continuously distributed in space, is requested. Compared with point sensing, point-

distributed sensing provides more structural information for judging structural 

damage process and modal changes. Topical systems of Point and Point-distributed 

(a) local sensing (b) macro sensing 

Limit response, not suitable 

to characteristic analysis 

Combined macro- and 

micro-level analysis 
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sensing are shown in Figure 3.2. 

¶ Brillouin distributed sensing: Through the light source and demodulation equipment, 

point by point scanning is conducted along the optical fiber at a certain sampling 

interval. Then the characteristic value of demodulation output for multiple points in 

a certain spatial range is used as the strain value in this range. The minimum value 

of this spatial range is defined the minimum spatial resolution on the premise of 

satisfying the measurement accuracy. Topical system of Brillouin distributed 

sensing is shown in Figure 3.3. 

 

 

 

Figure 3.2 Point a nd Point -distributed sensing  

 

Figure 3.3 Quasi -distributed (primarily Brillouin -based) sensing  

¶ Long-gauge sensing and area-distributed sensing: For large-scale engineering, a 

distributed sensing system should be able to reflect the overall performance 

information of the structure as well as the local information of the structure. Ideal 

state is using a full area distributed sensing manner to reflect the overall 

performance information. Based on the structural vulnerability analysis, the 

structure is divided into a number of key areas. Long-range sensors in series are 

installed in the key areas for distributed monitoring, and a line, grids, plane 



)3(-)) 4ðĂú &þāòô þý 3ăðýóðāóøĉðăøþý 

30 

 

distributed types sensor units constitute the distributed sensor network in the key 

areas of structures, which can undertake high precision, dynamic and static, micro 

and macro monitoring and multi-level analysis, in order to realize damage 

identification and comprehensive identification of structure parameters. The Area-

distributed sensing can effectively integrate the global and local information of the 

structure, which not only directly reflects and relates the macro and micro 

information such as strain and angle of the structure, but also realizes damage 

coverage. Topical systems of long-gauge sensing, and area-distributed sensing are 

shown in Figure 3.4. More details on the concept of area-distributed sensing are 

provided in Appendix B.1. 

 

 

Figure 3.4 Long -gauge sensing and area -distributed sensing  
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3.4 3%.3/2 3%,%#4)/. #2)4%2)! 

Sensor performance characteristics describe the way a sensor be have under typical use 

conditions. The performance characteristics include both static and dynamic characteristics. 

After the measurands and the monitoring environment have been characterized, a pool of 

possible sensors can be identified. In order to select the individual sensors from the pool of 

identified sensors, some important criteria must be considered. These sensor selection 

criteria can be assigned to three primary categories: sensor performance characteristics, 

environmental constraints and economic considerations. Each selection criteria category 

contains several descriptors. Elaborated explanations are presented in Appendix C2, while 

a brief summary is displayed in Table 3.2.  

Table 3.2 Summary of sensor selection criteria  

Selection criteria Detail aspects 

Sensor characteristics 

Sensitivity 

Resolution 

Discrimination 

Operating range 

Linearity 

Accuracy 

Repeatability 

Stability 

Response time 

Sampling frequency 

Reliability 

Environmental constraints 

Sensor size 

Packaging 

Temperature range 

Humidity range 

Electro/magnetic effect 

Thermal effects 

Economic considerations 
Cost 

Availability 
Ease of installation 

3.5 3%.3/2 $%0,/9-%.4 

Sensor deployment should follow the principles of rationality, economy, redundancy and 

reliability in order to achieve the following objectives:  

1) The measured data should fully and accurately reflect the changes of environment, load, 

structural static and dynamic parameters, and establish corresponding relationship with 

theoretical analysis results; It is advisable to optimize the number and location of test 

points by appropriate methods to reflect such relationships̕ 

2) The cost of sensors, data acquisition equipment, transmission lines, data storage and 

analysis should be taken into consideration;  

3) The measuring points should have certain redundancy, and the data in sensitive areas 

can be collected by adding sensors reasonably; and 
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4) It should be easy to install, protect, calibrate, maintain and replace, and the products 

with advanced technology, mature standards and good durability should be 

preferentially selected. 

The sensor locations were usually determined from the previous experience and knowledge 

of the vibration occurrence. Recently, the optimum sensor placement (OSP) is necessary 

for advanced SHM system design, which can be divided into two types: quantity 

optimization and position optimization. Both these two types are to make the monitoring 

system work more reasonably without affecting the results. The following steps are 

conducted for the implementation of OSP: 

1) Appropriate placement criteria. The most influential layout criteria include modal 

energy criterion, modal identifiability criterion, modal confidence criterion, modal 

observability criterion and redundancy criterion; and 

2) Efficient optimization algorithm. Traditional optimization methods consist of steepest 

descent method and Newton method, and more attention has been paid to the swarm 

intelligence optimization algorithm. Some of recent sensor placements methods are 

employing the fitness function approach, effective independence approach, information 

entropy, fisher information matrix (FIM) norm, Bayesian approach, genetic algorithm, 

firefly algorithm, monkey algorithm, distributed wolf algorithm, iterated improved 

reduced system (IIRS) method, and AI based approaches such as deep learning. Also, 

multi-direction simultaneous optimization of multidimensional sensors based on modal 

observability criterion has emerged. 
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4  DATA ACQUISITION AND 

MANAGEMENT SYSTEMS  

4.1 $!4! !#15)3)4)/. 3934%- ˭$!3ˮ 

The DAS is the data logging system for collection, signal conditioning, pre-processing, 

temporary storage and transmission control of the signals received from the sensors. Data 

acquisition is the procedure of analogue-digital conversion and data transmission through 

the wired or wireless links. Data acquisition systems are commercially available in a wide 

variety of configurations with various performance capabilities. The available 

configurations can range from a simple portable readout device to complex and distributed 

systems that are networked to a central server. The data acquisition system together with 

sensor system are two of the most critical components of the SHM system since the quality 

of the analysis results directly depends on the quality of the collected data. 

 #/-0/.%.43 /& $!3 

Regardless of the configuration complexity, most data acquisition systems share the three 

following primary components:  

1) Data acquisition hardware, which generally consists of a number of electronic 

components that collect, condition, convert and transmit sensor signals to a computer 

as digital data (analog storage is no longer used in modern SHM systems). In most cases, 

these components include:  

· Signal conditioner 

· Analog-to-digital converter (ADC) 

· Controlling circuitry 

· Memory 

· Communications interface or device 

· Power supply 

2) Data acquisition peripherals, which include the cables, terminal blocks and connectors, 

enclosures, and junction boxes necessary to physically connect the sensors to the data 

acquisition hardware and to protect the hardware components from exposure to the 

elements. 

3) Data acquisition software. There are generally two forms of software used in 
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conjunction with data acquisition systems, driver software and application software. 

Driver software facilitates communication between the data acquisition hardware, the 

computerôs operating system software, and the application software. Application 

software provides the link between the user and the data acquisition system. It allows 

the user to configure and control the data acquisition hardware, and to read, display, 

store and analyze the measurements. 

 490%3 /& $!3 

The DAS can be normally divided into three types: (i) data acquisition unit (DAU) for 

collection of signals from non-proprietary sensors (or sensors supplied without data 

loggers), (ii) local data acquisition unit-1 (LDAU-1) for collection of signals from 

proprietary sensors (or sensors supplied with data loggers), and (iii) local data acquisition 

unit-2 (LDAU-2) for collection of signals from non-proprietary sensors whose locations 

are >50 m from the DAU. 

Since proprietary sensors are usually supplied with the corresponding data logging systems, 

detailed design of these data logging systems should not be necessary. The propriety sensors 

are normally referred to: global position systems (GPS), dynamic-weigh-in-motion stations 

(DWIMS), corrosion cells (Cor), fiber optic sensors (FOS), vibrating wire type strain 

gauges (VW-Str), electro-magnetic gauges (EMG), etc. All data loggers for proprietary 

sensors should be considered as LDAU-1. 

Non-proprietary sensors should normally be connected directly to the DAUs; however, if 

the distance between the sensors (particularly for those analog output sensors) and the 

nearest DAU is more than 50 meters, LDAU-2 should be used. This means that the works 

of signal conditioning and A/D (analog-to-digital) conversion should be carried out in the 

LDAU-2 adjacent to the sensors, rather than in the DAU.  

All LDAUs for both non-proprietary and proprietary sensors should be connected to DAUs 

rather than directly connected to the global data transmission system for reasons of 

systematic data control and management. As all measured signals in all LDAUs would have 

been converted to digital signals, these signals in the DAUs should be considered as digital 

signal inputs. 

 -/$%3 /& $!3 

There are three basic types of data acquisition modes, which are continuous, polled and 

event-based modes.  

In the continuous mode, an uninterrupted acquisition of sensor signals is implemented by 

data acquisition system over a period of time. 
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In the polled mode, the corresponding sensor signals are collected and recorded at regular 

intervals of time. Sensors for static (including quasi-static) measurements are well suited 

for a polled data acquisition mode. For example, the signal from an ambient temperature 

sensor may be collected and recorded on an hourly basis every day in this data acquisition 

mode. 

In event-based data acquisition, sensor signals are collected only during the occurrence of 

some user-defined event of interest. The event of interest can be random or deterministic 

and some common examples of events include construction activities, a controlled test, a 

heavy truck crossing the bridge or a period of heavy traffic volume, an accident, and 

abnormal environmental conditions or a natural hazard such as flood, earthquake or 

hurricane. The physical variables (measurands) measured by the sensors during the 

occurrence of such events can change slowly or rapidly with time, depending on the speed 

of the event. 

Some SHM applications may require the data acquisition system to be operated in hybrid 

modes, such as to preclude the loss of polled data during an event or vice-versa. In the event 

that the selected data acquisition system does not have this capability, an alternative 

solution is to utilize separated systems dedicated for polled and event-based data acquisition. 

 $!4! #/,,%#4)/. 

Data collection and storage play important roles in the data acquisition system. There are 

three main steps involved in data collection process: (i) data buffering, (ii) data processing, 

and (iii) data storage. The data collection characteristics of the DAS often introduce certain 

characteristics into the data. The characteristics may further affect the availability of the 

collected data for analysis by certain methods. Due to the temporal and spatial 

characteristics of the data, data collection sequence, and delays, time stamping 

methodology and synchronization approaches must be clearly understood and mapped. The 

data reduction method also depends on the phenomena measured and the 

information/feature that is to be extracted from the data set. Data processing can have many 

purposes. It can be carried out to eliminate noise components when the noise band in time 

domain is known, or for example extract information such as principal stresses, orientation, 

angle, and equivalent stresses for data collected from the strain gauges.  

Permanent storage of collected data is another important consideration. The most 

appropriate method will depend on the purpose of the data, the techniques that will be used 

for data analysis, the frequency at which the stored data will be accessed, and the duration 

of time that the data is expected to serve some purposes. If the data needs to be frequently 

accessed for analysis, the best method may be to place the data in a digital database or some 

other electronic media. Regardless of the storage method selected, proper archival and 

backup procedures should be implemented and followed. 
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4.2 $!4! -!.!'%-%.4 3934%- ˭$-3ˮ 

 &5.#4)/.3 /& $-3 

DMS is a data and information management system for the execution of the following four 

elements: 

· ódatabaseô for staging and storage of various types of data and information; 

· data models for systematic storage and fast retrieval; 

· data reports for facilitating the storage and retrieval of highly summarized data and 

information such as structural health observation, structural health evaluation, 

structural health rating, and structural health data management; 

· data interface platform for data analysis and communication. 

 #/-0/.%.43 /& $-3 

The DMS is a data warehouse management system, and is composed of two parts, namely, 

data warehouse platform and data warehouse. The data warehouse platform is composed of 

a console, a server and a storage system arranged in a shared-nothing architecture. The 

console is used to carry out (i) multi-dimensional display of data and information, and (ii) 

administration control and system configuration of the server (or DMS-server). The server 

and the storage system are used for: (i) ETL (extraction-transformation-loading), (ii) 

storage and archiving, and (iii) retrieval and interfacing of data and information from the 

data sourcing systems within SHM. 

The data warehouse is a data warehouse management system equipped with RDBMS 

(Relational Database Management System) and OLAP (On-Line Analytical Processing) 

tools. The RDBMS should either be a column-oriented analytic RDBMS (or ARDBMS - 

Analytic Relational Database Management System) or a correlation RDBMS (or 

CRDBMS- Correlation Database Management System). The data warehouse should have 

the functions of: (i) execution of ETL in data staging area by either ARDBMS or CRDBMS, 

(ii) systematic storage and fast retrieval of data and information in the warehouse, and (iii) 

multi-dimensional views of measured/derived/analyzed/rated data. The DMS in-short 

should be able to execute the four functions as stated in Clause 4.2.1 above. 

 +%9 /0%2!4)/. )4%-3 ). $-3 

The key operation items in DMS include: (i) data sourcing systems, (ii) operational data 

store, (iii) data warehouse, (iv) data marts, (v) OLAP server and (vi) user access tools. 
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Figure 4.1 Example of the s ystem architecture and operation diagram of DMS  

4.2.3.1  $ðăð 3þĄāòøýö 3ĈĂăôü 

As shown in Figure 4.1, the data sourcing system includes sensing and instrument system, 

data acquisition, management, transmission, processing and control system, data analysis, 

identification of structural state and structural diagnosis, and structural performance 

evaluation and prognosis. The types of data and information outputs from these operating 

systems are as follows: 

· Sensing and instrument system: outputs of measured and/or derived data from 

sensors; and 

· Data acquisition, management, transmission, processing and control system: 

outputs of (i) measurements and/or derived data from data acquisition and pre-

processing programs, (ii) analyzed results from analysis programs 

· Data analysis, identification of structural state and structural diagnosis: outputs of 

analyzed results from MATLAB and finite element programs; and 

· Structural performance evaluation, health rating and prognosis: outputs of baseline, 

rated and prioritized results from nalysis programs and database programs. 

4.2.3.2  /ÿôāðăøþýðû $ðăð 3ăþāô ˭/$3ˮ 

The ODS is the repository of current and integrated operational data used for temporary 

data storage and the execution of various types of data processing as illustrated in Figure 
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4.1. It should be structured and supplied with data in the same way as the data warehouse, 

but in fact it acts simply as a data staging area for data to be moved into the warehouse. The 

ODS should be created when legacy operational systems are incapable of achieving 

reporting requirements. The ODS should automatically extract the data (structured and 

unstructured) from the data sources and automatically performs the data operations of 

categorization, cleansing, consolidation, derivation, combination, duplicates removal, 

standardization, transformation, and dimensions conformity to ensure data accuracy and 

consistency before exporting to the data storage warehouse. The unstructured data (all 

measured data) should be stored in the data storage warehouse and partitioned as time-

oriented raw data; whereas all structured data should be stored in the data storage 

warehouse and partitioned as non-time-oriented raw data. 

4.2.3.3  $ðăð 3ăþāðöô 7ðāô÷þĄĂô 

The data storage warehouse is data storage system for systematic storage and fast retrieval 

of three types of data for relevant analysis and/or operation. The three types of data should 

be metadata, time-oriented and non-time-oriented raw data. The metadata (data that 

describes other data) should be the data definitions used by all the processes in the 

warehouse, and is devised for a variety of purposes including:  

· Extraction, transformation and loading process: to map data sources to a 

common view of data within the warehouse;  

· Warehouse management process: to automate the production of summary tables; 

and 

· Query management process: to direct a query to the most appropriate data sources. 

The time-oriented data refers to the data output as stated in in sensing and 

instrument system. 

The time-oriented raw data in the data storage warehouse should be partitioned to have at 

least a capacity of 1-year rolling storage buffer for all measured engineering signals/data 

from sensing and instrument system; whereas as the non-time-oriented raw data should be 

partitioned as permanent storage or as data marts. The details of data marts are outlined in 

Clause 4.2.3.4. 

After data staging, the time-oriented raw data should be uploaded into the database for 

subsequent data table storage as shown in Figure 4.2 while the non-time-oriented raw data 

should be uploaded into the file-based management software (or called Content 

Management Software). This file-based management software should automatically add 

the parameters, i.e., data of creation, last date of modification, name of creator, etc. By such 

information, the documents can quickly be retrieved. 
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4.2.3.4  $ðăð -ðāăĂ 

Data marts are highly summarized or derived results and are categorized into four types: (i) 

DM-1: data from sensing and instrument system; (ii) DM-2: data acquisition, management, 

transmission, processing and control system; (iii) DM-3: data from identification of 

structural state and structural diagnosis; and (iv) DM-4: data from structural performance 

evaluation, health rating and prognosis. The information included in each of these four data 

marts is tabulated in Table 4.1.  

 
Figure 4.2 Storage tables for time -oriented raw data after data staging in 

operational data store.  

Table 4.1. Examples  of data and information in data marts  

Name of Data Marts Details of Data and Information 

DM-1 

(Data from sensing and 

instrument system) 

· Sensor and instruments information 

· Observation measurements 

DM-2 

(Data from data acquisition, 

management, transmission, 

processing and control 

system) 

· Observation Criteria and/or Indices 

· Quarterly Observation Reports with No Observation Criteria 

exceeded (yearly/monthly/weekly/daily, depends on 

monitoring strategy) 

· Quarterly Observation Reports with Observation Criteria 

exceeded (yearly/monthly/weekly/daily, depends on 

monitoring strategy) 

· Observation Reports after Abnormal and/or Extreme Events 

· Quarterly Data Storage Report (yearly/monthly/weekly/daily, 

depends on monitoring strategy) 

· Quarterly Data Operation Report 

(yearly/monthly/weekly/daily, depends on monitoring 

strategy) 
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· Quarterly User-Enquiry Report (yearly/monthly/weekly/daily, 

depends on monitoring strategy) 

DM-3 

(Data from Identification of 

structural state and structural 

diagnosis) 

· Evaluation Criteria and/or Indices 

· Evaluation Reports with No Evaluation Criteria exceeded 

· Evaluation Reports with Evaluation Criteria exceeded 

· Evaluation Reports after Extreme Events 

DM-4 

(Data from structural 

performance evaluation and 

prognosis) 

· Baseline Information 

· Standards of Criticality, Vulnerability, Structural conditions 

and Synthetic Ratings 

· Results of Criticality, Vulnerability, Structural conditions and 

Synthetic Ratings ï without Adverse Ratings 

· Results of Criticality, Vulnerability, Structural conditions and 

Synthetic Ratings ï with Adverse Ratings 

· Components Inspection Prioritization Results 

· Updated Criteria/Indices of Observation, Evaluation and 

Ratings 

1) OLAP Server 

The OLAP server is a high-capacity, multi-user data manipulation engine specifically 

designed to support and operate on multi-dimensional data structures. A multi-dimensional 

structure should be arranged so that every data item is located and accessed based on the 

intersection of the dimension members which define that item. The design of the server and 

the structure of the data should be optimized for rapid ad-hoc information retrieval in any 

orientation, as well as for fast, flexible calculation and transformation of raw data based on 

formulaic relationships. The OLAP server should either physically stage the processed 

multi-dimensional information to deliver consistent and rapid response times to end users, 

or it should populate its data structures in real-time from relational or other databases, or it 

should offer a choice of both. For the current given state of technology and the end user 

requirements for consistent and rapid response times, staging the multi-dimensional data in 

the OLAP Server should be the preferred method. 

2) End-user Access Tool 

The principal purpose of data warehouse should be the provision of information to the end-

users or bridge monitoring/maintenance engineers for strategic decision-making. These 

end-users should interact with the warehouse through the usage of end-user access tools. 

The data warehouse should efficiently support ad-hoc and routine analysis. High 

performance should be achieved by pre-planning the requirements for joins, summations, 

and periodic reports by end-users. The end-users access tools, as shown in Figure 4.1, are: 

OLAP tools, query tools, analysis tools and reporting tools. The details of these tools are as 

follows: 

· The OLAP tools are based on the concept of multi-dimensional databases and allow 

sophisticated end-user to analyze the data using complex, multi-dimensional views. 
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Typical applications for these tools should include correlation of measured data 

from different types of sensors at different locations. These tools assume that the 

data should be organized in a multi-dimensional model supported by a special multi-

dimensional database (MDDB) or by a relational database designed to enable multi-

dimensional queries. 

· The query tools are used for accessing the relational data warehouses and are 

designed to accept SQL or generate SQL statements to query data stored in the 

warehouse. These tools should shield the end-users from the complexities of SQL 

and database structures by including a meta-layer between users and database. The 

meta-layer should be the software that provides subject-oriented views of a database 

and supports ñpoint-and-clickò creation of SQL. 

· The analysis tools are those MATALB, database and finite element analysis tools 

developed in each sub-system of structural health monitoring. 

· The reporting tools include production reporting tools and report writers. 

Production reporting tools should be used to generate regular operational reports 

such as the instant display reports, the detailed reports, the special reports, the rating 

reports, etc. Report writers should be desktop tools designed for end-users. The 

report tools should also include all customized software systems for the applications 

of each sub-system of structural health monitoring system. 

 ")' $!4! -!.!'%-%.4 

Big data management refers to the efficient handling, organization, storage, governance, 

administration, utilization and delivery of large volumes of structured and unstructured data. 

It can include data cleansing, migration, integration and preparation for use in reporting 

and analytics. Big data-based analysis allows the data owner to understand the monitored 

structure better, deep understand the structural performance based on the analysis of large 

amounts of corporate data. 

Big data management systems are migrating from software-centric computing platforms to 

data-centric computing platforms. The traditional data management does not fully meet the 

need for data-centric data management. Hence, it is requested to design big data 

management system based on data-centric platforms. Big data management system is also 

undergoing the process of software infrastructure. There are many kinds of software 

services, the most important one is data service. Cloud computing is not only the 

convergence of computing resources, but also the convergence of data resources. These 

data resources are interconnected and interoperable through database software to provide 

with data storage and organization, query, analysis, maintenance, security and other 

management services. It is also requested to design big data management system based on 

software infrastructure platforms. 

At present, the big data management system has an obvious hierarchical structure, including 
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big data storage system, NoSQL system, big data computing system, and big data query 

processing engine from the bottom up. The various kinds of system are developed 

independently but can be assembled to build a comprehensive data management system 

through the adoption of loose coupling to support all kinds of big data query, analysis, and 

intelligent application. This is one-size-fits-a-bunch design concept. 

Big data storage is a storage infrastructure that is designed specifically to store, manage 

and retrieve big data. Big data storage enables the storage and sorting of big data in such a 

way that it can easily be accessed, used and processed by related applications and services. 

Big data storage can also be flexibly scaled as required. It primarily supports storage and 

input/output operations on storage with large number of data files and objects. A typical big 

data storage architecture is consisted of a redundant and scalable supply of direct attached 

storage (DAS) pools, scale-out or clustered network attached storage (NAS) or an 

infrastructure based on object storage format. The storage infrastructure is connected to 

computing server nodes that enable quick processing and retrieval of big quantities of data. 

Moreover, most big data storage architectures/infrastructures have native support for big 

data analytics solutions such as Hadoop, Cassandra and NoSQL. Data model is the core of 

the big data management system. The application of big data can be structured to relational 

data, graph data or semi-structured data, unstructured data such as multimedia, web pages. 

Following one size does-not-fit-all, NoSQL database provides effective data storage service 

based on different data models, such as documentation, diagrams. Also, open source 

systems represented by HDFS have become one of the standards in the field of big data 

storage, but other distributed systems can be important complements to HDFS. 

The query processing engine of big data is based on the big data computing system. The 

high-performance query of data and analysis is realized through the general interface 

provided by the computing system and with the aid of distributed query optimization 

technology.  

Query processing engine of big data provides users and developers with a query language 

similar to SQL. Query statements are converted into job scheduling at the computing layer 

through a grammar parser, and the results are returned to users by the computing layer. 

These engines can be divided into (i) query analysis engine based on MapReduc/SQL-on-

Hadoop; (ii) query analysis engine based on in-memory batch computing system; and (iii) 

query analysis engine based on MPP. 

Big data management system has the following five characteristics: 

1) Big data management system is an open system. Under big data environment, data types 

are open, the system is not just for pre-defined data types but can support a variety of 

unstructured data types. Moreover, data operation is open, and the system is not only 

oriented to certain operators, but also needs to support the implementation of user-

defined operations. Therefore, big data management system cannot be a single 

processing engine but needs a framework that can accommodate and support the 

coexistence of different type data processing engines. 
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2) Big data management system is a multi-model system. The multi-type characteristics 

of big data make it impossible for a single relational model to effectively model diverse 

big data. 

3) Big data management system is of high availability and distributed scalability. The 

diversity of big data applications weakens the ACID (Atomicity, Consistency, Isolation, 

and Durability) characteristics in traditional relational databases. It emphasizes the high 

availability and distributed scalability of data, allowing data to have final consistency 

or even weak consistency. 

4) Big data management system will be a quantitative and qualitative integration system, 

which not only needs to manage large volume of data, but also manage noisy data. 

5) The center of the big data management system is knowledge management. Big data lies 

in knowledge. How to support the discovery of knowledge from big data is an 

indispensable function of the big data management system. There are two basic 

approaches: knowledge mapping and deep learning. These are the most important 

methods in big data knowledge discovery. 

Big data management involves various processes such as the following: 

1) Monitoring and ensuring the availability of all big data resources through a centralized 

interface/dashboard. 

2) Performing database maintenance for better results. 

3) Implementing and monitoring big data analytics, big data reporting and other similar 

solutions. 

4) Ensuring the efficient design and implementation of data life-cycle processes that 

deliver the highest quality results. 

5) Ensuring the security of big data repositories and control access. 

6) Using techniques such as data virtualization to reduce the volume of data and improve 

big data operations with faster access and less complexity. 

7) Implementing data virtualization techniques so that a single data set can be used by 

multiple applications/users simultaneously. 

8) Ensuring that data are captured and stored from all resources as desired. 

 -%!352%-%.4 #!,)"2!4)/. 

The design of the measurement system to capture a physical phenomenon or the response 

of a system to that phenomenon requires the selection of a suitable set of tools, and the 

ability to conceptualize and estimate the bounds of the expected measurement i.e. to 

develop a ófeelô of what is a sensible measurement, to what extent is can be believed and 

how much of the data might arise from extraneous (real) physical effects and artifices such 
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as noise. A measurement made by any sensor is the result of an interaction between a 

transducer and the environment surrounding the transducer. Due to this interaction, a 

transducer is potentially a multi-input, multi-output (MIMO) device. Not all influences are 

of equal magnitude, and only one of the many possible inputs is the measurand. The 

measurand is the desired input and the object of the measurement. Only one of many 

possible outputs is the desired signal (often just referred to as the signal). The desired signal 

is the output corresponding to the measurand. Errors and noise are the unwanted 

components of the output signal. The following sections describe the various components 

participating in a recorded output signal and the process for obtaining the desired 

measurand component of the output signal. 

The selected sensory components of the measurement system should be first calibrated and 

validated individually. The calibration should then follow by integrating the sensors and 

data acquisition components for system calibration and evaluation of the integration 

process and overall performance. Finally, the sensor operating status has to be verified for 

long-term performance after installation on the actual field structure by various in-situ 

calibration strategies. 

The calibration steps (after factory acceptance test, soak test) of a sensor are as follows: 

1) Sensor installation and data acquisition 

2) Verification-calibration of all the system components (hardware, software, sensor sets, 

data 

3) Acquisition-network/com-control 

4) In lab and in-situ long-term operation (includes factory acceptance test, soak test). 

5) After Installation: 

· In-situ calibration - electronic switch on sensor 

· Physics calibration - controlled test 

6) Have a mechanical -ideal scaled physical model subject to same ambient conditions and 

7) Incorporate the measurements on this as ground truth. 

8) Cross-comparison with the other sensor information. 

4.2.5.1  3ĈĂăôü %āāþāĂ 

A measurement result has little reliability unless it is evaluated. The measurement errors 

are commonly classified into two categories: systematic (bias) and random errors. 

1) Systematic (bias) error 

Of the two categories of errors, systematic errors often have much more serious 

consequences. Systematic error or bias refers to the same for each observation with a given 

measurement setup and method or are some definite function of the value of the quantity 

being observed. These errors often are due to imperfect design of the measurement setup 
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and the approximations made in characterizing the phenomena being measured, such as 

ignoring various components of a displacement vector. 

Typical systematic errors caused by the components and the design of the measurement 

setup that can be accounted for are as follows: 

· Mechanical (kinetics, kinematics) mechanisms (including those related to 

geometry). 

· Thermal mechanisms 

· Electronics 

· Mapping/referencing 

If various mechanical and electronic mechanisms that affect a measurand are not properly 

accounted for, calibration would introduce systematic errors into repeated measurements. 

Mismatch in the thermal response (magnitude and rate) of the measurement setup and the 

measured system is another common source of systematic error that is often observed to 

accumulate in a cyclic manner varying with temperature changes, these would be 

uncharacteristic and unrelated to the phenomena that are to be measured. Mapping and 

referencing performed by individuals can introduce systematic sources of error that are 

dependent on the experience, perspective and judgments of the individuals. The majority 

of the systematic error sources can be identified by careful and repeated tests and corrected 

by improving experimental design and calibration. 

2) Random error 

Random errors are variations due to a number of uncontrolled variables in a measurement 

chain of sensor, cabling, signal condition, acquisition, each of these effects may be 

individually small. Noise contributions and successive observations of the same quantity 

will form a random sequence when (only) these random errors are occurring. Random 

errors are also referred to as common errors. 

The relationship for standard deviation in Normal - Gaussian distribution has practical 

implications: 

· Distribution has equal mean, median and mode values 

· Distribution is symmetric about the mean value (ɛ) 

· Distribution slopes decrease at both sides approach to infinity 

· 68.25% of the values fall in [ɛ-ů, ɛ+ů] 

· 95.46% of the values fall in [ɛ-2ů, ɛ+2ů] 

· 99.73% of the values fall in [ɛ-3ů, ɛ+3ů] 

When the population standard deviation and the population mean value are established, the 

concept of confidence intervals for the mean value can be determined as a measure of 

reliability. The theoretical argument for the normal law is based on the rapid approach to 
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normality which can be demonstrated mathematically to occur when the error is due to the 

sum of a number of independent causes of about equal magnitude, each cause being 

distributed in any arbitrary manner and provided that each possesses a finite standard 

deviation. However, the theoretical justification is not applicable to all measurements since 

there are many situations in which it is not obvious that there are a number of independent 

sources of error or, if so, that they are of roughly equal importance. The process may be 

quite non-normal if there is only one major source of error such as due to bias (often, 500 

or more data points are needed under constant conditions to verify this fact). 

3) Error handling in data processing/post-processing by quality assurance 

It is critical to identify the type and the sources of variation in a measurement in terms of 

systematic/bias or common/random errors. The systematic sources of errors introduce 

relatively larger and sparse variations in measured values. Thus, a critical investigation in 

identifying these sources will aid in improving the design of measurement procedures such 

that they can be eliminated or accounted for. 

4.2.5.2  !ýðûĈĂøĂ %āāþāĂ 

Analysis errors can be an order of magnitude greater than measurement errors and they 

commonly have large systematic components. There is often no justification for a Gaussian 

distribution of modelling uncertainty. The quality control requirements in finite element 

analysis may be broadly classified into: 

· Controlling modeling errors, especially conceptual errors and incompleteness 

· Controlling input errors 

· Controlling errors that may occur during analysis 

Modeling errors are the most difficult to detect, especially in the case of large and complex 

structures. In this regard, the most common errors arise due to over-idealizations of the 

geometry, boundary and intermediate support conditions, connection stiffnesses, any 

member releases, interfaces between various structural sub-systems, movement systems, 

etc.  

Complete and proper modeling of intended or unintended movement mechanisms is a 

common difficulty. In some cases, the friction in intended movement mechanisms may lead 

to a locking of these mechanisms. This locking may in turn experience sudden release in 

response to extreme temperature shocks or environmental overloads. Such possibilities 

should be checked by intermittent or continuous experimental measurements. The 

experience of the engineer constructing the model, and the ability of the analyst to sense 

the physically implications of any discrepancies between experiment and analysis are the 

key factors for detecting and eliminating the conceptual errors in a model. 

For input errors, it is needed for quality control to assure the accuracy of the input data. 

Generation of a 3D model that is then scrupulously and systematically checked for 
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geometric accuracy of all local and global details against 2D fabrication and construction 

drawings and up-to-date photographs, which may then be directly transferred to a computer 

model, is a good measure for quality control. 

Analysis errors would not be discovered unless the analysis output is suspected after the 

global and local displacements, deformations, reactions, forces and stresses are verified for 

physical consistency and correlated against a sufficient amount of reliable experimental 

data including frequencies, mode shapes, displacements, rotations and strains. As discussed 

earlier in relation to structural identification, it is important to validate finite element 

models against a spectrum of global and local response measurements and not just one type 

of response such as accelerations or strains. 

The fundamental principles of inspecting the reliability of the analysis results in the case of 

macroscopic level models, such as the single beam model, remain valid for checking the 

analysis results of the finite element models. However, while these checks are necessary, 

they are not sufficient for the finite element models. For example, verifying the external 

equilibrium between the applied loads and the support reactions is not adequate for assuring 

the reliability of local stress output from a large finite element model. In general, there may 

be errors in the input data related to connectivity, orientation and material properties of 

various elements, and these errors would affect the reliability of local stresses, 

displacements and deformations but may not affect the global equilibrium.   

In full-scale non-laboratory situations, modelling error has a lower bound of 5% with usual 

values from 10-30%. Systematic errors depend on what is being predicted (for example, 

location and magnitude of deformation) and its direction (plus or minus) on what has been 

assumed in the model (for example, pinned or fixed support conditions). Systematic errors 

have a lower bound of 3% with usual values between 5-15%. 
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5 NETWORKING, COMMUNICATION, 

PROCESSING AND CONTROL  

5.1 .%47/2+).' 

In SHMS, it is requested to have global data transmission system (GDTS) which transmits 

the signals/data collected from the DAUs or video cameras in structure-site to the data 

processing and control system (DPCS) located in the Administration Building. Four types 

of networking systems can be used for the GDTS: (i) fiber optic cabling network system 

(FOCNS), (ii) commercial cabling network system (CCNS), (iii) wireless network system 

(WNS), and (iv) manual collection of data (MCOD). 

The communication and network layout of the measurement system is gathered in two 

groups:  

1) A central architecture functioning as "network of sensors" 

A network of sensors consists of various sensors, instrumentation and a centralized storage 

unit. An instrumented measurement system with centralized collection, processing and 

storage architecture is commonly used due to its redundancy and reliability. The central 

unit controls all data collection modules, data flow, storage and acts as the only means of 

processing, analysis and further decision making. Data loggers or PC servers are often used 

with the central unit to collect, store, disseminate and even process data. The network 

architecture is suitable for large number of sensors deployed on a wide area infrastructure 

for monitoring, however, it usually requires a relatively costly and time-consuming 

installation process. The network layout (wired or wireless) is commonly practiced due to 

proven concept and availability of centralized collection, control, communication, and 

networking protocols. 

2) A distributed architecture to function as "sensor networks" 

A preferred network layout for spatially dense and temporally continuous monitoring goals 

would have to be low on cost and power demand. Autonomous configuration, identification 

and organization for optimal information transfer route and data quantity, local and 

collaborative processing in identification of critical information, and reduced installation 

costs and duration are among the desired characteristics of such a unified sensor network. 
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5.2 #/--5.)#!4)/. 

 #/--5.)#!4)/. 02/4/#/,3 

Each layer of the communication protocol is responsible for a different part of the 

communications that can easily accommodate changes in technology. 

· Physical Layer: actual hardware 

· Data Link Layer: the transfer method (802x), for data and error handling 

· Network Layer: IP network protocol, routes messages using the best available path 

· Transport Layer: TCP, UDP, for properly sequenced and error free transmission 

· Session Layer: determines beginning, duration and end of the session for security 

· Presentation Layer: data syntax to make it transparent to surrounding layers and 

translate to specific computer format 

· Application Layer: capability to interact with user application 

Network protocols are a set of standards that define operations from basic networking data 

structures to higher level application programs. Protocols define various services and utility 

programs under several categories: 

1) Connection type 

· Connection-oriented, a protocol that relies on connection established between two 

devices. Connection oriented protocols are considered to be reliable protocols since 

there is a check to ensure that the data was received. 

· Connectionless, does not rely on a connection. It is considered to be an unreliable 

means of communication. 

2) Routing 

· Routable, the protocol can be sent through a network router. 

· Non-routable, the protocol can't be sent through a network router. 

 #/--5.)#!4)/. -/$%3 

The data transfer and communication at various levels can then be homogenized based on 

a system specific communication standard. This system specific standard will provide 

description of connectivity means in terms of wired, wireless or hybrid backbone 

architecture. The most commonly used communication modes are wired and wireless 

network communication.  
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5.2.2.1  7øāôó .ôăĆþāú ðýó #þüüĄýøòðăøþý  

Wired transmission refers to the use of a physical connection between two communication 

devices to transmit signals from one device to another. Commonly used media are twisted 

-pair coaxial cable and optical cable, etc. Commonly used excuses are RS232, RS422, 

RS485 and RJ45. Data transmission using wired technology is a key component of majority 

monitoring systems. For permanent installation, cable with relevant ratings such as low 

smoke zero halogen (LSZH) and high ingress protection (IP) are required. It also has to be 

structurally robust (particularly exposed on wind/rain-blown faces of structures) and have 

the required electrical characteristics of low resistance and shielding of conductors. High 

quality cable will minimize problems with electromagnetic interference and crosstalk. 

Measurement of cables (such as wind influence) can affect low voltage signals such as 

resistance-based strain gauges. Lightning protection may be another concern for exposed 

wiring, sensors and housings, requiring careful arrangements for grounding (avoiding earth 

loops) and surge suppression to avoid high voltage differences and flashover adjacent to 

sensors and signal conditioning. 

In cases where multiple loggers need to be networked using local area network connections, 

or where modems and loggers are separated, fiber optic links are required for distances over 

100m. Synchronization of signals from loggers is an acute problem for fast-sampled signals, 

which is most usually dealt with using hard-wired analog connections. For merging 

digitized data streams from separate loggers, wireless sensors and óinternet accelerometersô 

synchronization is a prime concern, which may limit the effective bandwidth of the sensing 

solution. 

A backbone wiring layout requires the development of a system-cabling plan. A structured 

backbone cabling layout provides a simple, flexible, and reliable link between the various 

components of the instrumented monitoring system. 

Network topology describes the method used in physical wiring of the network. The five 

possible network topologies are:  

1) Bus: both ends of the network must be terminated with a terminator. The connections 

are all made to the main cable in a line. 

2) Star: all devices revolve around a central hub, which controls the network 

communications and can communicate with other hubs. Range limits are about 100 

meters from the hub. 

3) Tree (Layer): just like a tree bifurcates from the top to downward gradually. In this 

structure, the nodes that perform the controlling function are often at the top of the tree, 

and it is easy to add nodes and expand the network on the branches. 

4) Ring: all devices are connected from one to another as in a ring. A data token is used to 

grant permission for each to communicate. 

5) Mesh: multiple paths through the transmission network can be selected to transmit 

nodes to the usersô data. This communication is reliable, but the structure of the network 
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and protocol are complexed. 

5.2.2.2  7øāôûôĂĂ .ôăĆþāú ðýó #þüüĄýøòðăøþý 

In response to the high costs associated with tethered structural monitoring systems, 

researchers in the civil engineering community have proposed the use of wireless 

communication (wireless loggers) for the transfer of data between sensors and a data 

repository in future structural monitoring systems. Such wireless monitoring systems are 

assembled from low-cost wireless sensors that collocate sensing, communication and 

computing in a single device.  

The alternative to a relatively costly and time-consuming installation of a wired backbone 

is a wireless layout. A wireless communication layout can serve as the linkage between the 

sensory, data acquisition (DAQ) and other components forming the measurement network. 

Technology advances are permitting investigations on wireless sensing and data acquisition 

components that can be effectively utilized as direct components of the monitoring network. 

Wireless communication can be used to serve the short-haul simultaneous sensor-to-sensor 

and sensor-to-DAQ communication (RF based), or the larger and continuous 

communication for global connectivity of distributed data acquisition systems in the form 

of Ethernet based wireless network architecture. Other wireless options are: infrared laser, 

spread spectrum wireless, Bluetooth, Ultra-Wide Band (ZigBee) and blackberry. 

The wireless network contains sensor nodes which do not need much maintenance and 

cables for installation, and thus they can be installed in the remote locations that are 

impractical or inaccessible. Data acquisition is achieved by sensor nodes that collect data 

from the SHM sensors. Then, according to the communication network type (single-hop 

and multi-hop), sensor nodes can transmit the measured data either directly or by 

forwarding data packets of each other to the base station. Data aggregation and processing 

are essential for extracting features of SHM algorithms and they can take place in various 

positions, such as sensor nodes, cluster heads, and/or base station, and can occur prior or 

after data transmission depending on the data processing strategy and network topology.  

Compared with the wired system solution, a wireless monitoring system provides 

outstanding advantages since it is installed in a simpler way by means of low-cost hardware, 

less installation time, and easy for maintenance. Moreover, data processing and 

interpretation can be distributed through the senor nodes of the network using cooperative 

protocols and embedded algorithms, which significantly decrease the redundancy of raw 

data, save storage space and reduce considerable amount of energy. In addition, wireless 

communication plays an important role for scalability; thus, full-scale deployment of 

hundreds of sensors in wireless structural systems would be much easier than conventional 

system. 

Network topology is important for wireless network communication. Different topologies 

are required to fulfill the requirements of various application characteristics in SHM. 

Therefore, wireless network topology must be chosen carefully according to SHM 
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application requirements. ZigBee and IEEE 802.15.4 standard permit two kinds of 

topologies, including star and cluster tree, which are commonly used for SHM applications. 

In the engineering application of wireless network, the following issues should be 

addressed: 

1) Limited hardware resources: the nodes of the network are embedded processors and 

memories with limited computing power and storage capacity. 

2) Limited power supply capacity: the nodes of the network are powered by batteries with 

limited service life. 

3) No center: in a wireless sensor network, all nodes are equal, and there is no pre-

designated center. 

4) Self-organization: the nodes coordinate their behaviors through hierarchical protocols 

and distributed algorithms, and can quickly and automatically form an independent 

network after starting up. 

5) Multi-hop routing: the nodes have limited communication capacity, covering only tens 

to hundreds of meters, and can only communicate directly with their neighbors. Thus, 

multi-hop routing is usually adopted for long range communication. 

6) Dynamic topology: wireless network is a dynamic system where nodes can be moved 

around. A node may drop out of the network due to battery exhaustion or other failures, 

and may also be added to the network for work. 

7) Large number of nodes with dense distribution: the network has a large number of nodes 

with a wide distribution range, which is difficult to maintain. Hence, it is important to 

improve the robustness and fault tolerance of the wireless network. 

8) Limited transmission capacity: compared with wired network, low bandwidth is the 

inherent defect of the wireless network. At the same time, signals may interfere with 

each other. 

9) Environment: environment is considered essential in the determination of deployment 

scheme, network topology, and the size of the network. Therefore, various designs for 

wireless sensor platforms were proposed along with the advances in sensing technology 

to suit the requirements and environment of SHM. 

10) Failure: Failure of wireless communication can be caused by phenomena such as path 

loss due to air humidity, terrain, distance between the sender and receiver, structural 

interference caused by a building, wall, and other factors. 

11) Safety: Wireless channels, the limited energy and distributed control make wireless 

sensor networks more vulnerable to external attack. 
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5.2.2.3  #þüüĄýøòðăøþý -þóô þõ 3ăāĄòăĄāðû 'āþĄÿ (ôðûă÷ -þýøăþāøýö 

3ĈĂăôü 

There are mainly two types of communication mode of structural group health monitoring 

system: (i) continuous structure group monitoring system and (ii) discretized structure 

group monitoring system. The data communication mode and network topology of 

structural group health monitoring system should be chosen according to the actual needs 

and specific networking conditions. The difference between the two structure group 

monitoring systems lies in whether each sub-region belongs to the same level. It cannot be 

judged simply by distance and network form.  

¶ When the sub-regions are close (the distance is determined by the transmission 

conditions), the monitoring system of these sub-regions can be controlled by the top 

decision-making level of the same center without setting up its own decision-

making layer, or sub-regions may have sub-decision layers of their own, but they 

are still at the same level while interlinked and controlled by top decision makers in 

the same center no matter it is a bus network or ring network. All systems belong to 

the continuous structural group monitoring system.  

¶ As for the regional dispersed (scattered) structure group monitoring system, lower 

levels of sub-monitoring areas are controlled by sub-decision makers in the region 

but not by sub-decisions in other regions. The monitoring system is relatively 

decentralized, and the tree and star network topologies are mostly adopted. 

 #/--5.)#!4)/. 39.#(2/.):!4)/.  

The signal-based synchronization technology adopts a clock frequency sharing technology 

based on a clock synchronization module installed in each acquisition device. The devices 

are connected with other devices by the wired medium. One clock synchronization module 

is set as the master module, and the others are the slave modules. The internal clock signal 

of the master module synchronizes the clock signal of other modules through the cable.  

Time-based synchronization techniques have a common reference time for each individual 

sensor. For long-distance data transmission, time references can be utilized to achieve the 

correlation and synchronization of measurements, such as GPS, NET, IEEE 1588 and IRIG-

B. 

The comparison between single-based and time-based synchronization are displayed in 

Table 5.1 as a reference. However, the combination of both synchronizations is 

recommended for the practical applications with various types of sensors and nodes that 

are distributed in different locations. 
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Table 5.1. Comparison between signal -based and time -based 

synchronization  

Signal-based synchronization Time-based synchronization 

¶ Devices are less than 100 meters apart. 

¶ System has no access to an external time 

reference. 

¶ Devices are physically connected using 

cables or switches. 

¶ System is in a closed environment without 

network access. 

¶ System requires higher precision 

synchronization. 

¶ System requires synchronization of a 

small number of nodes. 

¶ Devices are more than 100 meters apart. 

¶ System has access to an external time 

reference, such as an IRIG generator or a 

GPS antenna. 

¶ Devices are connected through a network 

(including through Ethernet). 

¶ System requires synchronization of a large 

number of nodes. 

¶ Devices frequently change location. 

5.3 $!4! 02/#%33).' !.$ #/.42/, 3934%- 

 $!4! 02%̌02/#%33).' !.$ #,%!.).' 

For data pre-processing and cleaning, noise reduction should be performed on the noisy 

signal to improve the signal-to-noise ratio. The systematic error should be considered and 

analyzed. It should be correctly judged whether the abnormal data is caused by structural 

state changes or due to the monitoring system error. The commonly used methods are listed 

as follows: 

1) High- and low- pass filter: filtering of quasi-static and high frequent signal parts from 

e.g. temperature variation, cable movements or measurement noise. 

2) Band-pass filter: they are used to filter out other than determined frequency contents of 

the signal for which the structure is sensitive. 

3) Anti-aliasing filter : a filter used before a signal sampler to restrict the bandwidth of a 

signal to satisfy the NyquistïShannon sampling theorem over the band of interest. 

4) Integration: integrators are used to convert acceleration signals into velocity and 

displacement. Integrators can be realized by analogue networks in digital manners. 

5) Parameter generating calculation of mean, standard deviation, peak value from the 

(probably pre-processed) signal. 

6) Frequency analysis: determination of the spectral content of the time response signal. 

The frequency resolution Ὢ can be determined from the length of the time range Ὕ 

by Ὢ ρȾὝ. 

Statistical analysis: determination of the probability density function of a variable or 
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determination of the maximum value of the signal. Results are represented in histograms 

and density functions.Data cleaning is the process of re-examining and verifying data to 

remove duplicates, correct errors, deal with invalid and missing data, and provide data 

consistency. Consistency check is to check whether the data is consistent with the 

requirements according to the reasonable value range and interrelationship of each variable, 

and to find data outside the normal range, logically unreasonable or contradictor. 

Data cleaning principle: using relevant techniques such as mathematical statistics, data 

mining or predefined cleaning rules to transform dirty data into data that meets data quality 

requirements. 

The standard model for data cleaning is to input data to a data cleansing processor, "clean" 

the data through a series of steps, and then output the cleaned data in the desired format. 

From the accuracy, integrity, consistency, uniqueness, timeliness, validity of data, data 

cleaning deals with the lost value, out of bounds value, inconsistent code, repeated data and 

other issues. 

 $!4! #/.42/, 3934%- ˭$#3ˮ 

DCS should have the functions of: (i) interactive display of the high-resolution graphics on 

instrumentation layout and corresponding inventory information; operation status of 

instrumentation system; and outputs of all processed and analyzed results, and (ii) operation 

control of the instrumentation system and data operation (including retrieving, processing, 

analysis, reporting and storage) of all measured data. 

The DCS is equipped with four types of customized software tools as follows. 

¶ Module A: operation and control of sensors;  

¶ Module B: operation and control of video cameras;  

¶ Module C: processing, analysis and reporting of measured data;  

¶ Module D: checking of observation results with observation criteria.  

The former two modules are devised to handle the system operation control, display of the 

sensory systems and associated instrumentation systems, and the latter two modules are 

devised to handle observation works of data transformation and observation criteria on 

checking with alarm display for existence of exceedance. The details of the four modules 

are introduced in Appendix D 
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6  DATA ANALYSIS, STRUCTURAL 

CONDITION IDENTIFICATION AND 

DIAGNOSIS  

6.1 $!4! !.!,93)3 

Data analysis refers to the process in which the collected data are studied in detail, including 

being distinguished, analyzed, refined and summarized. Useful information is extracted 

from the collected data. Key problems are identified, trends are revealed, and conclusions 

are formed by appropriate statistical analysis methods. In the field of structural health 

monitoring, data analysis refers to using data collected by the sensing system to study the 

statistical models of structural loads, environmental effects, responses and performances; 

to reveal the correlation between different variables and related models; to learn the 

characteristic space of multidimensional variables and high-level abstract concepts or 

semantics (such as classification and description of structural failure modes) in data; to 

analyze the structural physical properties implicit in data. Data analysis can be divided into 

qualitative analysis and quantitative analysis. Data analysis mainly includes three steps: 

exploratory data analysis, model selection analysis and inference analysis.  

 #,!33)&)#!4)/.3 /& $!4! !.!,93)3 

According to the source of data, monitoring data analysis can be mainly classified as 

follows: 

· load and environment monitoring data analysis;  

· overall response monitoring data analysis;  

· local response monitoring data analysis;  

· structural performance and evolution monitoring data analysis.  

According to data analysis methods, there are mainly:  

· diagnosis of normal data and abnormal data;  

· recovery and repair of wrong data and missing data;  

· simple analysis of data: such as data smoothing and filtering, data baseline and 

analysis, etc.; 

· data time domain analysis: such as time series analysis, Kalman filter, etc.;  

· Data frequency domain analysis: such as fast FFT transform, spectrum analysis, etc.;  
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· Data time-frequency domain analysis: wavelet (packet) analysis, Hilbert-Huang 

transform analysis, short-time Fourier transform, etc.;  

· Data regression analysis, such as multiple regression analysis, stepwise regression 

analysis, etc.;  

· Data artificial intelligence analysis: machine learning, deep learning, reinforcement 

learning, etc. 

 !)̌"!3%$ $!4! !.!,93)3 

With the fast development of Artificial Intelligent (AI) Technologies, AI-based data 

analysis has been successfully applied for analysis data from structural health systems. 

Specifically, AI-based machine learning (ML) and deep learning (DL) are two important 

AI-based data analysis methodologies. 

ѓ˅ю˅я˅ю -ðò÷øýô ûôðāýøýöñ̌ðĂôó $ðăð !ýðûĈĂøĂ 

Machine learning (ML) is a science of the artificial intelligence with a multi-domain 

interdisciplinary subject, involving probability theory, statistics, approximation theory, 

convex analysis, algorithm complexity theory and other disciplines. ML is the study of how 

computers simulate or implement human learning behaviors in order to acquire new 

knowledge or skills and reorganize existing knowledge structures to improve their 

performance. It is the core of artificial intelligence, is the fundamental way to make the 

computer have intelligence, its application throughout the various fields of artificial 

intelligence, it mainly USES induction, synthesis rather than deduction. 

1) Categories of machine learning analysis 

The strategies used in machine learning can be broadly divided into four categories: rote 

learning, learning by analogy, learning by deduction, and learning from induction.  

· Rote learning: Learning the information provided by the environment directly 

without any reasoning or other knowledge transformation. 

· Learning by deduction: The reasoning used is deductive reasoning, in which useful 

knowledge can be acquired. 

· Learning by analogy: By analogy, the corresponding knowledge of the target 

domain is deduced from the knowledge of the source domain to achieve learning. 

· Learning from induction: To learn a general description of the concept by inductive 

reasoning. 

According to the learning forms, machine learning mainly contains supervised learning and 

unsupervised learning.  
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Based on the methods of machine learning, machine learning can be categorized as 

ensemble learning, reinforcement learning, and transfer learning. Details are as follows.  

· Ensemble learning method: Ensemble learning method is a machine learning 

method based on statistical learning theory, which constructs and trains multiple 

basic learners and forms strong learners by combining certain strategies. According 

to the strength of the dependency between the basic learners, the integrated learning 

method can be divided into two categories: one is the weak dependency between 

the basic learners, and different basic learners can be trained and generated in 

parallel. Its representative algorithms are Bagging and random forest. The other 

type is the strong dependence between basic learning machines.  

· Reinforcement learning: The basic idea of reinforcement learning is that agents 

constantly adjust themselves in the process of interacting with the environment 

according to the rewards obtained from the environmental feedback. It is mainly 

used to solve the problem of decision optimization class. Its basic elements include 

Policy, Reward Function, Value Function and Environment. 

2) Transfer learning: Transfer learning is a learning method that emphasizes knowledge 

transformation between similar but not identical domains, tasks and distributions. 

According to the characteristics of discontinuous anomalies or defects of bridge 

monitoring data, the researchers introduced transfer learning into the field of bridge 

structural health monitoring, and solved the problem of data classification and damage 

evaluation when the effective measured data at the target measuring points were too 

few through modeling analysis. By proposing an improved migration model,  it is able 

to represent the data change rule of the training data set based on the original monitoring 

data preprocessing, , and then re-use similarity measure function, complete the change 

rule of similar data points clustering, and finally, using non-equilibrium integrated 

migration learning algorithm, the classification of the bridge structural health 

monitoring model is established through the migration of past monitoring data model 

to forecast the new data.  

3) Algorithms of machine learning-based data analysis 

Currently, the main algorithms of machine learning-based data contain: (i) Regression, (ii) 

Support vector machine, (iii) Artificial neural network (ANN), (iv) Decision tree, (v) 

Random forest, (vi) K nearest neighbor (KNN), (vii) Association rule, and (viii) Cluster 

analysis. Details are as follows.  

· Regression: Regression analysis includes Linear Regression and Logistic 

Regression. Among them, logistic regression is more used in data operation, which 

also includes response prediction, classification and other contents. 

· Cluster analysis: SHM data can be divided into different groups according to 

similarities and differences. After the division, the data within each group will have 

a high degree of similarity, and the data between different groups will have a high 
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degree of dissimilarity. The most commonly used algorithms for cluster analysis are 

partitioning method and hierarchical method. 

· Association Rule: Association Rule is an important model that has been invented 

and widely studied in the field of database and data mining. The main purpose of 

Association Rule data mining is to find Frequent patterns in data sets, i.e., 

Cooccurrence Relationships. 

· Decision tree (DT): Decision tree, it is a tree data structure to show the decision 

rules and classification results of model, as a kind of inductive learning algorithm, 

the focus is to seemingly disordered, clutter known as an example, through some 

technical means to put them into tree model can predict unknown instance, each 

from the root node to the leaf node path represents a decision rule. The advantage 

of decision tree algorithm is that it is not only simple and easy to understand, but 

also efficient and practical. Once built, it can be used many times, or the accuracy 

of classification can be maintained only by simple maintenance of tree model. 

· Random forest (RF): Random forest is a classifier containing multiple decision 

trees, and the output category is determined by the mode of the output category of 

individual trees. RF uses bootstrap resampling method form sample sets, and then 

combine the tree predictors by majority voting so that each tree is grown using a 

new bootstrap training set. 

· K nearest neighbor (KNN): K nearest neighbor classification algorithm is a 

relatively mature method in theory and one of the simplest machine learning 

algorithms. The idea of this method is: if most of the k most similar samples in the 

feature space belong to a certain category, then the sample also belongs to this 

category. 

· Support vector machine (SVM): Support vector machine is a general machine 

learning method. Based on the statistical learning theory, the support vector 

machine transforms the input space into a high-dimensional space with the help of 

the nonlinear transformation defined by the inner product function in the case of a 

limited number of samples. Support vector machines have the advantages of simple 

structure, global optimality and strong generalization ability.  

· Artificial neural network (ANN): Currently, the artificial neural network widely 

used are mainly BP neural network and Radial Basis Function (RBF) neural 

network, etc. BP neural network is an important type of artificial neural network, 

which has been applied earlier in the field of bridge damage and obtained many 

research results. At the same time, the combination with genetic algorithm and other 

optimization algorithms is also an important research direction of artificial neural 

network methods. 

ѓ˅ю˅я˅я $ôôÿ ûôðāýøýö ˭$,ˮñ̌ðĂôó $ðăð !ýðûĈĂøĂ 

Deep learning (DL) method constructs deep network structure by stacking multiple 

hidden layers to simulate the hierarchical structure of human brain and imitate the 
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learning process of human brain. In deep learning method of training in the learning 

process, a layer of the extracted features as the next layer of the study object, based on 

the characteristics of low order abstract representations of learning to get its higher-

order abstract characteristics, different levels of input information abstract feature 

extraction, eventually to extract the essential feature of the input data, improve the 

classification ability of network. With the rapid developments in recent years, some 

deep learning methods have been used in structural health monitoring. The typical deep 

learning methods of Convolutional Neural Network (CNN), Recurrent Neural Network 

and Restricted Boltzmann Machines (RBM) are briefly introduced below. 

1) Convolutional neural network (CNN) 

Convolutional neural network is a kind of common deep learning method. Compared with 

other methods of deep learning, convolution layer in the neural network weight value 

sharing reduces the number of parameters in the network to participate in the training, and 

reduced the complexity of the network model, to reduce the risk of over fitting, so that the 

convolution algorithm for training to be able to use the existing neural network training and 

obtain good generalization ability. The existing supervised gradient descent algorithm can 

be applied to obtain the parameters of the model. After training, the convolutional neural 

network can learn the features of the original input data and have the ability to extract and 

classify the features. Compared with traditional pattern recognition methods, convolutional 

neural network has one prominent advantage: the original image can be directly used as the 

input feature of the network, avoiding the complex and tedious feature extraction process 

in traditional methods. 

2) Recurrent neural network 

Recurrent Neural Network (RNN) is a kind of Recurrent Neural Network that carries out 

recursion in the direction of sequence evolution with all nodes with sequence data as input. 

Recursive neural network formed by chaining connections to form closed circuits. 

Circulatory neural networks they perform the same task for each element in the sequence, 

and the output depends on previous computations that circulatory neural networks have 

memory, memory that captures information that has been computed so far. RNN is a 

classical network model in deep learning, which has achieved good results in dealing with 

many serialized input problems. The core of RNN is to use the historical information of 

input sequence to process sequence data. 

3) Restricted Boltzmann Machines (RBM) 

As a special type of Markov random field, restricted Boltzmann machine (RBM) is a two-

layer neural network forming a bipartite graph that consists of two groups of units including 

visible units v and hidden units h under the constraint that there exists a symmetric 

connection between visible units and hidden units and there are no connections between 

nodes with a group. 

· Deep Belief Network: Restricted Boltzmann Machine (RBM) and classifier stack 
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constitute deep confidence network, which is a probabilistic generation model. 

Deep Belief Network constructs deep learning structure by stacking RBM. Its 

network structure of multiple hidden layers enables it to more abstractly learn and 

extract higher-order features of input data, which is suitable for learning and 

classifying large amounts of data. 

· Deep Boltzmann Machine: Deep Boltzmann machine (DBM) can be regarded as a 

deep structured RMBs where hidden units are grouped into a hierarchy of layers 

instead of a single layer.  

 ")' $!4! !.!,93)3 

Big data analysis methods are mainly based on statistical learning, data mining, pattern 

recognition, visualization and predictive analytics. 

1) Statistical analysis 

Statistical analysis includes: hypothesis test, significance test, variance analysis, correlation 

analysis, test, variance analysis, card analysis, partial correlation analysis, distance analysis, 

regression analysis, simple regression analysis, multiple regression analysis, gradual 

regression, regression prediction and residual analysis, ridge regression, logistic regression 

analysis, curve estimation, Factor analysis, clustering, main component analysis, factor 

analysis, rapid clustering and clustering, discrimination analysis, correspondence analysis, 

multi-corresponding analysis (optimal scale analysis), bootstrap technology, etc. 

2) Data mining 

Data mining involves six common classes of data analysis tasks: 

· Anomaly detection (outlier/change/deviation detection) ï The identification of 

abnormal big data records, that might be interesting or data errors that require 

further investigation.  

· Association rule learning (dependency modelling) ï Searches for relationships 

between big data.  

· Clustering ï is the task of discovering groups and structures in big data that are in 

some way or another "similar", without using known structures in the big data. 

· Classification ï is the task of generalizing known structure to apply to new data.  

· Regression ï attempts to find a function which models big data with the least error 

that is, for estimating the relationships among big data or datasets. 

· Summarization ï providing a more compact representation of big data, including 

visualization and report generation. 

3) Pattern recognition 
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Pattern recognition is the automated recognition of patterns and regularities in big data, 

which is related to the artificial intelligence and machine learning, together with 

applications such as data mining and knowledge discovery in databases (KDD), and is often 

used interchangeably with these terms. Algorithms for pattern recognition depend on the 

type of label output, on whether learning is supervised or unsupervised, and on whether the 

algorithm is statistical or non-statistical in nature.  

4) Predictive analytics 

Predictive analytics encompasses a variety of statistical techniques from data mining, 

predictive modelling, and machine learning, which analyses current and historical facts to 

make predictions about future or otherwise unknown events. 

5) Data fusion 

Data fusion is to use computer technology to analyze and synthetically process the 

monitored data from multiple sensors or sources. Then, more effective information can be 

derived by optimizing the combination of multisource data. There are mainly three types 

of data fusion as follows: 

· Data layer fusion is the fusion directly on the collected original data layer. Data 

synthesis and analysis are carried out before the original measurement of various 

sensors are preprocessed. Data layer fusion generally adopts centralized fusion 

system for fusion processing. It is a low-level fusion. 

· Feature layer fusion belongs to the intermediate level of fusion, which first extracts 

the original information from the sensor, and then comprehensively analyzes and 

processes the feature information. Feature layer fusion has the advantage to realize 

considerable information compression, which is conducive to real-time processing, 

and to extract the features directly related to decision analysis. 

· The decision-making layer fuses different types of sensors to observe the same 

target, and each sensor completes the basic processing locally, including 

preprocessing, feature extraction, recognition or decision, to establish the 

preliminary conclusion of the observed target. Then, the decision level fusion 

decision is made through association processing, and finally the joint inference 

result is obtained. 

6.2 3425#452!, #/.$)4)/. )$%.4)&)#!4)/. 

It is important and necessary to identify and evaluate structural condition at local/global 

structural level in terms of static parameters including strain/stress distributions, 

deformation, stiffness, loads, internal force, support condition; and dynamic parameters i.e., 

modal frequencies, damping ratios, shapes and generalized coordinates to support 

identification and diagnosis of degraded structural condition and performance. Although 
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most of structural parameters can be directly measured, the discussion of the derived 

relationship of each parameter is needed. In view of the need for practical application, this 

section provides several basic ideas on derivation of various structural condition parameters. 

 $%&/2-!4)/. )$%.4)&)#!4)/. 

ѓ˅я˅ю˅ю $ôõûôòăøþý  

Structural deformation can be estimated based on direct measuring equipment or indirect 

identification. At present, the common technologies used in direct deflection measurement 

include connected tube liquid level measurement, precision level measurement, high 

precision total station measurement, GPS, laser, photogrammetry, and microwave radar, 

photoelectric imaging technology etc. Especially, the vision-based structural deflection 

measurement has attracted increasing attentions in recent years. More details can be found 

in Appendix C.1.2. 

The main indirect deflection identification methods are acceleration-based method, strain-

based method, and conjugated beam-based method. 

1) Acceleration-based method 

The acceleration-based method is based on acceleration integration. It is divided into two 

categories: time-domain integration and frequency-domain integration.  

¶ Time-domain: Structural deflection is estimated by double integration of the 

measured acceleration signal. However, there will be a trend term, which will affect 

the integration result. Some algorithms have been developed to remove the 

cumulative integration error and the drift. 

¶ Frequency-domain: The time domain signal is converted into the frequency domain. 

The integration in the frequency domain can obtain the Fourier component 

coefficient. The cumulative amplification effect of the error by the time-domain 

integration can be reduced. 

2) Strain-based method 

According to the structural analysis, structure deflection can be obtained from the double 

integration method. However, this method requires distributed strain sensors to ensure the 

measurement accuracy. Moreover, the double integral results are also greatly affected by 

integral amplification and error accumulation. A common approach to eliminate the 

accumulative errors is to construct a proper polynomial function of the strain distribution 

and then calculate the deflection via double integral. 

3) Conjugated beam-based method 

The key idea of the conjugated beam method is that the displacement of the real beam is 

numerically equal to the moment at the corresponding point in the conjugate beam. A 
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presumption on uniformity is put forward to ensure all of the physical parameters over the 

gauge length of a sensor (i.e. a ñcellò) are homogeneous and only the average concepts like 

average moment, average curvature and average stiffness are concerned. Once the macro-

strain distribution is measured, the curvature distribution of the original beam (OB) as well 

as the load distribution of the conjugated beam (CB) can be then obtained. As is well known 

that the deflection of the OB is equal to the moment of the CB, the vertical deflection over 

the real beam can be achieved finally. 

ѓ˅я˅ю˅я 2þăðăøþý ðýó 4øûă 

1) Rotation  

Rotation angle of the structural unit is directly measured by the rotation measuring 

equipment, or indirectly acquired by the data analysis on the measured strain and other 

observed data.  

¶ Conjugate beam method: A virtual beam corresponds to the actual beam, which has 

the same length, coordinate axes and coordinate origin as actual beams. The 

load  density at any point of the virtual beam is equal to the curvature on the cross 

section at corresponding points of the actual beam, namely the curvature figure of 

the actual beam as be the virtual distributed load on the virtual beam. According to 

similar principles, the shear force of virtual beam is calculated to equivalent the 

rotation angle of actual beam.  

¶ Curvature integral method: The curvature function of n-order polynomial is 

constructed, and the coefficients of curvature function are obtained by regression 

analysis of measured strain data. Under boundary conditions, the rotation angle of 

any section in the beam could be acquired through first integral of the curvature 

function. 

2) Tilt 

The process of measuring the inclination of a structural unit relative to the direction of 

gravity. 

The tool for measuring the small angle of inclination is named as precise level, which is 

mainly used for the leveling work of some high-precision equipment; the tool that can 

measure the full angle range of the tilt angle is generally called the inclinometer, and the 

measurement accuracy is relatively better than the level. Slightly lower, it is mainly divided 

into dynamic inclinometer and static inclinometer. The dynamic inclinometer is mainly 

used for dynamic angle measurement. The main indicators are real-time and stability. The 

static inclinometer is generally used to measure the inclination angle that does not change 

continuously with time. The indicators are mainly high precision and stability. 

The tilt sensor is often used for horizontal measurement of the system. According to the 

operating principle, tiltmeter can be divided into three types, solid pendulum, liquid 

javascript:;
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pendulum and gas pendulum. The tilt angle sensor can also be used to measure the 

inclination angle with respect to the horizontal plane. 

 )$%.4)&)#!4)/. /& ,/!$3 

ѓ˅я˅я˅ ю )óôýăøõøòðăøþý þõ 3ăðăøò ,þðóĂ 

Dead load is a type of static loads acting on structure permanently. It is stationary and 

unable to be removed. The self-weight of the structural members normally provides the 

largest portion of the dead load of a structure. Non-structural elements that are unlikely to 

vary during the service life (e.g. parapets, kerbs and rail tracks) must also be incorporated 

in the calculation of the total dead load. Superimposed dead load includes the weights of 

non-structural elements that are likely to vary during the service life (e.g. road surfacing, 

pipes and utility services). Calculation of dead load is often based on the estimation of 

volume and density of the construction materials. In the case of bridge testing with vehicles, 

vehicular loads can be considered as static when vehicles are driven onto the bridge at a 

crawling speed. Load-carrying capacity of a bridge can be assessed by means of crawling 

test with standardized vehicular loads. 

1) Prestress monitoring 

Prestress loss is the prominent damage in prestressed bridges. To ensure the structural safety 

of prestressed bridges, it is necessary to monitor the prestress in prestressed steel bars. At 

present, fiber Bragg grating sensing technology is applied in the research of prestress 

monitoring. Fiber Bragg grating (FBG) sensors have higher accuracy and stability than the 

traditional electrical sensors. 

2) Thermal action 

For the temperature action in the structure, the temperature sensor is usually installed to 

monitor the environment and structure temperature. The common way is to select the 

typical section, lay a number of sensors on the typical section, and depict the temperature 

field on the typical section through the temperature data monitored by the sensors. 

According to the measured temperature field results, the temperature field is simplified into 

uniform temperature action, linear temperature action and nonlinear temperature action. 

ѓ˅я˅я˅ я )óôýăøõøòðăøþý þõ $Ĉýðüøò ,þðóĂ 

In contrast to static loads, dynamic loads applied on a structure give rise to dynamic 

responses such as displacement, velocity, acceleration and strain that are time-variant.  

1) Vehicle loads 

The load due to traffic is in most cases the dominating load for an in-service bridge and 

therefore plays an important role in the probabilistic-based assessment. With data from 
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monitoring site, specific live load models can be developed and used for structural 

assessment instead of load models from codes. For instance, on-site traffic data, including 

axle load, axle space, speed, lane in used and arrival time, can be collected from weigh-in-

motion sensors deployed near the bridge location. Traffic-induced local responses can be 

captured by strain gauge and displacement sensor. Probability density function and 

spectrum can be constructed to describe the measured moving loads. Calibration of design 

models is based on the actual load model.  

For the expressway, when the vehicle enters the Toll Gate, it will bear the load of the vehicle 

while paying the fee. Therefore, the load bearing data of toll stations can be used as the data 

source of axle load of vehicles. WIM system is used to measure the axle weight, speed, axle 

distance and other information of vehicles, providing accurate vehicle load information for 

bridge structural analysis. WIM system can be divided into fixed, semi-fixed and portable. 

The fixed WIM system embeds the sensor underground and adopts the shaft measurement 

method. The semi-stationary part of data processing and result display is movable; Portable 

is carried by the staff, adopts wheel measurement, consists of two weighing boards and an 

instrument. The common traditional WIM sensor consists of curved plate type, 

piezoelectric type, capacitive type, etc. 

Moreover, the principal of influence line can be used for the identification of vehicle loads 

by constructing the influence line from the measured data. The total vehicle weight passing 

through a bridge is approximately obtained from the integral of the influence line on its 

length (the sum of the bridge length and the vehicle length) and the integral of the influence 

line on the bridge length under the traditional unit load. This method is simple and effective. 

2) Wind loads 

The anemometer installed on the structure can measure wind speed and direction.  

· Wind speed: the traditional three-ring rotating frame structure is adopted. The 

single-chip microcomputer in the instrument samples and calculates the output 

frequency of the wind speed sensor. At last, the instrument outputs instantaneous 

wind speed, one-minute average wind speed, instantaneous wind level, one-minute 

average wind level, average wind speed and corresponding wave height.  

· Wind direction: it is composed of wind direction indicator, wind direction dial 

(magnetic compass), etc. The wind direction indicator is determined by the position 

of wind direction pointer on the wind direction dial. 

Wind-induced vibrations can be measured by accelerometer mounted on the monitoring 

targets. The wind load acting on a structure is estimated by a basic wind velocity, correction 

factors, aerodynamic coefficients, and projection areas of the structure. With data analysis 

of long-term measurements, wind load models can be calibrated for regions of interest. 

These models can serve as a basis for refined estimation of the expected wind load for a 

given return period.  
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3) Seismic loads 

The ground acceleration induced by a seismic event is often recorded by the seismograph 

placed near structural foundation. The structural response can be measured by various types 

of sensors such as accelerometer and strain gauge. Post-earthquake damage assessment can 

be carried out based on the monitoring data. 

Alternatively, structural dynamic loads can be identified by solving an inverse problem 

based on the structural dynamic responses collected by SHM system installed on the 

structure. The identification technologies of dynamic loads can be generally divided into 

frequency domain method and time domain method. With the development of signal 

processing and pattern recognition, other methods, such as wavelet analysis, fractal, 

machine learning, etc. have also been used for dynamic load identification. 

On the other hand, according to the determinacy of the structures subject to the dynamic 

loads, the identification methods can be classified into identification methods of 

determinate and indeterminate structures. 

The identification methods of deterministic structures: according to the type of dynamic 

load identification methods, the methods can be divided into four categories: (i) direct 

inversion methods, (ii) Kalman filter methods, (ii) random methods, and (iv) artificial 

intelligence-based methods. 

4) Direct inversion methods 

Based on the relationship between structural response and dynamic load, dynamic load is 

identified by direct inversion operation. In order to solve the ill-posed problem of direct 

inverse, the regularization method is generally adopted herein, and the commonly used 

regularization methods include direct regularization method and iterative regularization 

method. 

5) Kalman filter (KF) based methods 

Kalman filter theory is a very famous state estimation theory. Since the theory was put 

forward in 1960, it has been widely used in the many fields of engineering. However, in the 

classical KF approach, the external input forces are assumed either known or assumed 

broadband process. Recently, data fusion based Kalman Filter with Unknown Inputs has 

been developed for real time joint identification of structural states and the unknown inputs. 

Moreover, in order to extend to the nonlinear systems, data fusion based extended Kalman 

filter with unknown input (EKF-UI) have been proposed for real-time simultaneous identification 

of structural systems and unknown external inputs. It approximates the nonlinear system using a 

first-order linearization based on a Taylor series expansion. However, the accuracy of the EKF-UI 

is severely constrained for highly nonlinear systems due to linearization-induced errors. Recently, 

a direct extension of the conventional Unscented Kalman filter (UKF) to the Unscented Kalman 

filter with known inputs (UKF-UI) has been proposed for the simultaneous identification of 

nonlinear structural systems and unknown external excitations from partial measurements of 
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structural responses. 

Specifically, some identification algorithms have been proposed for the identification of 

vehicle loads, wind loads and seismic loads. Among them, the algorithms based on Kalman 

filter with unknown input (KF-UI), extended Kalman filter with unknown input (EKF-UI), 

and Unscented Kalman filter with known inputs (UKF-UI) have been validated. 

6) Probabilistic methods 

These methods are used to investigate the problem of dynamic load identification from the 

point of view of probability and statistics, which are mainly applied to the identification of 

random dynamic load. 

7) The artificial intelligence methods 

The artificial intelligence methods such as machine learning based on support vector and 

neural network are used to identify structural dynamic load. Structural input and output 

data already contain most of the dynamic characteristics of the structure, so machine 

learning does not need to rely on the structural model, but only needs to train learning 

network repeatedly through these data. The trained network model can store the nonlinear 

mapping relationship between the vibration response of the structure and its dynamic load, 

which avoids the difficulties such as structural modeling accuracy, error control and so on, 

and increases the practical operability. Therefore, machine learning has great potential for 

the identification of dynamic loads to structural systems with complex nonlinearity and 

uncertainty. 

The identification method for uncertain structure are based on the mathematical model 

describing uncertain structure. At present, the commonly used mathematical models in 

dynamic load identification of uncertain structures are probability model and interval model. 

8) Probabilistic model (also known as random model) 

The uncertain factors are regarded as random variables or random processes, and the 

uncertain are modeled by probability distribution. The commonly used methods under 

probabilistic model are spectral representation, Karhunen-Loeve expansion, nonparametric 

method, Bayesian method, etc. 

9) Interval model 

The probability distribution function of uncertain parameters in many structures maybe 

hard to be established. In order to overcome the limitations of probability model, interval 

variables are used to represent uncertain variables, and interval analysis method is used to 

study structural uncertainty. 
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The modal identification method can also be divided into frequency domain identification 

method, time domain identification method, time-frequency domain identification method 

and nonlinear system identification method according to the type of data processing. The 

frequency domain method refers to converting the time domain data obtained by testing to 

the frequency domain and identifying the modal parameters of the structure through certain 

features corresponding to the structure of the frequency domain. Commonly used frequency 

domain modal identification methods are: 

· Peak Picking method 

· Frequency Domain Decomposition method  

· Enhanced Frequency Domain Decomposition method  

· Least-squares Complex Frequency Domain method  

· Polyreference Least-squares Complex Frequency Domain method 

The time domain method directly identifies changes in structural modal parameters or 

structural parameters based on the structural responses in the time domain. Commonly used 

time domain modal identification methods are: 

· Ibrahim Time Domain method 

· Natural Excitation Technique 

· Random Decrement Function 

· Eigensystem Realization Algorithm 

· Time series model 

· Least-squares Complex Exponential method 

· Polyreference Least-squares Complex Exponential method 

Most of the time domain and frequency domain identification methods can only deal with 

the stationary response signal. However, the actual response signal does not always meet 

the stationarity requirements. Therefore, the identification method needs to have the time-

frequency domain analysis function. The time-frequency analysis methods mainly include:  

· Short time Fourier 

· Hilbert-Huang Transform 

· Wavelet Transform 

For nonlinear systems, traditional identification methods are often difficult to obtain 

satisfactory results. With the in-depth study of intelligent control theory, some new 

intelligent parameter identification methods, such as neural networks and genetic 

algorithms, have emerged.  

Modal analysis has been, for a long time, associated with the use of displacement responses 

(or their derivatives with respect to time). The use of strain sensors for modal testing, on 

the other hand, has been less accentuated, with the difficulties of using strain gauges 



)3(-)) 4ðĂú &þāòô þý 3ăðýóðāóøĉðăøþý 

70 

 

slowing down the advent of strain modal analysis. But the increased interest from both 

industry and academia on assessing and evaluating structural integrity on design prototype 

stages and also monitoring in real-time (with SHM), has led to an increase in the number 

of dynamic strain applications, to the development of improved identification and 

measurement techniques, as well as to improved sensor technology. 

6.3 3425#452!, $!-!'% $%4%#4)/. 
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When damage develops significantly, it not only affects the structural serviceability, but 

also has an impact on the structural safety by decreasing the load-bearing capacity of the 

structure. However, major deterioration issues may only become apparent once the 

structure is already in need of rehabilitation. A better management system to optimize 

maintenance strategies is required to prolong the service life of structures, ensure safety, 

and reduce costs. One potential strategy to improve structure management is to use sensor 

technologies for regular measurement and to detect damages at an early stage. 

The objectives of structural damage detection can be divided into four levels, as listed in 

Table 6.1. 

Table 6.1 Four levels  of structural damage detection  

Level Objective Description 

Level 1 Detection To determine if there is damage condition in the structure system. 

Level 2 Localisation To locate the geometric location of the damage condition. 

Level 3 Quantification To determinate the severity of the damage condition. 

Level 4 Prognosis To predict the structural reliability and remining life. 

 $%4%#4)/. /& 490)#!, %!2,9 $!-!'% 
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The traditional crack detection mainly includes visual inspection and core-taking method, 

acoustic wave detection method, shot nail method, pullout method, etc. Currently, the 

commonly used crack identification technologies are as follows. 

1) Geological radar detection 

Based on the amplitude and time-frequency analysis of the return electromagnetic wave, 

the purpose of detecting the crack can be achieved. 
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2) Ultrasonic and acoustic emission detection 

Based on the propagation velocity of ultrasonic pulse wave in concrete, the amplitude of 

the first wave and the main frequency of the received signal by the sensor are measured and 

analyzed to determine the crack in structures according to these parameters and their 

relative changes. 

3) Long-gauge strain-based detection 

The conventional crack detection technique is a point sensor that may easily ignore the 

crack since the point sensor can only measure the strain at a local point. The identification 

of crack monitoring and width based on long-gauge strain can: monitor online and in real 

time, the monitoring is highly automatic, and the monitoring has good distribution.  

4) Image processing detection method 

Recent advances in computer vision and image processing techniques have provided an 

automatic visual monitoring system that can capture local damage, which does not require 

the incorporation of expensive sensors, and is less dependent on expert experiences. 

Therefore, crack detection based on image processing has the advantages of non-contact, 

high efficiency, convenience and intuition. According to the characteristics of the collected 

crack image, the optimal crack detection threshold of image segmentation is found by class 

discrimination method, and then the crack information of the image is extracted. Although 

computer vision and image processing techniques have been proposed for crack 

identification, the extensively varying real-world situations and the complicated 

background information from a real structure (e.g., lighting and shadow changes, 

handwriting scripts during human inspection) can lead to challenges to the wide adoption 

of Image processing detection technology. To overcome these challenges, one possible 

solution that has more real-world situation adaptability is using AI-based machine learning 

algorithms.  

In the artificial intelligence field, various machine learning algorithms have been proposed. 

The regular artificial neural network (ANN) cannot extract high level features. Deep 

learning-based computer vision can overcome the limitations of conventional computer 

vision, such as the requirement for predesigned filter-based detectors, assumptions about 

crack geometry, and robustness for complicated real-world images. Therefore, the deep 

learning technologies have received great attention in crack detection based on computer 

vision and image processing technology. The deep architecture of convolutional neural 

networks (CNN) and deep restricted Boltzmann machine (RBM) are two representative 

deep learning architectures. Both the CNN and restricted Boltzmann machine (RBM) are 

very powerful for image recognition. CNN has been proposed to recognize lowКresolution 

images of handwritten digits. The RBM is an undirected graphical model containing a 

number of layers of hidden variables and have no connections between the variables within 

the same layer. So, it plays an important role in current deep learning techniques. 

On the other hand, the developments of UAV, robots, and wearable devices have provided 
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some efficient tools for conducting image processing detection of cracks in practical 

engineering structures. 

ѓ˅ѐ˅я˅я 3ăôôû #þāāþĂøþý 

The corrosion of structural steel is an electrochemical process with the involvement of both 

the metal and the surrounding environment (moisture and oxygen). Essentially, the iron in 

the steel is oxidized to produce rust. Various microstructure, composition, and mechanical 

design issues will lead to different corrosion forms, commonly manifested as following 

seven types: uniform corrosion, galvanic corrosion, crevice corrosion, pitting, interganular 

corrosion, stress corrosion cracking and dealloying. 

Many models have been developed to predict time-variant corrosion penetration in steel 

intending to capture the actual corrosion process, and multiple recommendations and 

regulations have been issued for corrosion coating, prevention, inspection and repair of 

corroded steel structures. For steel structures, corrosion inspection is usually conducted 

through visual inspection. For reinforced concrete structures, since the reinforcement is 

buried inside the concrete, visual inspection is not applicable. Existing techniques for 

detecting corrosion of steel reinforcement can be categorized as electrochemistry based and 

Physical based. These technologies are introduced in detail in Appendix C.1.6.  

ѓѐ˅˅я˅ѐ 3ôăăûôüôýă 

Settlement and subsidence degrade the performance of foundations, leading to cracks, 

tilting, and possible failure of the structure. Monitoring provides early detection of 

settlements, documents changes, and helps control corrective actions. Typical 

instrumentation includes rod extensometers, inclinometers, and shape arrays to monitor 

subsurface movements, and automated total stations (AMTS), beam sensors, liquid level 

gauges, tiltmeters, and crack meters to monitor movements above grade. 

ѓ˅ѐ˅я˅ё 3òþĄā 

1) Visual Inspection-Based Method 

The most widespread monitoring scheme for scouring is to undertake visual inspections. 

These types of inspections are commonplace in engineering. With regard to scour, visual 

inspections involve the use of divers to inspect the condition of foundation elements and to 

measure the depth of scour using basic instrumentation. Two particular disadvantages 

associated with this inspection method include the fact that inspections cannot be carried 

out during times of flooding, when the risk of scour is the highest, and the maximum depth 

of scour may not be recorded as scour holes tend to be filled in as flood water subsides. 

2) Structural static properties-based method 

Devices of this type use the differences in the structural static properties to determine the 
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related parameters, such as location of the waterïsediment interface, scouring loads, 

scouring depth, flow speed. They work on the principle of measuring a measurand, if the 

material between the probes changes, the ability for a current to be drawn will also change. 

This phenomenon can be used to indicate the presence and depth of scour. An example of 

a device that uses this technology is electrical conductivity probe. 

Most of the instrumentation described either has the disadvantage of requiring underwater 

installation, which can be costly, or can only be used discretely as part of routine inspections. 

These are notable disadvantages.  

3) Structural dynamic properties-based method 

Monitoring the dynamic response of the structure itself to the occurrence of scour has 

gained significant interest in recent times. Accelerometers allow for the measurement of 

the structural response particularly to a change in boundary conditions. The soil-structure 

interaction process is complex during scour, however, removal of material under (or around) 

the foundation during scour will cause increased stress and consequently reduced stiffness 

in the remaining soil. Since the frequency of vibration of the structure depends on the 

system stiffness, observing changes in vibration frequencies is a potential method for 

damage identification and health monitoring. The natural frequency of the bridge pier-

foundation system can be determined from accelerometers placed on the structure using 

spectral analysis tools such as FFTs or frequency domain decomposition among many other 

methods. These methods usually comprise the use of accelerometers to detect modal 

properties such as natural frequency in concert with the development of reference numerical 

models. Moreover, distributed long-gage FBG sensors can be used for efficient detection 

of scouring as local strains of the bridge pier-foundation can be identified by long-gauge 

strain sensing unit. Since strain modes are more sensitive to local variations compared with 

the displacement modes extracted from acceleration measurements. Thus, small scour 

volumes can still be successfully detected based on the long-gage FBG sensor technology.  

ѓ˅ѐ˅я˅ђ $ôöôýôāðăøþý þõ 3Ąÿÿþāă 

The structural supports represent the subgrade and foundation of the main structure, which 

is generally consist by the following three parts: 

¶ the support component which is directly contacted with the main structure, such as 

the bearing, the cushion, etc.;  

¶ the foundation through which the main structural force can be transmitted to the 

subgrade, such as piers of bridges, pile foundations, raft foundations, roadbeds of 

roads and railway lines, etc.; 

¶ the subgrade through which the structural forces can be transmitted and distributed 

to the rocks or soils. The deterioration of support means the performance 

degradation of the above three parts. 
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Specific monitoring methods and means can be determined according to different types of 

structures and force characteristics. For example, the displacement of bridge bearings can 

be monitored by using displacement sensors. The inclinometer can be used to monitor the 

inclination of piers. The subgrade deformation can be monitored by deflection sensors, 

static force level gages, optical sensors or GPS, etc. The landslides can be monitored by 

embedding deformation sensors in boreholes. 

At present, the support performance can also be checked by visual inspection, such as steel 

structure corrosion, rubber aging, etc. For example, the bearing displacement meter is 

generally used to measure the longitudinal displacement of large Bridges. For large 

structures, especially suspension bridges, their longitudinal accumulated displacement is 

large, which is easy to cause severe wear of PTFE plates on steel supports, even resulting 

in steel support sticking and other diseases. The wear condition of PTFE plate can be 

calculated indirectly by monitoring the bearing displacement. Bearing reaction can directly 

reflect the load level of the bridge superstructure, which is one of the important indexes of 

bridge state evaluation. It is usually possible to monitor the bearing reaction by installing 

sensors in the internal structure of the support. At present, it is commercially possible to 

purchase intelligent supports with reaction monitoring systems directly. Moreover, the 

pressure sensor method is a widely used method to evaluate the state of the support 

performance. 

ѓ˅ѐ˅я˅ѓ &ðăøöĄô 

Fatigue problem is typically a process of cracks formation and propagation due to a 

repetitive or cyclic load. Under cyclic stress, micro-cracks in steel structure will develop 

into macroscopic cracks, which will eventually lead to component fracture. Fatigue process 

is a very progressive and complicated metallurgical process which is difficult to describe 

accurately and model precisely on the microscopic level. Despite these complexities, two 

major fatigue analysis theories have been developed for fatigue damage assessment for the 

design of components and structures, as follows. 

¶ Cumulative fatigue damage theory (CFD) theory: CFD theory is based on the 

framework for fatigue strength assessment. Specifically, CFD theory believes that 

fatigue damage in a component increases with applied load cycles in a cumulative 

manner. 

¶ Fatigue crack propagation (FCP) theory: FCP theory is based on fracture mechanics. 

FCP theory equates fatigue crack growth rate to cyclic elastic stress intensity factor, 

which is relating to crack condition at the tip of a long crack subjected to a low 

value of cyclic stress. 

These two theories lay a foundation for methodologies developed for fatigue analysis. 

Among them, the most applied and representative methodologies are stress-life (S-N-

based), strain-life and fracture mechanics methodologies, which are all related to strain 

information of a component/structure. Therefore, the way to get the strain information is 
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becoming an indispensable approach to conduct fatigue life analysis. 

In practice, strain gauges, including optical fiber strain sensor, are widely used to measure 

the component/structure strain under static and dynamic load conditions. Following 

instructions on simulation method, in-situ practice, and fatigue detection are provided as 

reference.  

1) Simulation Method 

The simulation is to establish fatigue load model and finite element model for structural 

analysis, adopt certain stress counting method to obtain the stress spectrum of component 

details, and finally carry out fatigue identification of component details according to S-N 

curve and Palmgren-Miner criterion. The implementation steps of the simulation method 

include: 

¶ Step1: The fatigue load model was obtained by field survey and structural 

monitoring data. 

¶ Step2: The finite element model of the structure is established 

¶ Step3: According to the model of fatigue load, the stress process of the structural 

details is obtained. 

¶ Step4: The stress spectrum of structural details is obtained by using certain stress 

counting method (such as rain-flow counting method). 

¶ Step5: The total damage degree and residual fatigue life of the structure details were 

calculated by S-N curve and Palmgren-Miner criterion. 

2) In-Situ Test Practice 

In-situ test method is to get the stress spectrum for fatigue analysis directly by setting strain 

measuring points in key parts of the structure. After the measured strain data of measuring 

locations within a certain period of time, fatigue damage calculation of structure can be 

carried out according to the following steps: 

· Step1: According to the measuring locations, the corresponding structure details are 

classified. 

· Step2: The strain data that remain unchanged for a long time are compressed, and 

to eliminate the small strain data in the strain history (because the large probability 

of small strain data is caused by measurement error). 

· Step3: The stress data for fatigue analysis are obtained from the sensor orientation 

and Hooke's law. 

· Step4: The stress amplitude and the corresponding times of action are calculated by 

a certain stress counting method (e.g., rain-flow counting method). 

· Step5: Find the S-N curve and get the action times of detail fatigue failure under 

different stress amplitudes. 

· Step6: The total damage degree was calculated by Palmgren-Miner linear 
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cumulative damage criterion. 

3) Fatigue Crack Detection 

Crack is not only the macroscopic performance of steel structure fatigue, but also an 

effective index to evaluate structural fatigue performance. In general, the length and width 

of fatigue cracks can be detected regularly by visual inspection. For microscopic cracks, 

magnetic particle flaw detection is generally adopted, and ultrasonic detection technology 

can realize the detection of crack depth. Moreover, AI-based machine learning technology, 

especially the deep learning technologies have received great attention in crack detection 

based on computer vision and image processing technology, as introduced in crack 

identification. 

 !,'/2)4(-3 &/2 $!-!'% $%4%#4)/. 

During the past decades, structural damage detection (DD) has been developed rapidly. So 

far, various algorithms have been developed for structural damage detection (DD). The 

common algorithms for structural damage detection are summarized according to the types 

and functions. 

ѓ˅ѐ˅ѐ˅ ю ,þòðû ðýó 'ûþñðû !ÿÿāþðò÷ôĂ  

1) The local approach is used to accurately detect, locate and describe the damage of 

specific components based on Nondestructive Evaluation. The popular local approach 

is visual measurement, rebound method, staining method, optical interference, acoustic 

emission, ray method, ultrasonic technology and so on.  

2) The global approach is applied to detect structural damage by using the changes of 

structural parameters before and after the damage. The structural damage identification 

based on modal parameters is the classical method, which include damage identification 

of frequency-based and mode-based.  

However, the local and global approaches are integrated utilized in the health monitoring 

of large-scale structural engineering.  

ѓ˅ѐ˅ѐ˅ я 3ăðăøò 2ôĂÿþýĂô "ðĂôó !ûöþāøă÷üĂ 

The stiffness of structure will be changed when structure is damaged, which cause the strain 

and other parameter of the structure are changed accordingly. The damage identification of 

the structure is realized by the residual analysis between the calculated and measured 

response. The static response-based damage detection method mainly depends on the 

change of measured parameter under the static test, including displacement, strain, 

deflection, angular, et.al, which can be used to damage determination directly and simply.  

1) Static displacement-based  
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The static displacement includes the observation of deflection and rotation angle of 

structural joints. Based on the static displacement data before damage and after damage, a 

structural damage identification method based on static displacement observation is 

established. 

2) Static deflection-based 

Different with static displacement-based method, static deflection-based method assumed 

that structural damage is the only reason for the change of static deflection. In the static 

deflection-based method, condensation method can be introduced to eliminate the 

rotational stiffness. In damage identification process, only the deflection needs to measure 

element node. 

3) Influence line-based 

The elastic damage force theory suggests that the residual of deflection before and after 

damage has the same shape as the influence line produced by the concentrated force (elastic 

damage force) in the damage element. Thus, influence line can be used in damage detection. 

4) Strain-based 

Strain is a local measurand which is sensitive to structural local damage. Based on the 

measurements of structural static strain data before and after damage, structural local 

damage can be detected. 

ѓ˅ѐ˅ѐ˅ ѐ $Ĉýðüøò 0ðāðüôăôāĂ "ðĂôó !ûöþāøă÷üĂ 

1) Modal frequency variation-based algorithms 

It is easier to obtain structural modal frequencies and the identification accuracy is high. 

However, structural modal frequency is a global parameter; it is difficult to detect structural 

local damage based on structural frequency variation. 

2) Mode shape-based algorithms  

· Displacement mode-based  

Ÿ Modal assurance criterion (MAC) 

Ÿ Coordinate modal assurance criteria (COMAC) 

Ÿ Mode shape curvature 

· Strain mode shape- and long-gauge strain mode-based  

Ÿ Modal strain energy 

Ÿ Strain frequency response function 

Ÿ Long gauge strain modal vector 

3) Structure physical parameter -based algorithms 

· Stiffness-based  
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· Modal flexibility-based  

· Damping changes-based  

· Sensitivity analysis-based 

· Residual force-based 

· Frequency response functions-based 

· Transmissibility function-based: effectiveness in damage detection, and 

independency to the excitation records  

ѓ˅ѐ˅ѐ˅ ё -þóôûñ̌ðĂôó ðýó -ôðĂĄāôó óðăð ˭ üþóôû̌õāôôˮ ̌ñðĂôó ðûöþāøă÷üĂ 

1) Model-based algorithms 

The structural model, specifically the finite element model, provides structural connectivity 

and property information in the form of elemental force-displacement relationships and 

material constitutive properties. The predictions of this model are then compared with 

measurements. When agreement between measurement data and model predictions is not 

satisfactory, measurements are used to ñcalibrateò the model. This involves selecting a 

small number of model parameters that may have values that are different from those used 

in design. 

Some popular and basic examples of model-based algorithms are  

· Displacement mode-based  

· Strain mode shape- and long-gauge strain mode-based  

· Stiffness-based  

· Modal flexibility-based   

· Damping changes-based  

· Sensitivity analysis-based  

· Residual force-based 

· Frequency response functions-based  

· Kalman Filter-based 

· Model Updating-based 

The model updating method is to update the finite element model by using the data obtained 

from the structural experiment, and eliminate the error caused by the simplification of the 

mathematical model, the measurement error of the physical characteristics of the structure, 

the order of the model and the error caused by the discretization of the structure. The 

difference between the structural finite element model analysis results and the measured 

data response results in a more accurate finite element model to discriminate structural 

damage. The methods of model updating is mainly divided into four categories: direct 

method, condensation-based method, and response surface-based updating methods. 

Kalman filter obtains the optimal estimation of the dynamic system from a series of 

observations disturbed by noise in statistical sense. The extended Kalman filter (EKF) 

approach can simultaneously estimate structural state and structural unknown physical 
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parameters based on the partial observations data, which makes EKF widely used in the 

structural system identification and damage detection. Moreover, the Unscented Kalman 

filter (UKF) has proven to be an effective approach for the identification of nonlinear systems from 

limited output measurements.  

2) Measured data-based (model-free) algorithms 

Model-free algorithms are defined as non-physics-based numerical models that in some 

cases allow data condensation and reconstruction using a limited number of parameters. 

The model-free approaches do not rely on the structural behavior model, which therefore 

have potential to be applied on various type of structures. To identify anomaly conditions, 

or detect damage, the damage index can be established according to the direct measurement 

data analysis on strain ratio and deflection ratio etc. or indirect data analysis on dynamic 

characteristic parameters, i.e. frequency change, mode shape change, modal curvature 

difference, and modality. 

Model-free algorithms include can be categorized as time domain-based method, frequency 

domain-based method, time-frequency domain-based method, artificial intelligence 

algorithms-based method.  

A mass of model-free algorithms has been proposed during last few decades. Some popular 

and basic examples of model-free algorithms are list below.  

7ðąôûôă 4āðýĂõþāü ˭74ˮ 

The continuous Wavelet Transform (CWT) is a linear transform that generates a time-

frequency energy density called a scalogram by decomposing a signal via basis functions 

that are simply dilations and translations of the parent wavelet through the convolution with 

the signal.  

(øûñôāă (Ąðýö 4āðýĂõþāü ˭((4ˮ 

An alternative time-frequency approach, which uses empirical mode decomposition (EMD) 

or ensemble empirical mode decomposition (EEMD) to generate intrinsic mode functions 

(IMFs). 

4øüô ĂôāøôĂˢ!ĄăþāôöāôĂĂøþý üôă÷þóĂ 

For damage detection or feature extraction, the relationship models between inputs and 

outputs or among outputs are of interest for performance prediction. Generally, the 

predicted values are then compared with the real-measured values. The structural 

assessment is then determined if the difference between the predicted values and real 

measurements are within the pre-defined thresholds. For most practical applications, a 

polynomial approximation is sufficient. However, in some cases, a linear representation of 

a process may not be adequate, and the model may have to be extended to include the effects 

of non-linearities.  
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"ûøýó ĂþĄāòô Ăôÿðāðăøþý 

Blind source separation method mainly includes principal component analysis and 

independent component analysis. When the Blind source separation used in damage 

detection, the identified source signal is the modal response of the system, and the mixed 

matrix is the modal mode of the system. 

!)̌ñðĂôó øýăôûûøöôýă ðûöþāøă÷üĂ  

Intelligent damage detection is one of the powerful tools in the field of structural health 

monitoring. Based on the massive monitored data from SHM systems, it is able to replace 

diagnosticians with artificial intelligent techniques to rapidly process these data and 

automatically recognize structural health conditions. Thus, intelligent fault diagnosis plays 

an irreplaceable role in modern structural damage detection especially when massive 

monitoring data are available. 

Structural damage based on machine learning and deep learning are two representative AI-

based measured data -driven (model-free) intelligent DD algorithms. 

· Machine learning-based algorithms: Artificial neural network (ANN) (including 

back-propagation neural network, self-organizing neural network, and radial basis 

function neural network), and support vector machine (SVM) have been used for 

structural damage detection with vision-based or vibration-based studies, which 

mainly uses supervised learning to obtain structural damage patterns and specific 

damage conditions, namely classification and regression problems. Classification is 

to judge the categories of test samples, which is often used for damage location 

identification, while regression is to find appropriate fitting function representation 

for input data, which is generally used for prediction of the corresponding value of 

new data, and is often used for damage degree identification. 

However, traditional machine learning is mostly as a top-level classifier, and the 

damage features extracted by data analysis techniques are requested. The reason is 

that although the neural network has a certain ability of feature extraction, the 

training parameters will increase exponentially in response to the massive data of 

SHM systems, and the over-fitting phenomenon is easy to occur. 

· Deep learning-based algorithms: It needs a lot of time and energy to select and 

extract the damage features used by the traditional machine learning algorithms. 

The emergence of deep learning can solve this problem to some extent. Compared 

with traditional machine learning such as artificial neural network and support 

vector machine, deep neural network is much more complex layer structure and 

innovative training algorithm have made great progress in pattern classification 

ability and computational efficiency. Bottom-up unsupervised layer by layer 

pretraining is deep learning network structure training. Multiple hidden layers of 

artificial neural network have strong feature extraction and learning ability, which 

can realize the learning to get more essential features of input data and improve the 
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classification accuracy of neural network.  

· Therefore, deep learning can directly conduct structural damage detection results 

from the original data of the sensor without manual intervention. So, it is self-

evolution and self-correction based on big data. Currently, convolutional neural 

network (CNN), recurrent neural networks (RNN), restricted Boltzmann machines: 

(RBM), and stack auto-encoders (SAE) are the commonly used schemes of deep 

learning-based structural damage detection. With computer vision, convolutional 

neural network (CNN) and restricted Boltzmann machines have been utilized for 

detecting fatigue crack, structural local damage, etc. Also, some deep learning 

algorithms based on CNN and RBM have been applied for structural damage 

detection using only the measured structural vibration data. 

ѓ˅ѐ˅ѐ˅ ђ -Ąûăøă̌Ĉÿô $ðăðñ̌ðĂôó !ûöþāøă÷üĂˁ 

Generally, only an individual type of dynamic response quantity, i.e. displacement or 

acceleration, is used in the above-mentioned studies to detect the structural damage. This 

could limit the sensitivity and accuracy of damage identification. This indicates that damage 

detection using multi-type measurements may perform better than that only using a single 

type of response quantity. 

1) Phase space  

Any dynamic system can be described in a phase space, which may be reconstructed from 

the measured time domain responses. In a phase space, every variable of the system is 

represented as an axis of a multi-dimensional space. Thus, system can be described with 

multi-type vibration measurements with the three axes corresponding to the displacement, 

velocity and acceleration respectively.  

2) Data fusion 

Information fusion: Information fusion is the lowest level of fusion for the original 

collected data. The fused data must in same order from sensors. 

Feature fusion: Feature fusion is a comprehensive analysis and the processing to the 

extracted feature from row data. The feature layer fusion can not only reduce interference 

data, but also make it easier to realize real-time processing with high accuracy. 

Decision fusion: Decision fusion Integrate all local decision results, derived from the 

observation data, to final decision result. Decision fusion can be conducted when one or 

several sensor failures, but with relatively high computational cost. 

ѓ˅ѐ˅ѐ˅ ѓ )ýăôûûøöôýă )óôýăøõøòðăøþýñ̌ðĂôó !ûöþāøă÷üĂ 

Intelligent identification algorithm mainly solves two kinds of problems in structure 

inversion analysis and state identification:  
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1) Optimization problem 

· the function optimization problem of solving the value of the independent variable 

with the minimum function value. 

· combinatorial optimization problem of minimizing the value of the objective 

function and finding the optimal solution in a solution space.  

2) Pattern identification problem 

Pattern identification, also known as pattern classification, can be divided into supervised 

classification and unsupervised classification. The main difference between them is 

whether the categories of each sample are known in advance. Representative methods 

include artificial neural network and support vector machine. 

ѓ˅ѐ˅ѐ˅ є 5ýòôāăðøýăĈñ̌ðĂôó !ûöþāøă÷üĂ 

Considering the influence of various uncertain factors, uncertainty method takes the 

damage characteristic and damage degree as uncertain variables. The researches mainly 

focus on the uncertain mapping relationship between damage characteristic and component 

damage. 

1) Data fusion-based: 

Probabilistic fusion: Probabilistic methods rely on the probability distribution/density 

functions to express data uncertainty. At the core of these methods lies the Bayes estimator, 

which enables fusion of pieces of data, hence the name óóBayesian fusionôô. 

Evidential belief reasoning: Belief functions theory is a popular method to deal with 

uncertainty and imprecision with a theoretically attractive evidential reasoning framework. 

DempsterïShafer theory introduces the notion of assigning beliefs and plausibility to 

possible measurement hypotheses along with the required combination rule to fuse them. 

It can be considered as a generalization to the Bayesian theory that deals with probability 

mass functions. 

Fusion and fuzzy reasoning: Fuzzy set theory introduces the novel notion of partial set 

membership, which enables imprecise (rather than crisp) reasoning.  

Hybrid fusion approaches: The main idea behind development of hybrid fusion algorithms 

is that different fusion methods such as fuzzy reasoning, DïS evidence theory, and 

probabilistic fusion should be not be competing, as they approach data fusion from different 

(possibly complementary) perspectives. 

2) Statistical pattern recognition-based  

Considering the change of environmental factors and operational condition, the damage 

sensitive features of the structural damage can be extracted from the statistical analysis of 

the time history data to identify the degradation of structural. This is called the damage 

javascript:;
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diagnosis method based on statistical pattern recognition. 

3) Interval theory- based 

The boundary of each parameter describes the structural characteristics, which have a clear 

physical meaning. Therefore, the uncertain factors in damage identification can be 

represented by the upper and lower boundary. Thus, the interval analysis theory can be 

introduced to quantify the influence of uncertain factors under the few training samples. 

4) Grey relation coefficient-based 

Grey relation analysis, an essential part of the grey systems theory, deals with poor or 

incomplete data, or uncertain problems of some systems. The grey relation coefficient 

essentially indicates the approaching degree of two geometric curves: the larger the 

relational coefficient is, the nearer the geometric curves are.  

6.4 %!2,9 7!2.).' 

The primary purpose is to serve as a technical source for early warning guidelines that 

should be of interest to organizations responsible for developing equipment, standards, 

guidelines, and regulations for emergency responders.  

The major challenges in early warning in general consists of: (i) What for early warning? 

(ii) Where to obtain information? (iii) When to issue early warning? (iv) How to response 

after early warning? The related contents of these challenges can be found in Figure 6.1. 

 

Figure 6.1  Major challenges in  early warning  

Early warning is one of the important functions of structure monitoring system. Since a 

monitoring system is in function all the times to monitor the environment actions, the 

overall and local responses of a structure, the monitoring system can give warning in time 

when abnormal state results in abnormal monitoring data, reminding the management 

department to take measures in time. 

(i) What for early warning? 

(ii) Where to obtain information? 

(iii) When to issue early warning? 

(iv) How to response after early warning? 

Determine index 

Information sources 

Threshold setting 

Management measures 
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The early warning function should comply with the following provisions: 

(1) It shall have real-time and automatic early-warning function, and early-warning 

information shall be displayed on the software interface of the monitoring system; 

(2) The warning content should include the warning level, the warning sensor number and 

location, the alarm monitoring value and the warning value; 

(3) Warning can be issued, adjusted and removed. 

 

The early warning threshold value during the in-service period shall be determined based 

on the structural performance and combined with the long-term data accumulation. The 

different warning levels should be developed corresponding to the structural safety, 

applicability and durability. The warning value should also meet the requirements of the 

current structural design standards. When the monitoring data exceeding the threshold 

values, related inspections should be conducted. 

During the construction period monitoring, the corresponding limitation and early warnings 

are considered for monitoring targets. The early warning should be considered when: 

(1) the deformation and stress monitoring values are close to the specification limits or 

design requirements; 

(2) the monitoring results are significantly larger than the analysis results of the 

construction process (generally more than 30~40%);  

(3) the structure may experience extreme loading conditions or effects during construction 

process, such as typhoons, strong earthquakes, extreme temperature changes, etc. 

The early warning should be given if the monitored stresses or deformations are much 

larger than the analysis results. The specific values depend on the specific projects, but the 

recommended thresholds are no more than 30%~40% of the expected values if there is no 

specific provision in design documents.  

Early warning should be performed using SHM based structural performance evaluation. 

Structural anomaly analysis and early warning based on detecting and monitoring data is 

the first level of structural performance evaluation. The details of three-level structural 

performance evaluation and structural anomaly analysis and functional alarm can be found 

in Clause 7.1.3 and Clause 7.1.3.1, respectively. 
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7 STRUCTURAL PERFORMANCE 

EVALUATIONS , DAMAGE PROGNOSIS 

AND HEALTH RATING  

7.1 3425#452!, 0%2&/2-!.#% %6!,5!4)/. 

 #/.#%04 /& 3425#452!, 0%2&/2-!.#% %6!,5!4)/. 

Structural performance evaluation: Structural performance refers to the qualitative and 

quantitative behavior of the static and dynamic aspects of safety, serviceability and 

durability of structures under external loads. Performance evaluation refers to evaluate the 

current safety status of a structure, compare with its critical failure state and to evaluate its 

safety level of activity, and predict its future performance in the service cycle. Structural 

performance evaluation includes the evaluation of structural safety performance, 

serviceability performance, durability performance and other aspects. Structural 

performance evaluation is an important part of effective structural management and 

maintenance.  

 3(- "!3%$ 3425#452!, 0%2&/2-!.#% %6!,5!4)/. 

Although structural performance evaluation has been widely used in engineering, the 

common practice of performance evaluation is based on daily or periodic inspection which 

are mainly carried out manually and for preliminary performance evaluation. Despite the 

existence of a large volume of research on the theoretical concepts of structural 

performance evaluation, via health monitoring data, utilization of these techniques in 

practical engineering applications is still scarce and of limited scope. In recent years, with 

the advancements in the development of structural health monitoring technologies and its 

expansion and application in practical engineering, it is gradually recognized that SHM is 

a viable and promising tool to be combined with the currently used structural performance 

evaluation methods. Subsequently, the evaluation of structural safety and performance 

prediction can be carried out through an SHM based identification using the monitoring 

data. Although the existing SHM systems cannot provide all necessary data for performance 

evaluation, ongoing research for the development of SHM technologies capable of 

detecting, assessment and identification of damage presence, location, and severity is 
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promising. It is expected that the development of intelligent SHM systems can provide a 

comprehensive structural performance evaluation and suggest the appropriate management 

and maintenance strategies.   

 4(2%%̌,%6%, 3425#452!, 0%2&/2-!.#% %6!,5!4)/. 

As shown in Figure 7.1, the three-level structural performance evaluation contains three 

parts: (i) structural anomaly analysis and early warning based on detecting and monitoring 

data, (ii) current performance evaluation based on comprehensive identification of 

structural parameters, and (iii) structural deterioration analysis and life prediction using 

historical monitoring data. 

First, the abnormal data obtained from the monitoring system are analyzed. If significant 

abnormal conditions are found, early warning will be issued in time to avoid or reduce the 

occurrence of disaster accidents. If the abnormal condition is found but it is not likely to 

cause accidents immediately, it will enter the second level, i.e., the structural current 

performance evaluation. Based on the structural detection and monitoring data, the 

structural parameters can be identified, thus a more careful and detailed evaluation of the 

structure can be carried out. Early warning of structural function is determined according 

to the results of structural performance evaluation. If no structural abnormality is found in 

the data analysis process in the first level, it can also be programmed to enter the second 

level periodically for detailed structural evaluation to cope with the possible damage caused 

by slow performance degradation of the structure. 

In the second level of evaluation, if the overall safety performance of the structure is 

basically satisfied and no obvious low performance occurs, or although some degree of 

performance is found to be low but not serious, it is generally not necessary to carry out 

functional warning. 

At the third level, for structures with special importance or special needs, further structural 

performance degradation and residual life prediction is carried out based on historical 

monitoring data. 

є˅ю˅ѐ˅ю ,ôąôû юˁ 3ăāĄòăĄāðû !ýþüðûĈ !ýðûĈĂøĂ ðýó &Ąýòăøþýðû !ûðāü 

Structural anomaly analysis and functional alarm can be divided into the following two 

situations: (i) Direct warning according to the abnormal data of the structure. It refers to the 

serious degree of the abnormal monitoring data, reflecting the structure enters into a 

dangerous state, which is called abnormity warning and (ii) Functional warming refers to 

finding abnormal monitoring data but cannot determine current status and dangerous degree 

of structures. Thus, it should enter into the evaluation stage to judge the true performance 

of the structure through comprehensive means such as information retrieval and analysis. 

If the result shows that the serious structure performance degradation happened, the early 

javascript:;
javascript:;
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functional warning should be carried out.  

Functional alarm based on structural health monitoring data can be evaluated and judged 

by corresponding evaluation criteria. Detailed methods for the implementation in this case 

can be divided into four categories depending on different evaluation criteria. For structural 

functional alarm and performance evaluation activities, one kind or several types of these 

criteria can be applied to carry out structural functional alarm and performance evaluation 

based on the data collected by the monitoring system. 

 

Figure 7.1 Schematic diagram of the three -level structural performance 

evaluation  

1) Evaluation based on threshold: When monitoring indexes have a threshold, structural 

performance can be determined as normal or abnormal by judging whether monitoring 

data has exceeded the threshold or not. Meanwhile, through the difference between the 

results from the monitoring data and the threshold, the status of structural performance 

and its safety can also be judged.   

2) Evaluation based on a reasonable value or a range: of a parameter. Evaluation is made 

by comparison of monitoring data with the corresponding reasonable value or the 

acceptable range of values of the structure. 
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3) Evaluation based on the original or the reference value of some parameter. By 

comparison between the current value of the reference parameter from SHM monitoring 

data and the original value, the evaluation can be conducted. Usually, the reference 

value for the selected parameter is chosen at the time when the structure has been 

completed and before it is placed in service.  

4) Evaluation based on the comparisons of parameters at different time intervals: In view 

of the deterioration of the structure, or the improvement of maintenance and 

reinforcement, the monitoring data of different periods should be used for evaluation. 

By measuring the value of a few selected parameters, e.g. stiffness, crack lengths, etc., 

as the structure deteriorates, and watching the trend or the progress of degradation or 

deterioration through the data collected by the SHM system and comparison of 

monitoring data in different periods, this evaluation is conducted. The time periods for 

selection or inspection are depending on the state of the structure of the scheduling.   

Structural fault alarm is mainly achieved by setting up thresholds determined based on 

actual engineering applications, finite element simulation analysis, field testing and some 

other methods. When some index or the overall index, exceeds the established threshold, 

then warning will be sent out. Structural functional alarm may include several levels of 

warning. Depending on what level of degradation is considered not to be acceptable, or 

unsafe, different threshold levels can be established. These levels may indicate a light to a 

heavy level of degradation and may be categorized as pre-warning to serious warning status. 

є˅ю˅ѐ˅я ,ôąôû яˁ 3ăāĄòăĄāðû $ôôÿû̌ôąôû 0ôāõþāüðýòô %ąðûĄðăøþý -ôă÷þó 

Structural deep-level performance evaluation methods can be divided into evaluation 

methods based on test data, evaluation methods based on field test and monitoring data, 

and evaluation methods based on reliability theory.  

1) 1)For the evaluation methods based on testing data, the safety and functional 

performance of structure is systematically investigated through a variety of testing data. 

Subsequently, a rating system for the overall structure is established for safety 

evaluation. Standardized software has been developed based on this kind of method and 

is used to carry out a comprehensive evaluation of existing structures. An expert system 

has also been established based on this approach that incorporates a knowledge data 

base utilizing the information provided by expertsô opinions, expression, utilization and 

reasoning. Computers are used for simulation of the decision-making mechanism of 

experienced experts. According to experience, appropriate extension and reasoning can 

be conducted. 

2) For the evaluation methods based on field tests and monitoring data, a series of 

specialized field testing and monitoring data are applied. For example, the observation 

of changes in structural stresses, strains and displacements are carried out through 

considering truck loads as static load for direct evaluation of structural bearing capacity. 

In addition, structural performance evaluation is conducted by using data under ambient 
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vibration and other field monitoring data, which can truly reflect the real physical state 

of the health of structures. Effective data processing and diagnostic methods are needed 

in this approach to precisely extract the information, about the physical status of 

structures, for instance location of invisible damages, from the collected monitoring 

data, for effective evaluation of structural performance.  

3) For evaluation methods based on structural reliabilityt̆hese methods evaluate structural 

safety performance through structural failure probability or reliability index, as well 

taking into account the uncertainty quantification in design, and material properties. 

Moreover, remaining life estimation can be carried out.   

In recent years, advances in monitoring methods have resulted in capabilities that allow for 

collecting real-time monitoring data and thus, developing performance indexes for better 

achievement of structural safety evaluation. For instance, various methods of obtaining 

structural comprehensive identification, based on the regionally distributed sensing (area 

distributed), can result in various types of structural indexes from monitoring data, which 

can be combined with testing data for more effective and accurate structural safety 

evaluation and ranking. 

є˅ю˅ѐ˅ѐ ,ôąôû ѐˁ 3ăāĄòăĄāðû 0ôāõþāüðýòô ,øõô 0āôóøòăøþý 

The structural performance life prediction methods can be divided into (i) prediction 

method based on experience, (ii) prediction method based on the analogy, (iii) prediction 

method based on the accelerated test, (iv) prediction method based on mathematical theory 

model, (v) prediction method based on the mechanics model, (vi) prediction method based 

on probability analysis, (vii) prediction method based on structural reliability theory.  

1) The prediction methods based on experience are mainly for predicting the life of new 

structures. Based on a large number of laboratory and on-site experiment results and 

the accumulation of previous experience, including the empirical knowledge and 

reasoning, these methods make a semi-quantitative prediction of the service life. 

2) The prediction methods based on the analogy are rarely used and are used only as an 

adjunct to the expert evaluation. For example, if concrete is assumed to be durable 

within a certain period of time, similar concrete in a similar environment will have the 

same life.  

3) The prediction method based on the accelerated test is proposed on the basis that the 

degradation mechanism of accelerated test is the same as that of actual use. Accelerated 

tests are often used for durability test of concrete structures, such as using higher 

concentrations of erosive materials, higher temperatures or humidity to accelerate the 

degradation process.  

4) The prediction methods based on mathematical theory model thoroughly study the 

evaluated structure, and the residual life is inferred by establishing a model for 

estimating the life and combining with the test data.  
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5) Prediction methods based on mechanics theory model include the methods based on 

damage mechanics and the methods based on fracture mechanics. The method based on 

damage mechanics is to adopt the Miner linear cumulative damage theory, i.e. S-N 

curve method to estimate the fatigue life of structure; The methods based on fracture 

mechanics mainly takes the fracture critical crack as the research object, and 

comprehensively adopts the fracture mechanics method and statistical theory to 

estimate the safety and remaining service life of the structure.  

6) The prediction methods based on probability analysis are also called the mathematical 

statistics method. The distribution characteristics of the structure service life are 

estimated according to a large number of measured data or the statistical analysis of the 

parameters in the mathematical model, to establish a probability analysis model.  

7) The prediction methods based on structural reliability theory is an effective method for 

evaluating the service life of a structure. The methods are based on a reliability-time 

relationship and the time when the structural reliability decays to an acceptable 

minimum or the probability of failure increases to an acceptable maximum is the 

structureôs service life. 

7.2 3425#452!, $!-!'% 02/'./3)3 

 #/.#%04 /& 3425#452!, $!-!'% 02/'./3)3 

In Clause 6, structural state identification and damage detection (DD) have been discussed. 

Structural damage detection (DD) refers to the detection of damage that has occurred in the 

structure based on the monitored response information; It is also essential to actively grasp 

the process of damage evolution in the structure by means of structural damage prognosis. 

Structural damage prognosis (DP) refers to the prediction of damage process and its 

consequences that have not yet occurred or may occur, which is different from the concept 

of structural damage detection (DD).  

Structural damage prognosis (DP) attempts to forecast system performance by assessing 

the current damage state of the system (i.e. SHM), estimating the future loading 

environments for that system, and predicting through simulation of the remaining useful 

life of the system. The successful development of a DP capability requires the further 

development and integration of many technology areas including both 

measurement/processing/telemetry hardware and a variety of deterministic and 

probabilistic predictive modeling capabilities, as well as the ability to quantify the 

uncertainty in these predictions. Damage prognosis predictions is probabilistic in nature 

unless the future loading and operational parameters can be defined with near certainty. 

Structural DP mainly focuses on the prediction of future loading environment and structural 

performance, and the residual service life of the structure by numerical simulation 

technology and historical experience. This portion of the DP process overlaps with the 

Level 3: Structural Performance Life Prediction in the above Clause 0.  
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 $!-!'% PROGNOSIS PROBLEM 

The DP problem starts by first asking five general questions: 

¶ What are the damage cases of concern and how is failure defined for these damage 

cases? 

¶ What future loading conditions will the structure experience? 

¶ What techniques should be used to assess and quantify the damage (e.g. how is 

SHM implemented)? 

¶ What type of models will be used to predict the damage propagation in the system? 

¶ What is the goal of the prognosis? 

For each potential failure mode, the loading conditions that cause defects to grow and 

coalesce into some observable damage and its subsequent evolution to failure fall into three 

general categories.  

1) Continuous lower-level loading, where operational and environmental loads are applied 

over long periods of time, but typically at levels considered to be well below those 

thought to cause rapid damage propagation. 

2) Predictable discrete events. Although the number of such loadings can be predicted with 

some accuracy, the severity of each event will be unknown, but most likely will fall 

within some range that can be defined based on previous experience 

3) Unpredictable discrete events. Unknown and possibly severe loading is applied to the 

system at unpredictable times. Many natural phenomena hazards such as earthquakes 

and hurricanes as well as man-made hazards associated with terrorist bomb blasts can 

produce such unpredictable discrete events. 

After identifying the types of damage that are of concern and the loading that will 

potentially cause the initial defects to evolve into damage, or the current damage to evolve 

into failure, it is then important to determine which techniques should be used in the damage 

assessment. 

A final question to be answered as part of the DP process is to determine the goal for the 

prognosis. Perhaps, the most obvious and desirable type of prognosis estimates how much 

time remains until maintenance is required or until the system fails.  

The methods of DP can be generally categorized as data-driven method and model-based 

method, though typically a combination of the two will usually be employed. 

As structural health monitoring (SHM) technology evolves and matures, it will be 

integrated into a more comprehensive damage prognosis (DP). DP is based on the output 

of models that develop behavioral predictions: by coupling information from usage 

monitoring; SHM; past, current and anticipated future environmental and operational 
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conditions; the original design assumptions regarding loading and operational 

environments; and previous component and system level testing and maintenance.  

 $!-!'% 02/'./3)3 02/#%3S 

The general components of a DP process are depicted in Figure 7.2, where the process has 

been divided into the portions that are physics- and data-based. The DP process begins by 

collecting as much initial system information as possible, including testing and analyses 

that were performed during the system design as well as maintenance and repair 

information that might be available. This information is used to develop initial physics-

based numerical models of the system as well as to develop the sensing system for 

monitoring operational and environmental conditions and damage assessment.  

As data become available from the sensing systems, they are used to validate and update 

the physics-based models. These data along with output from the physics-based models are 

also used to perform SHM where the existence, location, type and extent of damage are 

quantified. Data from the operational and environmental sensors are used to develop data-

based models that predict the future system loading. The output of the future loading model, 

SHM model, and the updated physics-based model are input into a predictive tool that 

estimates damage propagation and the remaining system life as a function of continued 

operational time. A key component of this process is the capability to predict damage 

propagation as a function of future loading and environmental conditions. If data are 

available from a system that has experienced failure, then such damage initiation and 

growth models can be based on a regression analysis applied to these data. Alternatively, 

physics-based models can be developed for such predictions. 

A key point illustrated in Figure 7.2 is that various models must be employed in the 

prognosis process. Moreover, the data- and physics-based portions of the process are not 

independent. This combination of physics- and data-based models is the key distinguishing 

attribute of a prognostic rather than a health monitoring system; Finally, the solution 

process is iterative, relying on the assessment of past prediction accuracy to improve future 

predictions. 

DP has the prospect of engineering application, and its successful implementation can allow 

the structural management to take measures before the disease occurs at the structural levels 

in order to reduce the damage or repair the structure and stop the catastrophic structural 

failure. As with SHM, Prognosis and Health Management (PHM) has been developed to (i) 

Monitor structural safety status and predict of future environmental conditions; (ii) Assess 

structural performance and forecast its remaining service life; and (iii) Take the cost-

effective maintenance measures. 
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Figure 7.2 General components of a DP process. 

7.3 3425#452!, (%!,4( 2!4).' 

The structural health rating system is an analytic inventory system equipped with 

appropriate database and analytical hierarch process software tools for execution of 

inventory and rating works. The functions and components of structural condition rating 

system are: 

¶ Collection and analysis of the base-line information obtained from surveys, load-

trials and vibration measurements upon structure completion ï this is the 

preparation work for subsequent structural health rating works; 

¶ Criticality and vulnerability ratings of typical structural members basing on the 

outputs of data acquisition system and relevant structural information; 

¶ Collection and processing of the structural condition ratings (visual inspection) 

results from structural inspection team; 

¶ Synthetic ratings of the results from 2) and 3) above at component level, group level 

and system level with appropriate levels of importance weighting factors, where 

applicable; 

¶ Prioritization of rated structural components for planning, scheduling and execution 

of inspection and maintenance activities; 

¶ Automatic and semi-automatic updating and forwarding the performance criteria 

for observation and evaluation to data acquisition system and structural 

performance evaluation system, respectively; and 

¶ Formation of databases for systematic storage and fast retrieval of all data and 

information generated in Items above. 
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The criticality rating module is customized to carry out criticality ratings of bridge 

components based on five factors: 

¶ C1 ï Alternative Load Path, which could be identified from: (i) the orientation of 

the structural component in local and global structural arrangements, and (ii) the 

Finite Element models. 

¶ C2 ï Strength Utilization Factor (SUF), which is executed by structural 

performance evaluation system. 

¶ C3 ï Design and/or Measured Fatigue Life, which is executed by data acquisition 

system and structural performance evaluation system. 

¶ C4 ï Defects, which should refer to the known or discovered damage/defects 

recorded in the as-constructed records and/or maintenance records (where 

applicable) of the structure works. 

The following Table 7.1 shows the definitions, range and points for each criticality factor 

and  

Table 7.2 shows the criticality ratings each range of cumulative points.  

 65,.%2!"),)49 2!4).' -/$5,%  

The vulnerability rating module is customized to carry out vulnerability ratings of the 

structure or structural components based on three factors: 

1) VA ï Deterioration, which should be rated in three conditions:  

· VA1 refers to exposure or degree of protection; 

· VA2 refers to likelihood of detection in superficial inspection; 

· VA3 refers to likely influence on structural integrity. 

Deterioration in structural concrete components normally refers to the corrosion status 

in the first layer of embedded steel reinforcements. 

2) VB ï Damage, which should be rated in three conditions: 

· VB1 refers to exposure to damage; 

· VB2 refers to likelihood of detection in superficial inspection; 

· VB3 refers to likely influence on structural integrity.   

Damage normally refers to the potential risk of damage induced by impacts of external 

loads. 

3) VC ï Wear, which should be rated in three conditions:  

· VC1 refers to relative wear per annum; 
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· VC2 refers to likelihood of detection in routine maintenance; 

· VC3 refers to likely influence on structural integrity. 

Wear normally refers to articulation components. 

Table 7.1 Critical factor (CF) default va lues and definitions  

CF Definition Range Points 

C1 Any alternative load paths? 

No 

Yes, affect global structural performance 

Yes, not affect global structural performance 

2 

1 

0 

C2 

Design Normal Combined 

Live Loads (or Strength 

Utilization Factor) 

High: > 75% 

Normal: 35% - 75% 

Low: < 35% 

2 

1 

0 

C3 
Design Fatigue Loads (or 

Design Fatigue Life) 

High: < 200 years 

Normal: between 200-300 years 

Low: > 300 years or Not Applicable 

2 

1 

0 

C4 

Known or discovered 

defects but not serious 

enough to affect 

performance 

Any, non-repairable 

Any, repairable 

None 

2 

1 

0 

C5 Failure Modes/Mechanisms 

Catastrophic Collapse 

Partial Collapse 

Structural Damage 

2 

1 

0 

 

Table 7.2 Criticality ratings  

Scale Criticality ratings Range of cumulative points of C1-C5 

A High 8-10 

B Medium 5-7 

C Low 2-4 

D Not critical 0-1 

The details of vulnerability ratings are given in Table 7.3 and Table 7.4  

The first vulnerability ratings should be carried out and recorded upon completion of 

structure construction. 

Table 7.3 Vulnerabil ity factor (VF) default values and definitions  

VF Definition Range Points 

VA. Deterioration 

VA1 Exposure or Degree of Protection 

Internal or Adequate 

Partial or Average 

Extreme or None 

0 

1 

2 
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VA2 
Likelihood of detection in 

Superficial Inspection 

Likely 

Possible 

Unlikely 

0 

1 

2 

VA3 
Likely influence on Structural 

Integrity 

Low 

Medium 

High 

0 

1 

2 

VB. Damage 

VB1 Exposure to Damage 

None 

Medium 

High 

0 

1 

2 

VB2 
Likelihood of Detection in 

Superficial Inspection 

Likely 

Possible 

None 

0 

1 

2 

VB3 
Likely Influence on Structural 

Integrity 

Low 

Medium 

High 

0 

1 

2 

VC. Wear 

VC1 Relative Wear Rate Per Annum 

Low 

Medium 

High 

0 

1 

2 

VC2 
Likelihood of Detection in 

Routine Maintenance 

Likely 

Medium 

Unlikely 

0 

1 

2 

VC3 
Likely influence on Structural 

Integrity 

Low 

Medium 

High 

0 

1 

2 

 

Table 7.4 Vulnerability ratings  

Scale Vulnerability ratings Range of cumulative points of VA1-3, VB1-3, VC1-3 

A High 19-24 

B Medium 13-18 

C Low 7-12 

D Not vulnerable 0-6 

 3425#452!, #/.$)4)/. 2!4).' -/$5,% 

The structural condition rating of bridge components should be carried out by qualified 

inspectors and/or engineers through visual inspections and/or inspections with portable 

inspecting equipment and facilities. The structural condition ratings, for reasons of easy 

and precise in execution, should be based on five levels of damage or defects in structure 

system or structural members and recorded/processed by the Inspection Inventory of 
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relevant structural health database management system. The five levels with structural 

condition factor (SCF) of expressing damage or defects in structure system or structural 

members are: 

· SC1 ï Good, no significant damage or defect; 

· SC2 ï Satisfactory, not more than 5% of damaged or defected surface area, length 

or number; 

· SC3 ï Marginal Satisfactory, 5% to 20% of damaged or defected surface area, 

length or number; 

· SC4 ï Critical, 20% to 50% of damaged or defected surface area, length or number; 

· SC5 ï Inadequate, more than 50% of damaged or defected surface area, length or 

number. 

Table 7.5 Structural condition factor (SCF) default values and definitions  

SCF Extent of Defects Description Severity of Defects Description Points 

SC1 
Good, 

no significant damage or defect 

New condition or defect has no 

significant effect on the structural 

component (visual or functionally). 

0.0-2.2 

SC2 

Satisfactory, 

not more than 5% of defected 

surface area, length or number. 

Early signs of deterioration, minor 

defect/damage, no reduction in 

functionality of structural component. 

2.1-4.0 

SC3 

Marginal Satisfactory, 

5% to 20% of defected surface 

area, length or number. 

Moderate defect/damage, some loss of 

functionality of structural component 

could be expected. 

4.1-6.0 

SC4 

Critical, 

20% to 50% of defected surface 

area, length or number. 

Severe defect/damage, significant loss 

of functionality of structural 

component and/or close to 

failure/collapse. 

6.1-8.0 

SC5 

Inadequate, 

more than 50% of defected surface 

area/length/number. 

The structural component is non-

functional or failed. 
8.1-10.0 

 

Table 7.6. Structural condition ratings  

Scale Structural condition ratings Range of cumulative points 

A High 8.1-10.0 

B Medium 5.1-8.0 

C Low 2.6-5.0 

D Not critical 0-2.5 

The first structural condition ratings should be carried out upon completion of construction 

and before opening. The results of structural condition ratings, which collected from the 

Inspection Inventory, should be input into the SHM system for subsequent synthetic ratings.  
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8  SHM SYSTEM MAINTENANCE  

8.1 '%.%2!, 3#/0% 

In order to ensure the safety, stability, reliability, sustainability and efficiency of the SHM 

system, the daily management, regular inspection and maintenance should be operated.  

Daily management scheme should cover the management of monitoring systems, data 

collection stations, and monitoring centers, whose basic working flows are presented in 

Figure 8.1. Regular inspection and maintenance scheme should cover the inspection and 

maintenance of response mechanisms and emergency reaction. The recommended process 

can be found in Figure 8.2. The management content should include working status check, 

equipment maintenance and protective device maintenance. The management record form 

and report should be completed regularly and archived properly.  

 

Figure 8.1 SHM system daily management process  
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Figure 8.2 SHM system regular inspection and maintenance scheme  

The following subsections will highlight the inspection and maintenance of the sensor 

system, data transmission system and data management system.  

8.2 3%.3/2 ).30%#4)/. !.$ -!).4%.!.#% 

 3%.3/2 ).30%#4)/. 

The sensor inspection includes appearance inspection and performance inspection. The 

sensor status should be checked regularly, and inspection or maintenance report should be 

prepared accordingly. 

For sensor appearance inspection, it is suggested to be taken every six months and 

conducted by technicians with relative qualification. The necessary maintenance should be 

carried out if abnormal situations have been noticed. The relevant report should be prepared 

and uploaded to the SHM data management system. The appearance inspection should 

include the following aspects: 

· Check whether the sensor position meets the monitoring requirements and whether 

the position is misaligned due to external force. 

· Check whether there are dirt or unexpected items inside or outside the sensor that 

may affect sensorôs operating conditions. 
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· Check whether the sensor cover is sealed without crack and the sensor protective 

device is in proper condition. 

· Check whether the sensor is fixed, and connections are properly set. 

· Check whether the sensor wires are in proper condition without any damaged or 

aging signs.  

For the sensor performance inspection, it should include physical property and working 

status inspection.  

The physical property check should cover the following aspects: 

· Check whether sensor internal components and circuits are damaged or aging. 

· Check whether sensor connections and channel interface are clean. 

· Check the high and low voltage parameters of the sensor and sensing device to make 

sure the sensor and sensing device operate safely and normally.  

The working status check should include the following aspects: 

· Sensor accuracy check. The ratio of maximum measurement error with maximum 

measurement range should not exceed the sensor specifications.  

· Sensor linearity check. The deviation of the actual input-output characteristic curve 

from the ideal linear input-output characteristic curve should not exceed the value 

specified by the sensor technical specifications.  

· Sensor hysteresis check. The deviation of the forward and reverse stroke 

characteristic curves should not exceed the values specified in the sensor 

specifications. 

· Sensor repeatability check. Repeatability error should not exceed the values 

specified in the sensor specifications. 

· Sensor sensitivity check. Sensitivity error should not exceed the values specified in 

the sensor specifications. 

 3%.3/2 -!).4%.!.#% 

The proper working environment should be guaranteed for sensors, such as the appropriate 

temperature and humidity range, the proper magnetic field, no significant vibration or strike, 

and no strong acid and alkali corrosion. 

For the sensor in special working environment, i.e. acid, alkaline, high radiation, high 

temperature, strong magnetic fields, etc., protective solutions are required for those sensors, 

such as:  

· For the sensors operating in high temperature condition, the sensors of high 

temperature resistance should be selected. In addition, appropriate heat insulation 
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devices should be utilized.  

· For sensors operating in dusty and humid condition, the enclosure must be sealed, 

moisture and dust proof.  

· In corrosive environment, such as wet and acidic environment, the outer surface of 

the sensor should be plastic sprayed or has stainless steel cover, and the sensor with 

high corrosion resistance and high air tightness should be selected. 

· In the electromagnetic field environment, the shielding of the sensor should be 

strictly checked to ensure its anti-electromagnetic interference capability. 

Appropriate protective measures should be taken according to seasonal environment 

variations. The internal dust within sensing device should be cleaned periodically and the 

sensor cover should be wiped periodically. During the cleaning process, it should be 

guaranteed not to cause sensor functional failure. 

 02/4%#4)6% $%6)#% -!).4%.!.#% 

When the sensor is in a special environment with protective device, the protection devices 

should be inspected and maintained periodically.  

8.3 $!4! 42!.3-)33)/. $%6)#% ).30%#4)/. !.$ -!).4%.!.#% 

The inspection of data transmission device shall include the inspection of data transmission 

terminal equipment, data transmission interconnection equipment and data transmission 

medium equipment. The device appearance should be undamaged, clean and dry. The label 

of interconnected devices and transmission media device should be clear. The transmission 

network should remain connected properly. The protection device should be undamaged, 

uncorroded and undeformed. The operating environment, i.e. temperature and humidity, 

should be inspected and the test log should be accurately completed and archived.  

If the anomalous conditions are uncovered, the possible reasons should be studied, reported 

and recorded. After the equipment is maintained, the maintenance operations should be 

recorded. 

8.4 $!4! -!.!'%-%.4 3934%- ).30%#4)/. !.$ -!).4%.!.#% 

The operating environment of the database should be a physically secure environment. The 

processing of database management system resources should be limited to some 

controllable devices to prevent unauthorized access. System hardware and software should 

be protected from physical modifications by unauthorized users. 
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For the consideration of safety control, there should be one or more competent authorized 

users to manage database system. Administrators should be trained to ensure the correct 

and efficient management operations. Authorized administrators should strictly follow the 

requirements of the system administrator's documentation, but should not deliberately 

destroy the database management system, and should not deliberately violate the operating 

procedures. The database management system should operate normally under the 

configuration of the system administrator, and the user can remotely access to the database.  

If the system requires debugging process, the database should be functionally tested after 

debugging process is completed. During the operating period, the database should be 

backed up and restored. 

For regular database maintenance, the following requirements should be considered. 

Different data backup plans for different application requirements should be developed, and 

the database and log files should be backed up regularly. The system administrator should 

grant different operational privileges to the users based on their actual requirements and 

appropriately adjusted when necessary. The system administrator should monitor the 

system running status and determine whether the current system is in the optimal running 

state. The system administrator should also be able to reorganize and reconstruct the 

database when necessary. 
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APPENDIX A. SHMS FOR SOME MAJOR 

STRUCTURES  

!˅ ю  3(- 3934%-3 &/2 "2)$'%3 

!˅ю˅ю  -/.)4/2).' 02).#)0,%3 !.$ #/.4%.43 

The integrated SHM system for bridges includes the construction monitoring and the in-

service monitoring. 

In general, the bridge with following features should be monitored since the construction 

period:  

· The bridge should be monitored if the largest span is over 150m; 

· Large temporary frames are built or added during the construction period; 

· Complex loading conditions on the whole structure or structural members during 

construction; 

· Mass concrete structure; 

· Large pre-fabricated components or bridges with special sections sensitive to 

environmental factors such as temperature changes, concrete shrinkage, creep, and 

sunlight. 

· An important bridge that has system transformation during construction period; 

· A bridge is sensitive to and with strict requirements for settlement and deformation; 

· A bridge is required to be monitored by the construction documents or other 

provisions. 

The bridge with following features is suggested to be monitored during in-service period. 

· The bridge is an especially significant bridge to the society; 

· The bridge is a simply supported bridge with a main span over 150m long; 

· The bridge is a continuous bridge with a main span over 300m long; 

· The bridge is a cable-stayed bridge with a main span over 300m long; 

· The bridge is a suspension bridge with a main span over 500m;  

· The bridge is an arch bridge with a main span over 200m; 

· The bridge is a complex or important structure or in complex environments. 
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The recommended monitoring contents of various bridge types are suggested as given in 

Table A.1 specifically for construction phase, and Table A.2 for in-service phase, followed 

by some descriptions.  

Foundation settlement is the reflection of loading effects, which should be monitored in 

the following conditions:  

· the structural system is transformed during construction period;  

· piers of continuous girder bridges, arches of arch bridges, piers of cable-stayed 

bridges or suspension bridges and towers should be monitored during construction 

period;  

· the abutments of all types of high-speed railway bridges should be monitored. 

Table A.1 Monitoring contents during the bridge construction phase  
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Simply supported 
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ã ã ƺ ã ƺ ã ƺ 

Arch bridge ã ã ã, ƴ ã ƺ ã ƺ 

Cable-stayed 

bridge 
ã ã ƴ ã ã ã ƺ 

Suspension bridge ã ã ƴ ã ã ã ƺ 

Note: ã: targets should be monitored; ƴ: targets are suggested to be monitored; ƺ: targets can be 

monitored. The horizontal displacement should be monitored for the thrust arch bridge.  

Table A.2 Monitoring contents during the br idge in -service phase  
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bridge 

ƴ ã ƺ ã ã ã ƴ ã ƴ ƴ 

Arch bridge ƴ ã ƴ ã ã ã ƴ ã ƴ ƴ 
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Cable-

stayed 

bridge 

ƴ ã ƴ ã ã ã ƴ ã ƴ ƴ 

Suspension 

bridge 
ƴ ã ƴ ã ã ã ƴ ã ƴ ƴ 

Note: ã - targets should be monitored; ƴ - targets are suggested to be monitored; ƺ - targets can be 

monitored. Traffic monitoring means transportation monitoring. 

Deformation monitoring: axis monitoring, deflection monitoring, and tilt deformation 

monitoring should be included during construction. The following conditions should be 

considered: 

· when constructing a tower with a height greater than 30m and a pier with a height 

greater than 15m, the level and verticality should be monitored;  

· the horizontal and vertical deformation of the main girder cantilever should be 

monitored;  

· the mechanical operation on the bridge that may affect the monitoring results should 

be avoided during the deformation monitoring;  

· the effect of sunlight and solar radiation should be considered for the construction 

process which are sensitive to temperature variations, such as cable installation and 

cantilever construction;  

· for monitoring frequency, the deformation monitoring is suggested to be carried out 

continuously during the conversion process of the bridge system and the new 

section during construction, or at least two times when the load is increased by 50% 

and 100% of the whole structure. 

The in-service deformation monitoring shall include vertical displacement, horizontal 

displacement and inclination. The recommended monitoring positions include: vertical 

displacement of the mid-span; for arch bridge, vertical horizontal displacement and tilt of 

the arch foot, and vertical displacement of the key position of the arch and arch rib; for 

cable-stayed bridge, the top horizontal displacement of the tower, and vertical displacement 

of key position of each span; for suspension bridge, spatial displacement of the key position 

of the main cable, and horizontal displacement of the anchorage point, and top horizontal 

displacement of the tower, and vertical displacement of each span; displacement of the 

expansion joint. The monitoring frequency should be determined in combination with the 

characteristics of the bridge structure but should not less than the regular inspection rate. 

Moreover, the especially important bridge should be monitored continuously. 

In terms of strain monitoring, the monitoring target should include key structural members, 

such as booms or slings, stay cables, main cables, components with large internal force 

changes during construction, key positions reflecting the characteristics of the components 

in the hand, and complex locations. Regarding the monitoring frequency, the structural 

system shall be monitored continuously during the construction process and the new section 
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of the segment construction. The overall pouring or hoisting bridge shall be monitored at 

least once at loads increased by 50% and 100%. 

The in-service strain monitoring position should be arranged in accordance with the force 

characteristics of the bridge. The strain monitoring of cable shall comply with the following 

regulations: (i) the maximum cable stress should be monitored; (ii) the largest cable and the 

cable with the lowest safety factor should be monitored; (iii) the arrangement of the 

measuring points should include upstream, downstream and mid-span and side spans. For 

steel structure bridges, the fatigue monitoring should also be conducted, including fatigue 

stress and steel temperature. 

Considering the importance of bridge and its location, the environmental effect 

monitoring includes wind, temperature, humidity and seismic monitoring, moreover, the 

corrosion, rainfall and erosion should also be monitored.  

· For wind monitoring, the wind and wind-induced response measuring points shall 

be arranged at the main span deck and the top of the tower, without obstruction in 

any direction. The wind and wind-induced response should be set with 

corresponding warning values in combination with structural characteristics.  

· The measuring points of temperature and humidity should be placed at the bridge 

deck, steel box girder, cable tower and the interior of the anchor chamber where the 

temperature and humidity variations are evident or where the component is sensitive 

to temperature and humidity. Monitoring parameters should include ambient 

temperature, relative humidity outside and inside the structure. The temperature 

monitoring results should be compared with the deformation and strain monitoring 

results.  

· The measuring points of earthquake and ship collision response monitoring should 

be placed in a relatively fixed position close to the ground, such as installed in the 

top of the bridge cap, the root of the tower and the anchorage of the anchor.  

· For cable-stayed bridges, the rainfall can be monitored. The rain gauge can be 

placed at the bridge deck and the top of the tower for wind-rain vibration related 

analysis. At the same time, it should be placed in the same position as the 

environmental monitoring equipment such as anemometer. Monitoring parameters 

should include the rainfall intensity.  

· Scouring monitoring is required in the following cases: (i) the measured scouring 

rate is greater than the results estimated from finite element model; (ii) the scouring 

depth has reached the design value or the scouring area exceeds the design value; 

(iii) the construction work has changed the riverbed or affected the original scouring 

rule of the structure. It is also suggested to determine the area where the scouring 

rate or the scouring depth is larger based on the finite element model analysis. 

Monitoring parameters for scour monitoring should include scour depth, flow rate 

and water level.  
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The dynamic response monitoring during the in-service phase should take into account 

the dynamic characteristics test. The monitoring targets may include the structural natural 

frequency, vibration mode and damping ratio. 

The support reaction force should be monitored, or eccentric load monitoring equipment 

should be arranged for single-column bridges, curved bridges, inclined bridges, foundations 

that are prone to overturning, and long-span bridges with negative reaction forces. The 

monitoring targets should include the bearing displacement, the bearing reaction force and 

the lateral inclination of the bridge. 

The traffic condition monitoring should include traffic flow, vehicle type and distribution, 

vehicle speed and headway spacing. For the bridge structures with large traffic flow, 

comparative analysis of static and dynamic response, dynamic traffic load monitoring 

should be carried out. The range of the dynamic weighing system should be determined 

according to the bridge limit on the vehicle load and the estimated vehicle load on the bridge, 

while the lane width and the vehicle wheelbase should also be considered. The dynamic 

weighing monitoring system should record data automatically and compatible with the 

hardware and software interfaces of other monitoring systems. The measuring system 

should be laid on the section of the main bridge with less vibration. The axle speedometer 

and the camera should be matched, and the camera direction should be adjusted to the 

incoming vehicle. 

!˅ю˅ я  %8!-0,% ю ˁ3(- 3934%- &/2 "2)$'%3 ). (/.' +/.' 

The following figures illustrate the SHM systems deployed on the Tsing Ma Bridge, the 

Kap Shui Mun Bridge, the Ting Kau Bridge, the Western Corridor Bridge, and the 

Stonecutters Bridge in Hong Kong. The modular concept has been developed in designing 

the SHM systems that are purposed to monitor structural condition and evaluate structural 

degradation as it occurs rather than to detect structural failure. The modular architechture 

of the devised SHM systems is composed of six integrated modules, as shown in Figure 

A.1.  

¶ The Tsing Ma Bridge, seeing Figure A.2, is a suspension bridge with two decks 

carry both road and rail traffic. The main span is 1377m, and the bridge is opened 

in 1997. The SHM system for Tsing Ma Bridge were mainly deployed on the half 

span in Ma Wan side considering the symmetry. The SHM system is originally 

adopted a file-based data management system.  

¶ The Kap Shui Mun Bridge, seeing Figure A.3, is a cable-stayed bridge. Total bridge 

length is 750 m and the longest span is 430 m, which is carrying both road and rail 

traffic and opened in 1997. 

¶ The Ting Kau Bridge, seeing Figure A.4, is a three-tower multi-span cable-stayed 

bridge with two main spans and two side spans. The total bridge length is 1,177 m, 

which is opened in 1998.  
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¶ The Hong-Kong ï Shenzhen Western corridor bridge, seeing Figure A.5, is a cable 

stayed bridge, which is 5500m long with the longest span is 210m.  

¶ The Stonecutters bridge, Figure A.6, is a cable-stayed bridge. The total length is 

1,596 m and the longest span is 1,018 m. The bridge is opened in 2009. The SHMS 

for the Stonecutters bridge consists of a total of 1505 sensors, making it the most 

heavily instrumented bridge in the world. The SHM system for Stonecutters bridge 

uses a data repository system togeter with a data warehouse system. 

 

Figure A.1 Modular architecture of SHM systems for bridges in Hong Kong  
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Figure A.2 Monitoring system on Tsing Ma Bridge in Hong Kong  

 

Figure A.3 Monitoring systems on Kap Shui Mun Bridge in Hong Kong  
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Figure A.4 Monitoring system on Ting Kau Bridge i n Hong Kong  

 

Figure A.5 Monitoring system on Western Corridor Bridge  
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Figure A.6 Monitoring system on Stonecutters Bridge in Hong Kong  

!˅ю˅ ѐ  %8!-0,% я ˁ6)"2!4)/. !.$ $%&/2-!4)/. -/.)4/2).' /& 354/.' 

9!.'4:% 2)6%2 ()'(7!9 "2)$'% 7)4( !2%!3 $)342)"54%$ 3%.3).' 

Sutong Yangtze River Highway Bridge is the second longest cable-stayed bridge, and its 

secondary navigable span bridge with a length of 268 m is the fifth longest continuous rigid 

frame bridge in the word. Monitoring of the Sutong secondary navigable span bridge is 

performed by using the developed long-gauge FBG sensor and the areas distributed 

monitoring method. The secondary navigable span bridge is a pre-stressed concrete 

continuous rigid-frame box girder bridge (Figure A.7). Its main pier is double-walled 

rectangular hollow reinforced concrete pier. The total width of the bridge deck is 34 m with 

two-way six lanes. The cross-section of the girder is a single box with single chamber. Its 

widths of upper plate and bottom plate are 16.4 m and 7.5 m respectively, and its height at 

the end of girder is 15 m. 
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(a). Elevation view 

  

(b) Bridge overview (c). FE analysis 

Figure A.7 Sutong secondary navigable span bridge  

Finite element modeling and analysis of the bridge is first conducted to determine the 

critical areas for distributed monitoring. The FE analysis is performed in the commercial 

ANSYS software (Figure A.7 (c)). The element type of the model is BEAM189, and the 

total element number is 548. The elasticity modulus, density and Poisson ratio are 3.45E10 

N/mm2, 2500 kg/m3, and 0.2, respectively. Two ends of the bridge are simply supported. 

Figure A.7 (c) illustrates the stress distribution of the structure under self-weight. Cracks 

and overlarge deflections are two typical problems of the rigid frame bridge. The FE 

analysis results indicate that the upper plate of main girder at both ends of the middle span 

is easy to crack and the bottom plate at the center of the middle span is easy to have 

overlarge deflection. Thus, those areas are determined as critical areas and the long-gauge 

FBG sensor network are installed on those areas as shown in Figure A.8. Typical strain 

responses measured during the ambient vibration test and their spectra are illustrated in 

Figure A.9, in which totally 52 long gauge FBG sensors are used.  

The sampling rate of employed FBG sensors was set to be 200 Hz. Figure A.10 (a) and(b) 

illustrate typical long-gauge strain time histories measured near the central of the span 

during the ambient vibrations. The largest strains are 17.45 ɛŮ and 17.62 ɛŮ respectively. 

The deformation distributions of the span are calculated from the measured strains. Figure 

A.10 (c) and (d) show the calculated deformation time histories corresponding to the strains 

as shown in Figure A.10 (a) and (b). It is seen that the maximum values of two dynamic 

displacement time histories are -12.69 mm and -14.49 mm. The deformation and the strain 

of the span is small because the rigid frame bridge is rigid. Picking up the displacement 

values of all deformations along the span at the same time, the shape of the bridge 

deformation can be plotted. Figure A.11 plots the bridge deformation shapes at the time t1, 

t2, and t3 marked in Figure A.10. It is seen that the maximum values of the span are -5.498 

mm, -7.366 mm and -10.92 mm at t1, t2, and t3 respectively, but all the maximum 

deformations appear in the middle of the span. It is seen that the deformation distributions 

of the Sutong secondary navigable span bridge have been obtained from the measured long-

gauge strains, which will provide valuable information for bridge engineers and owners for 

maintenance and management of this bridge. 
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Figure A.8 Sensor layout  

 

Figure A.9 Typical long - gauge strain measurements and their spectra  

 

 

(a) Sensor 1: strain (b) Sensor 2: Strain 

 

 

(c) Sensor 1: displacement (d) Sensor 2: displacement 
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Figure A.10 Typical long gauge strain and displacement time histories  

 

Figure A.11 The bridge deformation shapes  

Other than deformation distribution calculation, modal parameters including frequencies, 

damping ratio, strain mode shapes and displacement mode shapes can be identified from 

long gauge strain measurements to reflect structural dynamic characteristics. A practical 

way to identify modal parameters by simply picking the peaks of the strain frequency 

response functions (FRFs) in modal space is proposed. Its merit is that the identification 

process is easy to perform so that the bridge engineers without experience can easily use it 

in engineering practices. Its procedure is described as follows: 

· Step 1: Measure macro dynamic strain data by performing ambient vibration test 

with long gauge FBG sensors; 

· Step 2: Estimate strain FRFs from measured macro strain data. It first calculates 

cross correlation function between strain measurements of a selected channel and a 

reference channel, then performs Fast Fourier transform (FFT) of the cross-

correlation function to generate strain FRF.  

· Step 3: Pick the peaks of the strain FRFs in each column corresponding to the first 

mode to generate a peak value matrix to obtain strain mode shapes;  

· Step 4: Calculate the displacement mode shapes from the identified strain mode 

shapes. 

The first and second frequencies of the Sutong Bridge are 0.66 Hz and 1.22 Hz, respectively 

identified from the spectra of the measured long gauge strains in the field test as shown in 

Figure A.9. Picking up the peak values of all strain FRFs corresponding to the first 

frequency, the long gauge strain mode shape is identified as shown in Figure A.12. Figure 

A.13 (a) illustrate the strain mode shape in the first mode, in which the strain mode shape 

from the FE modal analysis is also plotted for comparison. Once the strain mode shape is 

identified, the displacement mode shape can be calculated from the strain mode shape using 

the modified conjugate beam method. The calculated displacement mode shape compared 

with the FE analysis results is plotted in Figure A.13 (b). It is seen that they have good 

agreements. Therefore, not only the strain mode shape, but also the displacement mode 

shape can be identified from long-gauge strain measurements.  
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        (a) Strain FRFs               (b) Strain mode shape 

Figure A.12 The process of identifying long gauge strain mode shapes  

 

 

(a) strain mode shape (b) displacement mode shape 

Figure A.13 Identified strain and displacement mode shapes  

In summary, the long-gauge FBG sensor with high performance and long durability has the 

merit to reveal not only local but also global information of the structures. A long-gauge 

FBG sensor-based monitoring system has been designed and performed on the Sutong 

secondary navigable span bridge. Deformation distribution of the bridge has been 

calculated from the measured strains. The shear deformation induced by the shear strain 

has also been considered. It is found that the peak value of the bridge deformation under 

general ambient loads is 15 mm. Moreover, modal parameters of the bridge have also been 

identified from the long gauge strain measurements to reveal structural dynamic properties. 

In particular, the displacement mode shapes have also been calculated from the identified 

strain mode shapes by using the modified conjugate beam method, which reflects that the 

long gauge FBG sensor is multi-functional. 
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Tall buildings and high-rise structures with following features are suggested to be 

monitored during the construction period. 

· The structures which are of 250 meters height and above, or whose vertical structure 

components have significant compressive deformation;  

· Tall buildings and high-rise structures with large temporary supporting frameworks;  

· Tall buildings and high-rise structures, which has complicated stress distributions 

no matter globally or locally;  

· Mass concrete structures which would be significantly affected by environmental 

variations, such as temperature; 

· Structures with super-long components or special cross sections; 

· The tall buildings and high-rise structures whose internal force distribution are 

significantly affected by constructing works; 

· Tall buildings and high-rise structures with rigorous requirements of the settlement 

and displacement;  

· Tall buildings and high-rise structures which are affected by the adjacent 

construction works;  

· Tall buildings and high-rise structures are required to be monitored by the 

construction documents or other provisions. 

The tall buildings or high-rise structures with following features are suggested to be 

monitored during in-service period. 

· Tall buildings and high-rise structures over 300 meters; 

· Tall buildings and high-rise structures whose final deformation is different from the 

designed deformation due to construction process; 

· Tall buildings and high-rise structures with seismic isolation system;  

· Tall buildings and high-rise structures which are sensitive to the structural 

deformation; 

· Tall buildings and high-rise structures are required to be monitored during operation 

period by the design documents or other provisions. 
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Table A.3 Construction monitoring targets of tall buildings and high -rise  

structures  

 

Foundation 

settlement 

monitoring 

Deformation 

monitoring 

Strain 

monitoring 

Environmental 
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supporting 
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ã ã ã ã ƴ ã ã ã ã 

High-rise 

structure 
ã ã ã ã ƴ ã ã ã ã 

Note: ã - targets should be monitored; ƴ - targets are suggested to be monitored.  

Table A .4 In -service monitoring targets of tall buildings and high -rise  

structures  

 

Foundation 

settlement 

monitoring 
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buildings 
ƴ ƴ ã ƴ ƴ ƴ ã 

High-rise 

structure 
ƴ ƴ ã ƴ ƴ ƴ ã 

Note: ã - targets should be monitored; ƴ - targets are suggested to be monitored.  

In the settlement monitoring, the working base stations should be measured first. Then 

the measurement points of the settlement should be arranged in various sections. The 

measured points of settlement should be consistent with monitoring positions for horizontal 

displacement monitoring. 

Deformation monitoring: axis monitoring, elevation monitoring, relative deformation 

monitoring of the structuresô connections and the deformation monitoring of the key 

positions should be included during the construction period. It should be considered for the 

structures whose construction period is over one year. The measurement positions should 

be the regions with large deformation or sensitive to the deformation. For the structure that 

employs slip-form construction method, the horizontal level and the vertical level should 

be monitored. During the construction process of the cantilever and joint structures, the 

displacement of each construction stage should be monitored. About monitoring frequency, 

the deformation monitoring is suggested to be carried out continuously during the 

construction period. During the underground structure construction period, the structure 
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should be monitored after each story is constructed completely, while for over ground 

structure construction period, the structure should be monitored after 1-5 stories are 

constructed completely. Or the deformation monitoring should be conducted at least two 

times when the load is increased by 50% and 100% of the whole structure. 

For the deformation monitoring during the in-service phase, the sunlight deformation 

should be monitored for the structures which are sensitive to the seasonal effects and the 

temperature effects. The settlement and deformation of tall buildings and high-rise 

structures should be monitored at least every 3 months in the first year after the completion 

of construction and should be monitored at least 2~3 times in the second year and at least 

once a year in the third year and after.  

Strain monitoring should be carried out during the critical construction processes with 

load varying and/or boundary condition changing. For equipment which will cause large 

temporary load on the structure during the construction processes, it is advisable to carry 

out strain monitoring on the equipment and corresponding force positions. To the girder 

and bracket embedded components of the tower crane support structure, the monitoring 

scheme and the arrangement of the stress measurement points on the girder and bracket 

embedded components should be determined according to the structural stress feature and 

the in-situ construction conditions.  

During the in-service phase, the structural components with high stress and adverse force 

should be selected as the measurement points in the strain monitoring. The measurement 

points should not be too scattered and should comply with the partition concentration 

principles. The following critical parts or components should carry out strain monitoring: 

(i) conversion parts and adjacent upper and lower stories; and (ii) bars and adjacent 

components in the stories with outriggers with high stress. 

For wind monitoring, the monitoring positions on tall buildings and high-rise structures 

should be arranged according to the wind tunnel tests. For those without wind tunnel tests, 

the sensor placement can be decided on the components and nodes which are sensitive to 

the free field and wind-induced responses and the positions should coordinate with the 

allocated measurement points for seismic oscillation and seismic responses monitoring. 

The top anemometer set on tall buildings and high-rise structures should be one meter above 

the top of the structure and should be protected under the lighting rod coverage. 

Anemometer for ambient monitoring should be installed at a relatively spacious place about 

100 meters ~ 200 meters away from the structure, and 10 meters above the ground. Wind 

pressure distribution on the surface of buildings can be chosen as the monitoring object 

when there are verification requirements for buildings which are sensitive to wind. Area 

with comfort controlling requirement should be allocated measurement points to monitor 

the corresponding control parameters. 

For earthquake monitoring, measurement points to collect seismic oscillation and seismic 

responses should be arranged on the bottom surface of the structural basement, the top 

surface of the structural top story and no less than two intermediate stories. The specific 
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structural parts where the measurement points placed should be determined in combination 

with the structure vibration measurement points. Translational vibration monitoring points 

should be allocated at the stiffness center of the buildings. Torsional vibration monitoring 

points should be placed at the structure edge with maximum rotation amplitude. For tall 

buildings and high-rise structures which have conducted shake table model tests, the 

measurement points can be selected according to the test results. 

For structural temperature and humidity monitoring, measurement points can be 

independently arranged inside the specified structure or allocated in combination with the 

strain measurement points. For ambient temperature and humidity monitoring, sensors 

should be placed in a ventilated shelter that is 1.5 meters above the ground or floor. For 

temperature monitoring within the structure, measurement points can be arranged on the 

inner wall of the structure where facilitate for maintenance and repair and avoid the door 

and window vents. 

!˅я˅я  %8!-0,%ˁ 3(-3 /. #!.4/. 4/7%2 

As the landmark of the Guangzhou city in China, the Canton Tower is a supertall tube-in-

tube structure with a total height of 600 m. The main tower of 454 m high is composed of 

a reinforced concrete inner structure with an ellipse cross-section of 14 m Ĭ 17 m and a 

steel lattice outer structure with its cross-section being a varying oval which decreases from 

50 m Ĭ 80 m at the ground to the minimum of 20.65 m Ĭ 27.5 m at the height of 280 m 

(waist level), and then increases to 41 m Ĭ 55 m at the top of the main tower. There are 37 

floors connecting the inner and outer structures. The antenna mast of 146 m high, founded 

on the top of the main tower, is a steel spatial structure with an octagonal cross-section of 

14 m in the maximum diagonal. The Canton Tower serves for multiple functions of TV and 

radio transmission, sightseeing, cultural entertainment, and accommodating an orbital 

Ferris wheel, a ceremony hall, observatory decks, 4D cinemas, revolving restaurants, 

skywalk, etc. The structural construction of Canton was completed in May 2009. 

To ensure safety and serviceability of this landmark structure during and after its 

construction, a sophisticated long-term SHM system has been designed and implemented 

by The Hong Kong Polytechnic University in collaboration with Sun Yat-Sen University 

for real-time monitoring of Canton Tower at both in-construction and in-service stages. In 

synchronism with the construction progress, more than 600 sensors of sixteen types have 

been deployed on the main tower, and over 100 sensors (including anemometers and 

accelerometers positioned up to the height of 578 m) have been installed on the antenna 

mast. This integrated SHM system has been devised to possess the following features: 

· Modular architecture for easy maintenance and upgrade; 

· Lifecycle SHM with the integration of in-construction monitoring and in-service 

monitoring; 

· Dual function of on-line health monitoring and real-time feedback control with the 
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integration of SHM and vibration control; 

· Integration with renewable energy technology (solar photovoltaic and wind turbine 

systems) to monitor the power generation efficiency and operational condition;  

· Innovative sensors and customized design fit for special circumstances; 

· Hybrid tethered and wireless data transmission network customized for harsh 

operational conditions; 

· User-friendly graphical user interface (GUI) for easy operation; 

· Innovative structural health evaluation methodologies catering for structural 

maintenance and management purposes; 

· All-round protection customized for severe surrounding environment; 

· Remote expert service through the web-based data collection around the world; and 

· Popularization of scientific knowledge through a virtual reality system integrated 

with sightseeing. 

Figure A.14 illustrates the integrated in-construction and in-service SHM system, which 

consists of more than 700 sensors including a weather station (air temperature, humidity, 

barometric pressure, rainfall), a total station, a global positioning system (GPS) with two 

rover receivers, a seismograph, accelerometers, anemometers, wind pressure sensors, fiber 

Bragg grating (FBG) strain and temperature sensors, vibrating wire strain gages and 

temperature sensors, electrical resistance temperature sensors (thermometers), corrosion 

sensors, digital cameras (a vision-based displacement measurement system), tiltmeters, and 

theodolites. Table A.5 summarizes the sensors deployed on the Canton Tower for in-

construction and in- service monitoring. Among them, a total of 200 FBG sensors have 

been deployed on the main tower and the antenna mast, as shown in Figure A.15, to provide 

real-time and long-term monitoring of dynamic strain and temperature. A hybrid tethered 

and wireless data acquisition network in conjunction with 13 data acquisition units (DAUs) 

during in-construction monitoring and five DAUs during in-service monitoring has been 

adopted in the SHM system. The hybrid tethered and wireless data transmission network 

provides a unique research platform to verify long-range communication capacity of 

wireless systems. The wireless system is shown in Figure A.16. The vibration of Canton 

Tower is monitored mainly by using a wired cabling network, while two wireless systems 

are also adopted in-situ for complementary vibration monitoring and for comparison 

between wireless and tethered systems.  
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Figure A .14 Integrated in -construction and in -service monitoring system for 

Canton Tower  

Table A .5 Sensor deployed on Canton Tower for in -construction and in -service 

monitoring  

No. Type of sensors Monitoring item 
Number of 

sensors 

Sampling 

rate (Hz) 

1 Weather station 
Temperature, humidity, rain, 

air pressure 
1 1 

2 Anemometer Wind speed, wind direction 2 50 

3 Wind pressure sensor Wind pressure 24 50 

4 Accelerometer Acceleration 22 50 

5 Seismograph Earthquake ground motion 1 100 

6 Vibration wire gage Strain and temperature 404 1 

7 Thermometer Temperature of structure 136 1/60 

8 Optical fiber strain sensor Dynamic strain 144 50 

9 
Optical fiber temperature 

sensor 
Temperature of structure 56 50 

10 GPS Displacement 2 10 

11 Digital camera system Displacement 3 60 

12 Laser plummet Inclination 1 50 

13 Optical fiber tiltmeter Inclination 2 50 

14 Corrosion sensor Corrosion of reinforcement 2 -- 

15 Total station Levelling 1 -- 

16 Theodolite Elevation 2 -- 
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Figure A .15 Sensing system configuration  

As shown in Figure A.17, a fiber optic sensing system based on fiber Bragg gratings (FBGs) 

has been implemented on the steel outer structure and the antenna mast of Canton Tower to 

provide long-term, real-time strain and temperature monitoring. The system for the main 

tower comprises 120 FBG sensors. As illustrated in Figure A.17 (a), five groups of 24 FBG 

sensors are deployed to monitor the outer structure at different heights. Each group of the 

24 sensors is arranged into four 6-FBG sensor arrays. Four of the FBGs in each array are 

for dynamic strain measurement. Likewise, a total of 80 FBG sensors have been installed 

on the antenna mast as shown in Figure A.17 (b). The antenna mast is welded into the steel-

tube columns of the inner structure. Two levels of the steel-tube columns are selected for 

instrumentation with FBG strain sensors. One is below the welding line of the steel-tube 

columns between the inner structure and antenna mast, and the other is above the welding 

line. At each level, 32 FBG strain sensors are attached to the surfaces of eight steel-tube 

columns with four sensors each. On each column, tow FBG strain sensors are aligned 

longitudinally at two opposite sides of the steel-tube column. Similarly, two sensors are 

tangent to the surface. At the upper level, 16 FBG temperature sensors are also attached to 

the surfaces of the eight steel-tube columns with one sensor at each opposite side. In total, 

64 FBG strain sensors and 16 FBG temperature sensors are mounted on the antenna mast. 

Both the FBG strain and temperature sensors are custom designed to cope with the hostile 

environment outside the tower. All the FBG sensors are attached onto a 0.8-mm thick SS302 

stainless steel to protect them from handling and to ensure long-term reliability. The steel 
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packaged FBGs permit them to be welded directly onto the structure. The sampling rate for 

GBS-based dynamic strain monitoring is set as 50 Hz. 

The SHM system for Canton Tower is a long-term monitoring system. Some of the sensors 

and sensing cables are located outside. To ensure a long-term stable system operation, all-

round protection is required for all the sensors, sensing cables, and data acquisition and 

transmission systems (Figure A.18). 

 

Figure A .16 Wireless transmission system  
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(a) Main tower 



)3(-)) 3(- #/$% ,%6%, ю 

125 

 

 

 (b) Antenna mast 

Figure A .17 FBG sensors for dynamic strain and temperature monitoring  
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1. Installation of pre-embedded pieces in 

workshop; 

2. Painted pre-embedded pieces; 

3. Protection of sensor installed in steel 

column; 

4. In-situ installation of fiber optic sensor; 

5. Aluminium alloy protection case for fiber 

optic sensor; 

6. Protection of fiber optic sensor; 

7. Protection of vibration wire strain gauge; 

8. Installation of surface-type vibrating wire 

strain gauge; 

9. Protection of embedment-type vibrating 

wire strain gauge; 

10. In-situ installation of embedment-type 

vibrating wire strain gauge; 

11. Protection of accelerometer; 

12. Zinc plating steel tube for protection of 

sensing cable in inner structure; 

13. Stainless steel wire duct for protection 

of sensing cable in circumferential 

direction; 

14. Stainless steel wire duct for protection 

of sensing cable in vertical direction; 

15. Aluminum alloy wire duct for protection 

of sensing cable in longitudinal 

direction; 

16. Protection of data logger. 

Figure A .18 All -round protection for long -term operation of SHM system  

Monitoring data during typhoons and earthquakes 

As the city of Guangzhou is located at the edge of the most active typhoon generating area 

in the world, the SHM system has monitored the wind properties and structural responses 

of the CT during 12 typhoons from 2008 to 2012. They are the Neoguri Typhoon (19 April 

2008), the Kammuri Typhoon (6 August 2008), the Nuri Typhoon (22 August 2008), the 

Hagupit Typhoon (24 September 2008), the Molave Typhoon (16 July 2009), the Koppu 

Typhoon (24 September 2009), the Haima Typhoon (23 June 2011), the Nockten Typhoon 

(29 July 2011), the Nanmado Typhoon (31 August 2011), the Nalgae Typhoon (4 October 

2011), the Vicente Typhoon (24 July 2012), and the Kaitak Typhoon (17 August 2012). 

Figure A.19 shows the dynamic displacement responses (upper: east ï west direction; 

 

Structural Health  

Monitoring System 
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lower: south ï north direction) measured by the GPS at the top of the main tower during 

the Nuri Typhoon and the structural acceleration responses (upper: east ï west direction; 

lower: south ï north direction) measured by the accelerometers positioned at a height of 

386 m from the tower base during the Hagupit Typhoon. 

 

Figure A .19 Measured dynamic displacement and acceleration responses  

during typhoons  

 

 

(a) vertical strain at 173.2 m high (b) vertical strain at 303.2 m high. 

Figure A .20 Measured strain responses during Wenchuan Earthquake (12 

May  2008).  
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(a) in east-west direction at 443.6 m high; 
(b) in south-north direction at 443.6 m 

high 

Figure A .21 Measured acceleration responses during Tohoku Earthquake 

(11 March 2011).  
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The large-scale spatial structures generally include long-span reticulated shell structures, 

grid structure with large-span with single- or multi-story, which provide a widely used 

structural solution to the problem of spanning large uninterrupted distances. The strength 

of reticulated spherical domes has been generally associated with the inelastic buckling of 

slender members, and more and more partially restrained connections between structural 

members.  

The actions on large-scale spatial structures can be divided into dead load, live load, wind 

load, temperature load, ground movement, vibration, earthquake, etc. Materials that are 

commonly used for larger-scale spatial structures include reinforced concrete, metal (i.e. 

mild-steel, stainless steel or alloyed aluminum), timber, laminated timber, plastic-coated 

textile material, and fiber-reinforced plastic.  

The large-scale spatial structures can be classified into four types: 

· Form active systems, such as cable structures, tent structures, pneumatic structures, 

and arch structures. 

· Vector active systems, such as flat trusses, curved trusses, and space trusses. 

· Section active system, such as beam structures, frame structures, and lab structures. 

· Surface active system, such as plate structures, folded structures, shell structures.  

The large-scale spatial structures with following features should be monitored during the 

construction period.  

· The grid structure or multi-story reticulated shell structures, whose longest span is 

over 100m. 

· The single story reticulated shell structures, whose longest span is over 50m. 

· The long-span complex structure, whose longest span is over 30m.  

· The steel structure with a cantilever over 30m.  

· Ultra-high, overweight, long-span formwork support system with a height over 8m, 

or a span over 18m, or a total construction load of more than 10ὯὔȾά   or a 

concentrated linear load of more than 15kN/m should be monitored.  

· The structure is required to be monitored by the construction documents or other 

provisions. 
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The large-scale spatial structures with following features should be monitored during the 

operational period. 

· The grid structure or multi-story reticulated shell structures, whose longest span is 

over 120m. 

· The single story reticulated shell structures, whose longest span is over 60m. 

· The steel structure with a cantilever over 40m.  

· Ultra-high, overweight, long-span formwork support system with a height over 8m, 

or a span over 18m, or a total construction load of more than 10Ë.ȾÍ  or a 

concentrated linear load of more than 15kN/m should be monitored.  

· The structure is required to be monitored by the construction documents or other 

provisions. 

The monitoring targets for construction monitoring and in-service monitoring can be 

guided by the following Table A.6 and Table A.7. 

1) Foundation settlement monitoring 

The foundation settlement should be monitored during the unloading process on the 

statically indeterminate structure.  

In the settlement monitoring, the working base stations should be measured first. Then the 

measurement points of the settlement should be arranged in various sections. The measured 

points of settlement should be consistent with monitoring positions for horizontal 

displacement monitoring. 

2) Deformation monitoring 

Deformation monitoring during construction period may include component deflection, 

center axis offset, height difference between the highest and lowest supports, height 

difference between adjacent supports, axis of the member, verticality of the members, and 

tilt deformation monitoring. When the spatial structure is completed, the deflection of the 

main span should be monitored. For the span no more than 24m, only monitoring points 

can be placed in the mid span. For the span over 24m, the deflection at both the mid span 

and quarter span should be monitored. About monitoring frequency, the deformation 

monitoring is suggested to be carried out continuously during the construction period. Or 

the deformation monitoring should be conducted at least two times when the load is 

increased by 50% and 100% of the whole structure. 

For in-service monitoring, the vertical deformation of cantilever structure can be obtained 

by monitoring the end deformation of the cantilever. For grid structure, shell structure, cable 

structure, tent structure, pneumatic structure, and other structures, the vertical deformation 

can be monitored at the mid-span, and the horizontal deformation can be monitored at the 

supporting ends. 

3) Strain monitoring 
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During the construction and installation process, the stress monitoring should select the key 

stress parts, continuously collect the monitoring signals, and compare the measured results 

with the calculated results in time. Reporting and warning when there are evident between 

the measured results and expected results. During the structural unloading process 

monitoring, the valuable data is 10-15mins after each unloading procedure to allow the 

structure in a stable condition before reading the data. Warning and reporting when 

necessary. When monitoring the tent surface tension of the membrane structure, the 

monitoring phase should be determined according to the construction process. About the 

monitoring frequency, the strain monitoring is suggested to be carried out continuously 

during the construction period. Or the deformation monitoring should be conducted at least 

two times when the load is increased by 50% and 100% of the whole structure. The 

monitoring frequency should increase during the hoisting and unloading periods. 

4) Wind monitoring 

The wind pressure on tent or pneumatic structure are suggested to be monitored. 

Table A .6 Construction monitoring targets of large -scale spatial structures  
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monitoring 

Deformation 

monitoring 
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monitoring 
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Grid structure ƴ ã ƺ ƴ ƺ ƴ ƺ ƺ 

Shell structure ƴ ã ƺ ƴ ƺ ƴ ƺ ã 

Suspension/cable 

structure 
ƴ ã ƺ ã ƺ ƴ ƺ ƴ 

Tent / pneumatic 

structure 
ƴ ã ƺ ã ƺ ƴ ƺ ƺ 

Cantilever 

structure 
ƴ ã ƺ ƴ ƺ ƴ ƺ ƺ 

Temporary 

supporting 

structure 

ƺ ã ƺ ã ƺ - ƺ - 

The other 

structures 
ƴ ƴ ƺ ƴ ƺ ƴ ƺ ƺ 

Note: ã - targets should be monitored; ƴ - targets are suggested to be monitored; ƺ - targets can be 

monitored. 

 

Table A .7 In -service monitoring targets of large -scale spatial structures  
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Grid structure ƴ ã ƺ ƴ ƺ ƴ ƺ ƺ ƺ 

Shell structure ƴ ã ƺ ƴ ƺ ƴ ƺ ƴ ƴ 

Suspension / 

cable 

structure 

ƴ ã ƺ ƴ ƺ ƴ ƺ ƴ ƴ 

Tent / 

pneumatic 

structure 

ƴ ã ƺ ƴ ƺ ƴ ƺ ƺ ƺ 

Cantilever 

structure 
ƴ ã ƺ ƴ ƺ ƴ ƺ ƺ ƺ 

The other 

structures 
ƴ ã ƺ ƴ ƺ ƴ ƺ ƺ ƺ 

Note: ã - targets should be monitored; ƴ - targets are suggested to be monitored; ƺ - targets can be 

monitored. 

!˅ѐ˅ я  %8!-0,%ˁ 3(- 3934%- &/2 3(%.:(%. 34/#+ %8#(!.'% 

The New Headquarters of Shenzhen Stock Exchange (NHSSE), located in Shenzhen, China, 

is a high-rise building with a height of 228 m, seeing Figure A.22. One salient feature of 

NHSSE is its huge floating platform as shown in Figure A.23. It is a steel truss structure 

assembled with a total of 14 steel trusses in six types. It overhangs from the main tower 36 

m along the long axis and 22 m along the short axis at a height of 36 m above the ground. 

As a result, the huge floating platform has an overall plan dimension of 98 m Ĭ 162 m and 

a total height of 24 m, making it one of the largest cantilever structures in the world.  

In view of the uniqueness of the floating platform, a long-term structural health monitoring 

(SHM) system has been designed and implemented on NHSSE by The Hong Kong 

Polytechnic University to monitor the structural responses (strain, temperature, 

displacement, and acceleration) of the cantilever trusses of NHSSE in both construction 

and service stages. The SHM system for NHSSE consists of six modules: Module1ð

Sensory System (SS), Module 2ðData Acquisition and Transmission System (DATS), 

Module 3ðData Processing and Control System (DPCS), Module 4ðData Management 

System (DMS), Module 5ðStructural Health Evaluation System (SHES), and Module 6ð
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Inspection and Maintenance System (IMS). The integration of these six modules is shown 

in Figure A.24. The SS and DATS are located in the structure, the DPCS, DMS, and SHES 

are inside the monitoring center room, and the IMS is a portable system. 

 

 

Figure A .22 New headquarters of Shenzhen Stock Exchange (NHSSE)  

 

Figure A .23 Skeleton diagram of erection of floating platform  
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Figure A. 24 Modular architecture of SHM system for NHSSE  

Distributed Strain Sensor Networks 

After examining the load transfer mechanism and load-carrying characteristics of the 

cantilever trusses of NHSSE, 56 critical cross-sections on key structural members of the 

cantilever trusses have been selected for strain monitoring and further stress analysis. All 

the instrumented cross sections are allocated on the upper chords, diagonal struts, and 

bottom chords of four main steel trusses (TR1, TR2, TR4, and TR5) and the internal 

diagonal bracings on the 7th floor, which are bisymmetrically distributed on the floating 

platform, as illustrated in Figure A.25. The deployment sections of strain gauges are 

divided into four monitoring zones, that is, southeast zone, southwest zone, northeast zone, 

and northwest zone. Each monitoring zone contains 14 instrumented sections, and each 

instrumented section has 4 vibrating-wire strain gauges. As a result, a total of 224 vibrating-

wire strain gauges have been permanently installed on the floating platform. 

In this project, all the vibrating-wire strain gauges and their cabled-networks are protected 

by stainless steel covers which are screwed onto the surfaces of the steel truss members and 

sealed with a sealant to prevent water seeping into the sensor housings, as illustrated in 

Figure A.26. By these means, the survival rate of the vibrating-wire strain gauges in this 

project reaches to 96.88% (only 7 out of 244 vibrating-wire strain gauges were damaged in 

construction stage). 

The sampling rate for each vibrating-wire strain gauge is set as one data per second in the 

process of dismantling the temporary supports and switches to one data per 90 seconds in 

normal service circumstance. It can be adjusted as required for di erent purposes. The 

signals from the vibrating-wire strain gauges are first transmitted to the data loggers inside 

the structure through coaxial wires and then sent to the server PC at a site o ce (outside 

the in-construction building) in a wireless way through a pair of wireless access points (2 
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wireless LAN bridges) for real-time monitoring in construction stage (refer to Figure A.27). 

By doing so, the strain is monitored in real-time and visualized remotely to facilitate the in-

construction monitoring and control. For instance, this wireless real-time monitoring 

system has played an important role in instructing dismantlement of the temporary supports 

of the floating platform. 

 

 

Figure A .25 Deployment sections of strain gauges on floating platform  

 

Figure A .26 Installation and protection of strain gauges  
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Figure A .27 Wireless data acquisition and transmission system  

In this study, two-year (from 3 April 2010 to 3 April 2012) strain monitoring data from all 

the installed vibrating wire strain gauges have been acquired for statistical stress analysis 

and safety evaluation of the floating platform. The location of a vibrating-wire strain gauge 

is denoted as ñSXXNN-M,ò where XX represents the monitoring zone of the floating 

platform, for instance, SE stands for the sensors at the southeast zone of the floating 

platform; NN is the instrumented section; M is the sensor number. Figure A.28 illustrates 

the stress growth of the structural components at the instrumented sections number 2 and 

4of the floating platform in the two-year monitoring period (the vibrating-wire strain gauge 

SNW04-4 was damaged in construction stage). It is seen from Figure A.28 that the stresses 

of the bi-symmetrically distributed structural components are increased gradually and 

synchronously. 
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Figure A .28 Tow -year monitoring of structural growth  

!˅ё  3(- &/2 45..%,3 

!˅ё˅ю  -/.)4/2).' 02).#)0,%3 !.$ #/.4%.43 

A tunnel is an underground passageway, dug through the surrounding soil/earth/rock and 

enclosed except for entrance and exit commonly located at two ends. A tunnel may be for 

pedestrian, vehicular road and rail traffic. Excavation monitoring and in-service monitoring 

should be conducted for tunnels health monitoring system.  

The tunnel excavation monitoring plan should be developed before the construction works. 
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The construction monitoring system should include the project background, monitoring 

objectives, monitoring targets, monitoring points, monitoring frequency, monitoring 

approaches and equipment, alarming values, exception handing plan, monitoring records 

and reports management, etc. 

The construction monitoring should cover the following components: geological and 

hydrological monitoring, deformation monitoring, stress monitoring, vibration monitoring, 

hazardous gas monitoring, and surrounding structures monitoring. 

!˅ё˅ю˅ю 'ôþûþöøòðû ðýó (Ĉóāþûþöøòðû -þýøăþāøýö 

The geological monitoring includes the advanced geological prediction and geological 

evaluation. The advanced geological evaluation report should be prepared according to the 

advanced geological predication and the comprehensive monitoring data. The contents of 

this report should explore stratigraphic lithology, geological structures, unfavorable 

geological and hydrogeological conditions, etc. Geological evaluation should include 

grades assessment of surrounding rocks, stability of surrounding rocks, assessment of the 

poor geological conditions, and prediction and evaluation the likelihood of potential 

disasters. 

For advanced geological predication, the following methods can be adopted. 

¶ Geological survey: The geological survey should be conducted for all tunnels. The 

geological survey includes the surface supplementary geological survey and 

geological survey in the cave. Geological review report should be provided for 

surface supplementary survey. Geological surveys in the cave should cover the 

investigation of lithology, bedding, joints, faults, karst caves, special geotechnical, 

harmful gases, groundwater development, etc. 

¶ Physical exploration method. This method is suits for long or large-scale tunnels or 

the tunnels with complex geological situations. The approaches that adopted for 

physical exploration include elastic wave reflection method, geological radar 

method, electric method, and infrared detection method. 

¶ Advanced drilling method. The advanced drilling method is suitable for the tunnels 

in high-risk geological conditions, such as the water-rich and weak fracture zones, 

the water-rich karst development zones, the coal seam gas development zones, and 

the area with anomalous geophysical situations. 

¶ Advanced pilot method. This method can be classified into parallel advance pit 

method and positive hole lead method. In terms of two parallel tunnels, the 

geological conditions of subsequently excavated tunnel can be predicted based on 

the tunnelôs condition that was excavated first. 

For hydrological monitoring, the following methods can be considered.  

¶ Hydraulic contact inspection. Hydraulic contact inspection should be made when 
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tunnel drainage or inrush water may have a significant impact on groundwater 

resources or surrounding structures. The inspection should include water level, 

water temperature, flow rate, etc. The inspection frequency is suggested as 1-2 times 

per week. But more inspections should be conducted if the weather changes or the 

water inflow in the cave changes significantly.  

¶ Water inflow and sediment content. The amount of water inflow and the content of 

gushing sand should be monitored, if the tunnel drainage or inrush water may have 

a great impact on groundwater resources, surrounding buildings or tunnel 

construction, 

The data obtained by various geological monitoring and inspection methods should be 

comprehensively analyzed and evaluated, the geological monitoring report should be 

prepared in time. The periodical geological monitoring report should be prepared as 

required. A final compressive geological report should be prepared after the tunnel is 

completed. All the data and reports should be archived and stored properly.  

!˅ёю˅˅ я $ôõþāüðăøþý -þýøăþāøýö 

The deformation monitoring should include: 

¶ Periphery displacement and dome sinking monitoring. The periphery displacement 

and dome sinking are the compulsive monitoring aspects during the tunnel 

excavation.  

¶ Surface subsidence monitoring. For shallow buried tunnels, tunnel sections or 

special requirements, surface subsidence monitoring should be carried out. 

¶ Tunnel entrance monitoring. Tunnel entrance monitoring includes surface 

observation, surface subsidence, horizontal displacement of the surface, and soil 

inclination. 

¶ Internal displacement of surrounding rocks. The internal displacement test section 

of the surrounding rocks can be selected according to the design requirements, 

construction requirements, the rock characteristics and structural forms. 

¶ Supporting structures inspection. The inspection targets mainly include the drum 

surface, peeling, cracking, water leakage and arch deformation. 

!˅ё˅ю˅ѐ 3ăāôĂĂ -þýøăþāøýö 

Stress monitoring of the supporting structures are suggested when the tunnel has special 

structure type, or the force is more complicated, or this monitoring is requested by design 

documents. The monitoring items should include: 

¶ Anchor axial force. The bolt dynamometer or similar equipment can be adopted. 

Monitoring data should be processed in time, the axial force distribution graphs 
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should be drawn, for evaluating the surrounding rock deformation. 

¶ Arch internal force. The strain gauges or similar equipment can be adopted.  

¶ Contact pressure. The contact pressure can be measured by the pressure box or other 

similar equipment.  

¶ Void water pressure. The water pressure gauge can be used for measuring. 

!˅ё˅ю˅ё (ðĉðāóþĄĂ 'ðĂ -þýøăþāøýö 

A comprehensive inspection should be carried out before the entry of the construction 

personnel. The gas detector or a mixed gas detector can be used. Gas concentration check 

must be performed after 15 minutes of every blasting excavation. Gas concentration limit 

value and overrun treatment in tunnel can be found in Table A.8.  

Table A .8 Gas concentration limit value and overrun treatment  

No. Location Limitation 
Required actions for overrun 

condition 

1 
Any working place 

in the low gas area 
0.5% 

· Stop works within the 20m range of 
the overrun point; 

· Identify the cause and strengthen 
ventilation monitoring. 

2 

Local gas 

accumulation area 

(volume greater 

than 0.5Í) 

2.0% 

· Stop works within the 20m range of 
the overrun point; 

· Power off; 

· Evacuation; 

· Identify the cause and strengthen 
ventilation monitoring. 

3 
Excavation work 

surface 

1.0% · Stop drilling 

1.5% 

· Stop works;  

· Power off; 

· Evacuation; 

· Identify the cause and strengthen 
ventilation monitoring. 

4 
20m within the 

scope of shot point 
1.0% 

· Stop work and remove all 
explosives 

5 

10m within the 

scope of electrical 

switch 

0.5% 
· Power off;  

· Ventilate. 

!˅ё˅ю˅ђ  #þāāþĂøþý -þýøăþāøýö 

For subsea tunnels, corrosion monitoring of the steel bars in reinforced concrete (RC) 

should be carried out due to the particular and complex engineering environment to ensure 

the operation security of subsea tunnels. With references to some technical standards on 

highways or railways, the safety monitoring items for the lifecycle of tunnels can be 

summarized in Table A.9. 
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Table A.9 Safety  monitoring  item s for the lifecycle  of Tunnel  

Monitoring 

stage 
Monitoring item 

Monitoring 

order 

A B C D 

C
o
n
s
t
r
u
c
t
i
o
n

 m
o
n
i
t
o
r
i
n
g

 

Observation inside and outside the channel ǻ ǻ ǻ ǻ 

Displacement measurement around the tunnel ǹ ǻ ǻ ǻ 

surface subsidence ǹ ǹ ǻ ǻ 

tunnel uplift  ǹ ǹ ǹ 

Internal displacement of surrounding rock  ǹ ǹ ǹ 

Contact pressure between surrounding rock and initial 

support 
 ǹ ǻ ǻ 

Contact pressure between initial support and secondary 

lining 
 ǹ ǻ ǻ 

Hydraulic pressure between surrounding rock and initial 

support 
 ǹ ǻ ǻ 

Hydraulic pressure between initial support and secondary 

lining 
 ǹ ǻ ǻ 

Internal forces of steel supports  ǹ ǻ ǻ 

Internal forces of shotcrete  ǹ ǻ ǻ 

Internal stress of secondary lining  ǹ ǻ ǻ 

Internal force of anchor  ǹ ǻ ǻ 

Blasting vibration monitoring  ǹ ǻ ǻ 

Elastic wave velocity of surrounding rock ǹ ǹ ǹ ǹ 

In
-s
e
r
v
i
c
e
 

m
o
n
i
t
o
r
i
n
g

 

Displacement measurement of secondary lining   ǹ ǻ 

Contact pressure between surrounding rock and initial 

support 
  ǹ ǻ 

Contact pressure between initial support and secondary 

lining 
  ǹ ǻ 

Hydraulic pressure between surrounding rock and initial 

support 
  ǹ ǻ 

Hydraulic pressure between initial support and secondary 

lining 
  ǹ ǻ 

Water level and water flow in tunnel   ǹ ǻ 

Internal forces of steel supports   ǹ ǻ 

Internal stress of secondary lining   ǹ ǻ 

Surface strain of secondary lining   ǹ ǻ 

Seismic acceleration   ǹ ǻ 

Corrosion of steel bar   ǹ ǻ 

Note: ǻ Items that must be monitored; ǹ: Selected items to monitoring.  

 A: Slight; B: Light or severe; C: Very severe; D: Catastrophic 
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!˅ё˅я %8!-0,%ˁ 3(- 3934%- &/2 8)!-%. 8)!.'ˑ!. 35"3%! 45..%, 

Xiamen Xiangôan subsea tunnel, located in Xiamen, China, as shown in Figure A.29, is the 

first large cross-section subsea tunnel in China with excavation section is up to 170 m2. It 

has a total length of 8.695 km in which the subsea part is 6.05 km and the width across the 

sea is 4.2km. The tunnel is designed in the scheme of three tunnels as shown in Figure 

A.30. The two main tunnels are 13.5m in net width and 5.0m in net height. The service 

tunnel is 6.5m in width and 6m in height. The deepest part of the tunnel is 70m below the 

sea level. The tunnel is mainly constructed by drilling and blasting method and the 

supporting structure is designed as composite lining structure. 

!˅ё˅я˅ю 'ôþûþöøòðû #þýóøăøþýĂ 

As shown in Figure A.31, in the sea area, there are more than 10 places of weathered 

grooves /weathered capsule in the left main tunnel, and 3 places of deep weathered grooves 

/weathered capsule crossed denoted by F1, F2 and F3 by the left main tunnel. More than 9 

places in the right main tunnel and 4 places crossed by the right main tunnel, 7 places in 

the service tunnel and 4 places crossed by the service tunnel. The width of weathered 

grooves/ weathered capsule is range from 60m to 190m. The condition of surrounding rock 

around the weathered grooves/weathered capsule is bad, which is generally in grade of IV 

or V. The supporting structure on these deep weathered grooves/weathered capsule will not 

only withstand high pressure from the surrounding rock, but also high hydraulic pressure. 

!˅ё˅я˅я -þýøăþāøýö )ăôüĂ ðýó 3ôûôòă 3ôòăøþýĂ õþā 4÷ô 3ĄñĂôð 4Ąýýôû 

The safety monitoring items for the lifecycle of Xiamen Xiangôan subsea tunnel are 

summarized in Table A.10. 

The section layout of health monitoring for the tunnel should focus on those in poor 

geological conditions such as weathered grooves/capsule locations, shallow buried, hole 

locations, fault fracture zones, interfaces between hard and soft rock, etc. In summary, 21 

monitoring sections are selected, in which 12 sections in the left tunnel, 8 sections in the 

right, and 1 section in the service tunnel, respectively. According to geological condition of 

each section, the layout of monitoring section and monitoring items is shown in Table A.11. 

After optimization of sensor numbers based on actual engineering requirements, the 

locations of each monitoring item at selected sections of the main tunnel are shown in 

Figure A.32 (a)-(e). 
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Fig ure  A.29 Location  of Xiamen 8øðýöˑan subsea  t unnel  

 

Figure A.30 Xiamen Xiang aˑn subsea t unnel  

 

Left line 

Figure A.31 Geological profile of Xiamen 8øðýöˑðý Ăubsea  tunnel  

 

F1 
F4 

F3 F2 
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Table A.1 0 Safety  monitoring  item s of Xiang aˑn subsea t unnel  

M
o
n
i
t
o
r
i
n
g

 

s
t
a
g
e

 
Tunnel 

name 

Monitoring order 

A B C D 

C
o
n
s
t
r
u
c
t
i
o
n
 
m
o
n
i
t
o
r
i
n
g

 

Left 

main 

tunnel 

Observati

on inside 

the 

channel 

Displace

ment 

measure

ments 

around 

the initial 

support 

Surface subsidence 

Displacement measurement 

around the initial support 

Internal forces of steel supports 

Internal forces of secondary 

lining 

Contact pressure between 

surrounding rock and initial 

support 

Contact pressure between initial 

support and secondary lining 

Hydraulic pressure between 

surrounding rock and initial 

support 

Hydraulic pressure between 

initial support and secondary 

lining 

Displacement measurement around 

the initial support 

Internal stress of secondary lining 

Contact pressure between 

surrounding rock and initial 

support 

Contact pressure between initial 

support and secondary lining 

Hydraulic pressure between 

surrounding rock and initial 

support 

Hydraulic pressure between initial 

support and secondary lining 

Right 

main 

tunnel 

Service 

tunnel 

I
n
 
s
e
r
v
i
c
e
 

m
o
n
i
t
o
r
i
n

g
 

Left 

main 

tunnel 

ð ð 

Hydraulic pressure of initial 

support 

Hydraulic pressure between 

surrounding rock and initial 

support 

Internal forces of steel supports 

Hydraulic pressure of secondary 

lining 

Contact pressure between initial 

support and secondary lining 

Displacement monitoring around 

secondary lining 

Internal forces of secondary lining 

Surface strain of secondary lining 

Seismic acceleration 

Corrosion monitoring of steel bar 

and concrete 

Right 

main 

tunnel 

ð ð 

Service 

tunnel 
ð ð 

Hydraulic pressure of initial 

support 



)3(-)) 4ðĂú &þāòô þý 3ăðýóðāóøĉðăøþý 

144 

 

Contact pressure between 

surrounding rock and initial 

support 

Internal forces of steel supports 

Hydraulic pressure of secondary 

lining 

Contact pressure between initial 

support and secondary lining 

Internal forces of secondary lining 

Corrosion monitoring of steel bar 

and concrete 

Table A.11 Monitoring section s and monitoring items in  the tunnel  

Tunnel No. 
Monitoring 

section 
Geological conditions 

Monitoring item 

A B C D E F G H I J 

Left 

main 

tunnel 

1 ZK7̅050 
Soft rock, Shallow 

buried 
     ã     

2 ZK7̅150 
Soft and hard junction, 

Shallow buried 
     ã     

3 ZK8̅283 
weathered 

grooves/capsule, 

Monzonlite vein,F1 

     ã    ã 

4 ZK8̅893 

weathered 

grooves/capsule, 

Monzonlite vein,F4 

   ã ã      

5 ZK8̅905 

weathered 

grooves/capsule, 

Monzonite vein, F4 

    ã ã     

6 ZK8̅912 
weathered 

grooves/capsule, 

Monzonite vein, F4 

ã ã ã ã ã ã ã  ã ã 

7 ZK8̅918 

weathered 

grooves/capsule, 

Monzonite vein, F4 

    ã ã    ã 

8 ZK8̅967  Surrounding rock     ã ã    ã 

9 
ZK10̅

168 
F2      ã     

10 
ZK10̅

178 
F2      ã    ã 

11 
ZK10̅

188 
F2      ã     

12 
ZK10̅

198 
F2      ã    ã 

Service 

tunnel 13 NK8̅950 
weathered 

grooves/capsule 
   ã ã ã    ã 

Right 

main 

tunnel 

14 YK8̅414 

weathered 

grooves/capsule, 

Monzonite vein 
     ã     

15 YK8̅424 
weathered 

grooves/capsule 
Ś Ś Ś Ś Ś Ś Ś Ś Ś  

16 YK8̅ 434 weathered     Ś Ś    Ś 
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17 
YK10̅

680 

grooves/capsule, 

Diabase      Ś    Ś 

18 
YK11̅

050 

Intensely weathered 

granite      Ś     

19 YK11+290 

Shaft location, 

Intensely weathered 

granite 
    Ś Ś     

20 YK11+310 
Shaft, Intensely 

weathered granite 
    Ś Ś     

21 YK11+315 

Shaft location, 

Intensely weathered 

granite 
    Ś Ś     

Note: The letters in the monitoring item represent: A-hydraulic pressure for primary supports, B-

contacting pressures between primary supports and surrounding rocks, C-internal force of steel 

supports, D-hydraulic pressures on the secondary supports, E-contacting pressure between the 

primary and secondary supports, F-internal force of the secondary supports, G-surface strains of 

the secondary supports, H-earthquake accelerations, I-displacement monitoring, J-reinforcement 

corrosion monitoring. 

monitoring point of internal force of anchor

for initial and secondary support

monitoring point of hydraulic pressure 

4

3

2

2
0

0
0

1

design elevation

 

monitoring point of earthquake acceleration

& between the initial and secondary suppor

between initial support and surrounding rock

monitoring point of the contact pressure 

64

2
0

0
0

5
0

0
0

8
2

design elevation

1

2
0

0
03

5

7

 

: Monitoring locations of hydraulic 

pressures on primary and secondary supports 

ǳ: Monitoring locations of internal force of 

anchors  

monitoring point of earthquake acceleration

& between the initial and secondary suppor

between initial support and surrounding rock

monitoring point of the contact pressure 

64

200
0

500
0

8
2

design elevation

1

200
03

5

7

: Monitoring locations of contacting 

pressures between primary support and 

surrounding rocks & between the primary and 

secondary supports 

ǒ: Monitoring locations of earthquake 

accelerations 

(a) (b) 

  

for initial and secondary support

monitoring point of internal force

8

7

6
5

4

3

2

1

2
0

0
0 design elevation

5
0

0
0

2
0

0
0

 

monitoring point of  surface strain of the secondary support

5

43

2

1

2
0

0
0 design elevation

5
0

0
0

 

Monitoring locations of internal forces 

in primary and secondary 

Ǻ Monitoring locations of surface strain 

of the secondary support 

(c) (d) 
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ƶMonitoring locations of displacement the secondary support 

(e) 

Figure A.32 Selected locations of  monitoring items  

!˅ё˅я˅я #þāāþĂøþý üþýøăþāøýö 

Some types of corrosion sensor are used to constitute a reasonable system of corrosion 

monitoring in the Xiamen Xiangôan subsea tunnel as:  

1) The Corro Watch sensors: multi-probe consists of four anodes, one cathode and one 

reinforcement connection. The four anodes are placed in a joint ring in varying but 

known distance to the ringôs bottom. The cathode is placed in the ringôs periphery as 

shown in Fig. A.33 (a). The Corro Watch probe is mounted in combination with an 

ERE-20 reference-electrode and are in reinforcement connection as shown in Fig.A.33 

(b) 

       

Figure A .33 (a)  Corro  Watch  on reinforcement , and  (b)  Corro  Watch with ERE -

20 reference  

2) Ladder-shape electrochemical sensors: The ladder-shape corrosion sensor contains a 

reference electrode, four pairs of cathode and anode sensing probes with different 

heights. Compared with the commercial sensors, the ladder-shape sensor can avoid the 

instability and incomparability of the data because the anode and cathode probes are in 

one-to-one correspondence with each other and the area ratio and distance between 

them are established, as shown in Figure A.34. 
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