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The Structural Health Monitoring System
EMERENRS

Qiusheng Li & Yinghou He, City University of Hong Kong; Wang Hui & Kailin Ju, Hunan University

FWBE & RRAR, FEHM A F R QBTN HHAF

A sophisticated and comprehensive structural health monitoring (SHM) system was designed to monitor the Ping An Finance Center (PAFC)'s
continuous static and dynamic response to conditions in real time. This chapter outlines all seven subsets of the whole SHM system, including
their components, function and the relationships between them. It then offers a perspective on the research and application in other relative
fields based on the PAFC SHM system as an international benchmark platform with the use of field measurement data. Finally the chapter

illustrates some monitoring results for the under-construction project.
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Introduction

Housner defined a SHM system as “an effective method that obtains the inherent information of
the structure under operation from field measurement data to judge and estimate the change
of main property index caused by structure damage or material deterioration (Housner et. al.,
1997)." Since 1993, John Brown and colleagues created a long-term monitoring system about
the change of dynamic responses and structural properties for a 128 meter 65-story office
tower (Brown et. al,, 1998 and 2007). Later, many investigators carried out high-rise building
wind-induced response and seismic vibration monitoring. Li made full-scale measurements on
high-rise structures to identify their wind-induced response properties under strong wind
conditions (Li et. al,, 2000, 2004 and 2007). It is reported that in the USA, Japan, and Taiwan
there are more than 150, 100, and 40 buildings (respectively) with strong motion monitoring
systems for seismic excitation/response measurement and post-earthquake damage
assessment (Ni et. al., 2009).

PAFC is a tube-in-tube super high-rise building. The external tube consists of eight steel-
reinforced concrete columns while the internal tube was constituted by reinforced concrete
shear wall. There are five outriggers connecting the two tubes acting as a reinforcing band. The
total height of this 123-stories (5 floors underground) building is 660 meters and its structural
height is 597 meters. The outline of the structure shows a flat curve due to the slight differences
of the changing rectangular plane size of different stories. The plane dimensions of the first floor
are 56 meters long and 56 meters wide, shrinking to 46 meters long and 46 meters wide up to
the 100th floor. But the plane dimensions of the internal tube remain at 36 meters long and 36
meters wide, including all vertical circulation facilities (see Figure 3.10).

Eleven types of equipment, including 428 sensors deployed on the tower, conduct full
life-cycle monitoring of the structural static and dynamic performance (see Table 3.2). This
chapter describes the constitution, implementation and some applications in the relative
research field of SHM.
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Modular Design of SHM System

The SHM system of PAFC use the megatall
building as a platform, integrating
multidisciplinary research together including
the web of sensors, signal transmission

and procession, computer calculation and
analysis, software development and structure
detection and diagnosis. This system consists
of seven sub-system modules: sensor
measurement system (SMS), data acquisition
and transmission system (DATS), data
processing and estimation system (DPES),
data management system (DMS), support
and protection system (SPS), structure health
assessment system (SHSS), software system
(SS) (see Figure 3.11).

Sensor Measurement System

This sub-system is mainly composed of
11 types of equipment (see Figure 3.12
and 3.13). The monitoring content for in-
construction stage including:

1. Climate monitoring: Temperature,
humidity, rain, air pressure

2. Load monitoring: Earthquake
motion, wind speed and direction,
temperature

3. Horizontal displacement of the top
of the tower

4. The inclination of the tower

5. Vertical deformation (the shrinkage
and creep of the shear wall and
column)

6. The stress, strain and pressure of a
typical location

7. The settlement of the overall tower

Except the above items, the additional
monitoring content for the in-service stage
includes:

1. The dynamic property: the modal,

mode shape and damping of the
structure.

2. The dynamic response, such as
wind-induced response.

Figure 3.10. Structure visible during construction.
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Figure 3.11. Function relation of the sub-systems
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Number of sensors
. GREKEH
No. Sensor type !Vlonltorlng In- ) In-se‘rvic‘e Mar;u:’acturer/
5 pREE items construction | monitoring | Mode
e W E monitoring # RN E SR/AE
T Bt B
B
1 Weather station | Temperature,
= %5k h.um|d|ty, rain,
air pressure 1 1 GMEC/WP3103
B R,
& ARAE
2 Anemometer Wind speed GILL/Windmast
irecti indmaster
RE L and direction 1 1 oro
3 o R 1
3 Wind pressure Wind pressure
sensor RJE - 40 Setra/ Setra 268
RE T
4 Total station Displacement
N . 1 - Leica/Leica TS30
A 36 fr s
5 Optical fiber Inclination Fib S
incli . ibersensing
inclinometer A 32 32 FS6400
SR AL
6 Digital Whole . .
electronic level | settlement 1 1 Leica/Leica
o . DNAO3
BT ACHE L BRI
7 GPS Displacement, . .
inclination 5 5 Leica/Leica
\ ! GMX902 GG
i, st
8 FBG strain Strain, stress NSCSMCN/CB
sensor . N -
v | 2 BE 300 300 FBG-EGE-100 CB-
S e A FBG-GFRP-WO1
R
9 FBG Temperature
temperature B R
sensor BE 0 0 NSCSMN/
LT MR E
5 R 2
10 Seismograph Earthquake
= E L motion 1 1 IEMCEA/GDQJ
WE
1 Accelerometer | Acceleration
b R . - 10 Jewell/LSMP-2
A T T E
Total
o 378 428
KAt

Table 3.2. The number and type of sensors deployed for in-construction and in- service monitoring.
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In the light of FEM simulation results, choosing the most adverse position where the stress is
maximum under general ambient loading or extreme loading condition, or the weak location
where the cross stiffness of structure mutates under external loads. Then install proper sensors
at those selected positions to measure the important responses. For example, the distribution
of story shearing force between the core tube and external frame under frequent earthquakes
could be obtained by establishing the model with ETABS software (see Figure 3.14). It can be
seen that the shearing force mutations appear at the floors where there exist the belt truss. So
these floors have sensors naturally (Fu et. al,, 2012).

It is worth noting that, such equipment as weather stations, anemometers, and global
positioning systems (GPS) are fixed to the top of the structure in the construction stage, rising
with the building until the end of the construction stage. They will be installed at the top of the
tower at the final service stage.

Data Acquisition and Transmission System
This sub-system could be divided into three aspects according the different type of sensor
signal, including the fiber Bragg grating sensor, the analog signal sensor, and the digital signal
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Figure 3.12. (a) Deployment of sensors and sub-stations (data acquisition units) for in-construction monitoring
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sensor. Different sensors are processed by
corresponding signal processing modules,
switched to become a uniform digital signal
with data acquisition modules, and finally
transferred to the remote control center
through the data transmission module.

To ensure the synchronizing of the data
analysis, it is required that all measurement
begins at the same time. The NTS-71 time
server is adopted, the time is calibrated
precisely by the built-in GPS, and the
network time protocol (NTP) provides the
time-synchronization services for other
embedded acquisition devices. The return
time is the sum of the GPS and LAN (local
area network), more than 1ms.

In the construction stage, it is difficult to
place and protect the signal transmission
cable. To achieve the real-time transfer

for the site-measured data, a wireless
transmission scheme is determined. Data is
transferred through combined wireless LAN
and 3G telecommunication networks. Five
sub-stations are built on ordinary truss floors
and a temporary monitoring center is built
at the construction site. The communication
between the sub-stations and temporary
monitoring center is through wireless

Figure 3.12. (b) sensor construction
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LAN, while the communication between
the temporary monitoring center and the
remote control center is through a 3G

telecommunication network (see Figure 3.15).

In the service stage, a ring optical fiber

web composed of MOXAEDS 308 industrial
Ethernet switches and multifiber cable
constitutes the wireless LAN, which transmits
data between the sub-stations and the
monitoring center (see Figure 3.16).

Data Processing and Estimation System
This sub-system is aimed at processing
the acquired data for the subsequent

use in other sub-systems. It also controls
the process in the data acquisition and
transmission system in turn. This module
consists of pre-processing and post-
processing aspects (see Figure 3.17).

Data pre-processing focuses on real-time
information extraction. The original data

was “cleared up”in the first step to remove
the useless data. In the second step, we
calculated the targets detection and
statistical characteristic parameters based on
the "clean” data-processing results.

Data post-processing focuses on long-

term information extraction. This involves
conducting off-line analysis of the data

after pre-processing to obtain the model
parameters, implied information and long-
term regularities by way of statistical analysis,
characteristic extraction and data mining.

Data Management System

This sub-system stores and manages data.
Data modification, deletion, query and
printout are implemented in this stage.

The PAFC SHM system central database
consists of a large-scaled relational database
and a geographic information system (GIS)
database, including the dynamic database,
static database and analysis result database
built upon the server. The invariable, or rarely
variable static chart information is sent to the
static database. The processed original data

is developed in the dynamic database. The
analysis results are printed out directly, and
stored in the analysis result database.
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Figure 3.13. Deployment of additional sensors and instruments for in-service monitoring
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Support and Protection System
This sub-system provides stable power supply, suitable construction environment, lightning and
protection for the various devices.

The power supply system mainly works for the data acquisition station and sensors. The power
supplied for stations is 220V AC; meanwhile the power for sensors is supplied by the station,
with an electric pressure converter to ensure uninterrupted power supply for sensors.

This sub-system has lightning protections optimized for different destruction patterns,
including direct lightning strikes, lightning surge invasions, lightning electromagnetic pulse
jamming and lightning ground potential counterattack.

Structure Health Assessment System
This sub-system is the core of the whole SHM system, containing three modules: structural

security alarm module (SSAM), structural condition and damage identification module (SCDIM),

and structural comprehensive assessment module (SCAM).

The SSAM adopts the graded warning mechanism. According to the force state, there are
three grades: first grade (yellow), second grade (orange) and third grade (red). If the red
alarm activates, it indicates that situations in which load effects exceed the ultimate bearing
capacity happen frequently.

Figure 3.15. Sensor integrated system in construction stage

3.5, i T M4 15 R B & k1B

TEIRDEMHSERER, FA

GISR PRI HAKEE, K EHNAS
RS N EE, ZETREEEIAS
HEE XorEREERE, R
BET, HROFTERKERE.

XHRT RS
Ay F A &R B AR B R R B AL A A
TS, HRUFE. HRARY.

PFHERAROCERER TR G TR
BHE ARG KIEREIER A 220V R
FEw, FRERGH KRB ESH
BB BB

AENAZHHAMEEFTFGNER. FE
BEN. FhemfiorTh, ek
FINGERESHELGE R %K.
EMRETHERSE
HEHERITETARZRINFLZER ST
FOREENRZWAZC, HEATER
Mk % e TERE. EMRE BB
BRAESR, e ITEER,

2 M a2 A TR B w45 A B R Tk A
HATHRTE., RELEHHUZTHRE, B
FAR AR E XA Z R ENF— K
(Ba) L, —% #Be) MEM=%
(ae) T, 2aefE e, iH
BREMKIHBIAE I AR RIRRE
HE M.

HEAPR S BARG R A SR 3d 45 40 B B
RS S BB RG FERHATRA. EAE
BN M RERSHE AR, RABAA
BRI B SRS AR,
BT R AL HEE N T RAHE
EEEON, S E AR B S A R
iAo
HEMGEATEERAEMY R 2E, B
M RE R AT e . RIIFLER
SRR N ERRE L N4 E,
SRl BRE. BNE. KEBFE. /b
BITE. BATENBAEERERAT
f, BN E A A KBRS T,
REREAN G- ENRKEHZLE. WA
MR A U RE T, NEARE A
A A I E AT

%M | 57



The SCDIM identifies the structural
damage and the important component
state parameter. It first, sets up the initial
undamaged state sample, then builds the
samples in different operation stages and
makes the conjoined analysis between the
two kinds of samples, using the damage
identification algorithm to judge the
component state.

The structural comprehensive assessment
module makes an overall performance
assessment for the structure, aiming for
structural safety, durability and serviceability.
The PAFC SHM system is divided into an
object layer, a criterion layer, a big index
layer and a small index layer. The four layers
correspond to the overall state assessment,
the segment state assessment, the itemized
index assessment of the safety, durability
and serviceability and the monitoring item
assessment, respectively.

Software System

This sub-system is made up of data
processing software (B/S architecture) and
user interface software (C/S architecture). It
shows real-time data to the users on demand
through the system and accepts control and
input from the users. As a design of person-
machine mutual system, on the premise of
advanced technology, convenient operation
and visual understanding, this system should
meet the requirements of management
interface, data description and reports for the
future network office.

Using the PAFC SHM System as a
Benchmark

Establishment of the Finite Element
Model

Generally, the accurate finite element
models are the basis for the structural
damage identification. The initial PAFC finite
element model has been established by the
investigators according to the original design
information about the material parameters,
load condition and other essential structure
data. This would be updated step-by-step
with the real-word measurement data in
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Figure 3.16. Sensor integrated system in service stage
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different construction stages and in the completed stage, so as to obtain the dynamically
updated benchmark model in different critical stages. With the model, the estimation of
instant structural state analysis, and even the prediction of future service conditions, could be
done. However, it could be difficult to diagnose the damage of the local structure member

or cross-sections with the intrinsic modal properties only. So a multilevel data fusion SHM
assessment method which combines the global modal properties and local strain information
was proposed by the interested researchers. In fact, it is a kind of statistical probability method
for structural damage identification, which had been pioneered in the Guangzhou New TV
Tower SHM system for local detection (Ni et. al,, 2006 and 2008). In this method, two types of
probability density functions (PDFs) should be determined. The PDF of the load effect in an
element or a cross-section is obtained directly from measured strain data, while the PDF of the
resistance of the structure or materials is derived from the prescribed structure information or
material tests, then employ the first-order reliability method to identify the most vulnerable
structural elements and quantify real the safety reserve of each component. The remarkably
integrated PAFC SHM system could monitor the static strain, dynamic strain and cumulative
strain constantly. This enables engineers to construct the dynamic statistically finite element
benchmark model for the probability estimation of the integral structure state, as well as local-
element or cross-section performance.

The Comparative Analysis of Multiple Dynamic Characteristics-Based Structural Damage
Identification Methods

The dynamic characteristic-based damage identification methods have been applied widely

in China and abroad. A large amount of relevant methods and corresponding algorithms

have been undertaken by researchers. The monitoring methods mainly cover the change

of frequency, the change of mode shape, the change of mode shape curvature, the residual
force vector, the stiffness matrix and flexibility matrix, the damage criterion, the change rate

of element modal strain energy and the change of frequency-response function. The highly
effective intelligent algorithms include the neural network method, genetic algorithm, dynamic
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Figure 3.18. Vertical deformation: (a) external columns, (b) core-tube
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inversion method and grey system theory(Zhu et. al,, 2011). For example, Salawu summarized
the method based on the change of frequency (Salawu, 1997), Salawu judged the damage
location of a practical bridge with MAC (modal assurance criteria) and CMAC (coordinate modal
assurance criteria) (Salawu, 1995). Zhou located the damage of a test reinforced concrete frame
model accurately using the residual force method (Zhou, 1998). Pandey and Biswas studied the
cantilever beam, simply supported beam, and free beam damage identification through the
change rules of the appropriate flexibility matrix difference, concluding that the flexibility matrix
difference is an effective indicator, especially when the damage is in the high stress region
(Pandey and Biswas, 1994). Particularly, some damage identification methods for tall buildings
were developed by scholars, like Hilbert-Huang transform and a novelty detection technique
(Zhou, 2002), wavelet-based diagnosis technique (Zhou, 2004) and principal component
analysis-based neural network technique (Ni et. al., 2006).

Though the aforementioned methods have their inherent advantages respectively, the
feasibility in the practical engineering structure, especially for the large-scale structures, had
rarely been examined. So it could be a beneficial chance to treat the PAFC as a test platform
to estimate the operation state both in construction and service stages. Furthermore, the
effectiveness and limitations of the above methods could be cross-verified and calibrated,
which could be a valuable reference for the future tall building damage identification.
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Figure 3.19. Relative vertical deformation between core-tube and external
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The Optimized Sensor Placement

The measured data from the sensors deployed on the structure is the basis of the SHM system
for the assessment of the health condition. The larger the structure scale is, the more degree of
freedom needed, so the placement of sensors must be optimized to get the most serviceable
information using the smallest number of sensors. The optimal design of the number and
placement of sensors not only could reduce the monitoring cost, but also improve the data
processing. The sophisticated sensor placement in the PAFC SHM system could also be a
reference for the large-scale structure sensor layout in accordance with the real-time feedback
in the practical application.

Verifying the Function of the Tuned Mass Damper (TMD) System

The RWDI wind tunnel test results indicate that the wind-induced acceleration at the top of
PAFC is 0.259m/s?, which exceeds the requirement of the structure serviceability. So two TMDs,
weighing 400t each, were deployed at the core tube diagonal in the 112th floor to reduce and
control the wind-induced acceleration. Based on the measured response information from

the sensors before and after the typhoon excitation, the effectiveness of the TMD system and
feedback state of the TMD equipment was verified.

Construction Monitoring Results

Structure Vertical Deformation

From the vertical deformation of the core tube and the external columns and their relative
vertical deformation curves when the core tube was constructed to the 59th floor (see
Figure 3.18 and 3.19), was found in the analysis results that three kinds of methods yield
consistent conclusions, with fine differences for the absolute vertical deformation. But for the
relative vertical deformation, the linear interpolation method’s (LIM) result is the largest, while
the FEM simulative analysis method'’s result is the smallest, and the comprehensive analysis
method (CAM) has the in-between result with more reference.
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Figure 3.20. the stress of the pile bottom: (a)The measured stress of the pile bottom (b) the stress comparison of N24
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Figure 3.21.The stress of the above-ground floors : (a) core tube (b) external columns (c) the comparison between the
measurement and the FEM results of F11.
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The Stress of the Structure

According to the construction progress and actual data acquisition condition, six data
measurements were carried out when the core tube was constructed up to the 18th, 30th, 41st,
50th, 59th and 65th floor respectively, calculating the stress analysis results of the pile bottom
and representative above-ground floors (see Figure 3.20 and 3.21). The field-measured data
describes the changing trend of the stress of the pile bottom and above-ground floors clearly,
and the fine distinction beween the actual measurement and FEM simulation results indicate
the accuracy and reliability of the real-world measured data.

Conclusion

The PAFC SHM system is a breakthrough for the application of health monitoring technology
in tall buildings built after the Guangzhou New TV Tower. The integration of in-construction
monitoring and in-service monitoring achieved the whole-lifecycle monitoring of the
structural state in real time from the beginning of construction to the future service stage. The
comprehensive assessment system conducts the construction, detection and maintenance
accurately and assures the structural safety operation. The modular design of the system
ensures the effective independence of the sub-systems; meanwhile, the cooperative functions
link them together as a whole. Eleven types of equipment, including 428 sensors, conduct

an all-around monitoring of the structural static and dynamic performance. The complete
field-measured data make the PAFC become a full-scale test benchmark platform for the
establishment of the dynamic statistical finite element benchmark model, the verification of
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the effectiveness and limitation of various damage identification methods, the reference of the AAMZERSPERBERE, B2, F

optimized sensor placement in high-rise structures and the assessment of the TMD operation ZawmEoERENAZEEETEENR

state. In a word, this system is an important exploration for the health monitoring technology BRENSFAN— N EENERNER,

application in the tall structures, which promotes the development of health monitoring EHERRENEAEIRRNEE, Vi
technology and creates a beneficial condition for technology innovation and perfection. B MM AR E 0 E E A T RS
Moreover, the system could monitor the structure information in real time and feed the data . FEEWA, IWERNRSR LET
back to the engineers in time to take effective maintenance measures, which would enhance Sz et e 4 A AR AR (8 BT BB RO 45 A9 AR
the sense of comfort and safety in the building. AR IR A B 4P # ik, XA A

MR E R P e E R R,
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