
Engineering Research
Express             

PAPER

Outlier detection of monitored data and
unsupervised recognition of construction activities
during seismic performance enhancement of
historic stone monuments
To cite this article: Songtao Xue et al 2025 Eng. Res. Express 7 015116

 

View the article online for updates and enhancements.

You may also like
Localism in perceiving the problem of adat
people in forest area: A critical thinking
Agung Wibowo

-

Criterion of Authenticity or New Creation in
Historical Fortresses on the Territory of
Poland
Ewa Weclawowicz-Gyurkovich

-

Brain-based learning and perception of
students in a suburban area about the
history
W I Fauzi, A B Santosa and Tarunasena

-

This content was downloaded from IP address 111.187.39.181 on 06/02/2025 at 01:23

https://doi.org/10.1088/2631-8695/adad33
/article/10.1088/1755-1315/886/1/012084
/article/10.1088/1755-1315/886/1/012084
/article/10.1088/1757-899X/471/8/082013
/article/10.1088/1757-899X/471/8/082013
/article/10.1088/1757-899X/471/8/082013
/article/10.1088/1755-1315/485/1/012080
/article/10.1088/1755-1315/485/1/012080
/article/10.1088/1755-1315/485/1/012080


Eng. Res. Express 7 (2025) 015116 https://doi.org/10.1088/2631-8695/adad33

PAPER

Outlier detection of monitored data and unsupervised recognition of
construction activities during seismic performance enhancement of
historic stonemonuments

SongtaoXue1,2,3 , Qinhao Shi1 , LiyuXie1,3 , ShuningZhou4,Wensheng Lu1 andManshengZhang5

1 Department of DisasterMitigation for Structures, Tongji University, Shanghai, People’s Republic of China
2 Department of Architecture, Tohoku Institute of Technology, Sendai, Japan
3 State Key Laboratory ofDisaster Reduction inCivil Engineering, People’s Republic of China
4 Xi'an BeilinMuseum, Xi'an, People’s Republic of China
5 China Aviation Planning andDesign Institute Co. Ltd, Beijing, People’s Republic of China

E-mail: liyuxie@tongji.edu.cn

Keywords: cultural heritage preservation, structural healthmonitoring, structural vibration isolation, internet of things (IoT)monitoring
system, unsupervised learning

Abstract
To enhance the seismic resilience of historical and cultural heritage sites, protectivemeasures were
implemented through the installation of advanced heritage protection platform facilities. A structural
healthmonitoring systemwas developed to safeguard historical relics during construction activities by
continuouslymonitoring the overall condition of the relics and the integrity of critical components.
Key parameters, such as settlement differences, tilt, crackwidth, and acceleration, weremeticulously
tracked, with predefinedwarning and alarm thresholds established. Alerts were triggeredwhenever
these parameters exceeded their respective thresholds, ensuring timely interventions. To ensure the
reliability and consistency of the collected data, this study proposes an evaluationmethod that
integratesmulti-source data fusionwith statistical analysis techniques. Building on this foundation,
an unsupervised algorithmwas employed to identify construction activities impacting the structural
health of the relics. The results demonstrate the effectiveness of combiningmulti-source data and
intelligent algorithms for reliablemonitoring and early detection of risks during conservation. The
developed systemoffers automated, real-time assessments and can serve as amodel for future heritage
protection projects. Looking forward, integrating wireless sensors and diverse data sources could
improve system accuracy, efficiency, and cost-effectiveness, further enhancing the protection of
cultural heritage.

Introduction

The conservation of cultural relics not only exemplifies reverence for and the preservation of historical culture
but also contributes positively to both social stability and economic development [1–3].Monuments, as
distinctive cultural relics, serve to commemorate and document significant historical events,figures, or societal
cultures [4–7].

However, due to the absence of seismicmeasures and prolonged natural weathering, cultural relics exhibit
low resistance to seismic risks. Historical examples demonstrate the vulnerability of historical relics to seismic
damage [8–10]. On February 6, 2023, GaziantepCastle, aUNESCOWorldCultural Heritage site, collapsed
during themagnitude 7.8 Richter scale earthquake in Turkey.Moreover, theMinistry of Culture andTourism
has identified over 8,000 historic structures in eleven provinces severely affected by earthquakes [11]. Similarly,
during theMingDynasty, a suspectedmomentmagnitude (Mw) 8 earthquake in Shaanxi, China, caused the
collapse or fracture of 40 out of 114 stonemonuments, some of which are examined in this paper [12]. These
examples highlight the urgent need to enhance the seismic resilience of cultural relics [13].
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In contemporary engineering, twowidely adoptedmethods for improving the seismic resistance of cultural
relics are direct fixation to an external frame and the installation of isolation platforms [13, 14]. In contrast to
smaller artifacts typically showcased in compact display units,monuments with larger dimension are
structurally connected to their bases through foundations. Research indicates thatmonuments fortified using
the two aforementionedmethods exhibit resilience against seismic forces,maintaining their upright position
during such events [15]. However, employing the direct fixation of themonument to the external framemay
result in some cracking in the connection region between themonument and its base. In contrast, the base
isolation reinforcementmethod enhances themonument’s direct seismic resistance by extending the vibration
period of the entire system, preventing the occurrence of cracks in the connection area between themonument
body and its base. Therefore, the installation of isolation platforms formonuments emerges as an effective
approach.

This paper focuses onmonitoring efforts undertaken during the seismic functional upgrading of an
exhibition room in a historic stonemonumentsmuseum located inXi’an, China. As the ancient capital of China
during the 13thDynasty, Xi’an boasts a profound cultural heritage and a rich historical legacy. Themuseum,
with nearly amillenniumof existence, houses a significant collection of stonemonuments with great artistic
value.However, situated at 108.95 °E longitude and 34.27 °N latitude, Xi’an is positioned between the two
largest seismic zones globally: theMediterraneanHimalayan Seismic Belt and theCircum-Pacific Seismic Belt.
Additionally, it is on the edge of theQinling Seismic Belt, posing unfavorable conditions for the protection of
cultural relics.

In specific terms, eachmonument involved in the seismic performance enhancement has approximate
dimensions of 2m in height and 1meter in length, with sixmonuments forming a group. Several groups of
monuments are interconnected by concrete frameworks, forming an elongated concrete structure, as illustrated
infigure 1.Unlike smaller relics like statues, these tall and slendermonumentmonuments cannot be directly
hoisted for enhancement with relocation. The enhancement process involves cutting the existing foundations,
installing steel beams, and using hydraulic jacks to lift themonuments for in situ replacement of their
foundations. The necessity of cutting and lifting themonument foundationwithin limited space introduces
significant construction complexity. Hence, the installation of protective platform facilities inevitably imposes
forces and dynamic stimuli on themonument, introducing a certain level of safety risk during construction
activities. Furthermore, insufficient stiffness of the steel beamsmay lead to uneven settlement of the
monuments, leading to the safety risk of localized damage and overturning during construction activities.

Figure 1. Frontal perspective of the exhibition roomprior to seismic performance enhancement.

2

Eng. Res. Express 7 (2025) 015116 SXue et al



Additionally, the inherent fragility of themonuments, coupledwith the aged structures of their foundations and
the complexity of subsurface conditions, introducesmany unpredictable variables. Lastly, the extraordinary
value of themonuments requiresminimizing risks associatedwith construction.

Designing a structural healthmonitoring system and amonitoring plan, focusing on the overall structure
and key areas, becomes an effectivemeans of risk control [16–21]. The relocation project at theMahaviraHall of
Jade Buddha Temple in Shanghai faced challenges such as difficulty in relocation, poor overall structural
integrity, and the potential for postural changes and risk in the Buddha statues as cultural artifacts. To ensure the
safety of themain structure during the relocation process, an automated, real-time, networked, and integrated
monitoring systemwas designed, providing reliable assurance for the overall translation of themain structure
[22]. Therefore, implementing healthmonitoring throughout the entire process of restoring ancient buildings
and cultural relics is imperative [23–25].

Monitoring data can to some extent reflect the posture of themonument, and anomalies in themonument’s
posture are likely to bemanifested in themonitoring data. Therefore, the processing and analysis ofmonitoring
data are paramount. Upon data acquisition, the initial step involves enhancing data quality through tasks such as
filling inmissing data and identifying anomalies [26]. Subsequently, a comprehensive analysis of the dataset is
conducted, including stability and reliability assessments [27]. Finally, informationmining and assessment of
structural health status are conducted.

In particular, throughout the project implementation, we noted a robust positive correlation between
construction activities andmonument posture. Subsequently, we endeavored to identify the construction
activities from an extensive dataset using datamining techniques. Given the advancements inmachine learning,
employing sophisticated algorithms for information extraction from this data has become a focal point of
research [28–34].Monitoring data can be effectivelymined using variousmethods, including statistical features
[35], modal parameters [36], multi-scale analysis [37], and deep learning [38]. This study has enhanced
traditional statistical feature-basedmethods and, considering the specific nature of the targetmonitoring
project, incorporated unsupervisedmachine learning to classify the construction activities.

This paper presents a comprehensive overview of the structural healthmonitoring (SHM) system
implemented in the project, with three primary objectives: to acquire themost reliablemonitoring data, issue
early warnings for potential structural risks, and analyze the structural response based on the collected data.
Leveraging the unique characteristics of this project, which involved a substantial volume ofmulti-source data,
the authors developed an innovative unsupervised processing approach based on data fusion, building upon
prior research [39].

This studymakes significant contributions to bridging the gap between cultural heritage conservation and
modern engineering techniques.Moreover, it advances the integration ofmonitoring data processingwith
machine learningmethodologies. Thefindings andmethodologies introduced in this work offer valuable
insights for guiding futuremonitoring initiatives in translocation projects and enhancing the protective
measures for key cultural relics.

Implementation of isolation replacement

The exhibition room,which has undergone seismic functional upgrading, is shaped like the letter ‘n’ and has
been artificially divided into four zones: ZoneA, Zone B, ZoneC, andZoneD, as shown infigure 2. Specifically,
Zones C andD each feature a set of L-shaped interlocking stonemonuments, while Zones A andB comprise a set
of north-south-oriented interlocking stonemonuments alongwith a short stonemonument.

Each groups ofmonuments comprises the originalmonument, flanked by two braces, and the upcoming
installation of the new vibration isolation foundation section. Specifically, themonument encompasses the
monument body, concrete frame beams, stone foundation for themonument, and the original concrete
foundation. The brace primarily consists of the upper section of the brace and its foundation. The new vibration
isolation foundationmainly comprises two reinforced concrete foundations, the vibration isolation bearing
situated between them, and the concrete beamwith amovable cover plate. Due to confidentiality concerns
regarding the actual structures, this paper focuses on themonitoring techniques andmethodologies. Therefore,
only schematic diagrams are provided to illustrate the key concepts, rather than detailed depictions of the actual
structures, as shown infigure 3.

The primary objective of the seismic performance enhancement construction is to replace the original
foundationwith a new vibration-isolating foundationwhile ensuring complete protection of themain section of
themonument. Specificmonitoring and construction activities were executed successively in four zones. The
specific key processes and construction timeline are shown infigure 4 and table 1.

Prior to the seismic performance enhancement, construction simulation underwent testing using a scale
model. The crucialmonitoring parameters for the construction process were ultimately defined across three
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aspects: the overall posture, local deformation, and uneven settlement of themonument, alongwith the overall
tilt of themonument at all stages of construction; the detection of local cracks or deformation in key nodes
within themonument’s sensitive areas; and the dynamic response of themonument during construction
operations, encompassing velocity and accelerationmeasurements.

Design anddeployment ofmonitoring system

Monitoring system
Wehave organized themonitoring system into fivemodules: displacementmonitoring, inclinationmonitoring,
accelerationmonitoring, crackmonitoring, and data acquisition& cloud platform [40, 41], as shown infigure 5.
Somemonitoring equipment used in the process are shown infigure 6, and themonitoring images are presented
infigure 7.

In the displacementmonitoringmodule, following the actualmeasurement (two laser rangefinders were
initially installed in the first construction zoneD, but construction dust significantly interferedwith instrument
measurements, resulting in substantial system errors. Consequently, laser rangefinder data was not chosen for

Figure 2.The plan view of the exhibition room and its distinct zones.

Figure 3.The cross-sectional illustration of themonument.
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use), the decisionwasmade to employ level instruments formeasurement. Calibrationwas then supplemented
with data obtained from the total stationmeter.

It is essential to recognize that a level can onlymeasure relative displacement using the formula
( ) ( ̅ ̅ )= - - -S S S S St t0 0 .Where, S represents the cumulative settlement; St represents the current time

measurement value of themeasurement point; S0 represents the initial timemeasurement value of the
measurement point; ̅St represents the current timemeasurement value of the datum. ̅S0 represents the initial
timemeasurement value of the reference point.We also performed additional calibration and calculated the
absolute displacement of themeasured points bymeans of the total station.Detailed information on the level
instrument andwireless inclinometer can be found in table 2.

In the inclinationmonitoringmodule, we opted for awireless, low-power, high-precision inclinometer due
to itsflexible arrangement. Additionally, amore stable wired inclinometer was selected as a supplement for some
of the points. Themeaning of each angle is shown infigure 8.

The definition of positive and negative is illustrated in thefigure: the x-axis is negative if above the horizontal
plane and positive if below the horizontal plane; the y-axis is negative if above the horizontal plane and positive if
below the horizontal plane; the z-axis exhibits a positive angle above the horizontal plane and a negative angle
below the horizontal plane.

Acceleration ismonitored usingmagnetic-electric velocity (acceleration) sensors and a centralized low-
speed onlinemonitoring system following on-sitemeasurements for stonemonument crackmonitoring (real-
timemonitoring by cameras does not fulfill on-site stonemonument protection requirements), the digital
camera photographymethod has been ultimately chosen for recording. Subsequently, a crack identification
algorithm is employed to identify andmonitor the expansion of cracks. Detailed information on the acceleration
monitoringmodule and digital camera can be found in tables 3 and 4.

The data acquisition and cloud platformmodule primarily involve consolidating data from the field level
instruments and inclinometers through the intelligent acquisition base station.Ultimately, all data is uploaded
to the cloud platform, as shown infigure 9.Detailed information on the intelligent acquisition base station can
be found in table 5.

Layout of sensors
As previouslymentioned, the entire construction area undermonitoring is subdivided into four zones: A, B, C,
andD.Different types of sensors are strategically placed in each zone and are named in the format ‘Sensor type’ -
‘Layout zone’ - ‘Number’. Here, ‘SZ’ represents a level instrument, ‘QX’ represents an inclinometer, and ‘LF’
designates themonitoring position for cracks on themonument surface. For example, ‘SZ-D-02’ signifies the
second level instrument positioned in zoneD.

Displacement is primarily gauged using level instruments, supported by the total station for supplementary
monitoring. Inclination ismainly assessed through awireless, low-power, high-precision inclinometer, with
additional wired inclinometers ensuring data integrity at specific points. The distribution across zones is as

Figure 4.Critical construction activities.
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Table 1.Construction andmonitoring of key processes andmoments.

ZoneD ZoneC Zone B ZoneA

Temporary protection installation for themonument Completed by February

Installation of structural healthmonitoring system Feb. 28th∼Mar. 1st Feb. 28th∼Mar. 2nd Apr. 1st∼Apr. 2nd Apr. 1st∼Apr. 2nd

Jacks Installation Feb. 26th Feb. 27th Apr. 23rd Apr. 26th

Cutting of the original foundation Mar. 2nd∼Mar. 4th Mar. 5th∼Mar. 9th Apr. 23rd∼Apr. 25th Apr. 27th∼Apr. 29th

Removal of concrete foundations Mar. 3rd∼Mar. 5th Mar. 11th∼Mar. 17th Apr. 25rd∼Apr. 27th Apr. 30th∼Mar. 2nd

Excavation to the bottomof the bedding Completed byMar. 6th Completed byMar. 19th Completed byApr. 30th Completed byMay. 3rd

Chiseling of foundations Completed byMar. 7th Completed byMar. 19th Completed byApr. 28th Completed byApr. 30th

Rebar tying and concrete pouring Completed byMar. 15th Completed byMar. 22nd Completed byMay. 6th Completed byMay. 4th

Installation of seismic isolation bearings Mar. 19th Mar. 26th May. 6th May. 8th

Remove the jacks Mar. 24th Mar. 29th May. 9th May. 12th

Sensor removal Mar. 26th May. 25th
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Figure 5. Structure of themonitoring system.

Figure 6.Monitoring equipment during themonitoring process.

Figure 7.On-site sensor deployment photos.

7

Eng. Res. Express 7 (2025) 015116 SXue et al



follows: ZoneAhas 7 level instruments and 7 inclinometers fromnorth to south, Zone Bhas 6 of each arranged
likewise, ZoneC features 7 level instruments and 4 inclinometers from east towest, and ZoneD includes 7 level
instruments and 3 inclinometers fromwest to east. The arrangement of the level instruments and inclinometers
is shown infigures 10 and 11.

Acceleration (speed)measurements were notmonitored in real time but through flexiblemonitoringwith
real-time changes inmonitoring positions during key construction processes.

For imagemonitoring (crackmonitoring), the selected points are shown infigure 12.
It is crucial to underscore thatmonitoring data should be preserved in their raw and unprocessed state.

Before analysis, themonitoring data should undergo checks, evaluations, and necessary processing, including
the elimination of abnormal data, repair ofmissing data, trend removal, digital filtering, and noise reduction.

Bymonitoring the static response and dynamic response of the structure during the displacement process
under variousworking conditions, displacement phases, and environmental excitation, it becomes possible to
comprehensivelymonitor and providewarnings for the entire process of structure displacement.Monitoring
stresses in key parts and components of the structure during the displacement stage, alongwith observing the
overall attitude and local uneven settlement, enables amulti-level alarm system for criticalmonitoring data.

Figure 8. Schematic of the angle of each axis.

Table 2.Parameters of the level instrument andwireless inclinometer.

Precision Sensitivity Voltage Power dissipation Protection class

Level instrument 0.1mm 0.01mm DC5∼ 30V <0.05W >IP67

Wireless inclinometer ± 0.005° <0.001° DC5V (Type-C) <0.2W >IP67

Table 3.Parameters of the accelerationmonitoringmodule.

Centralized low-speed onlinemonitoring system

Highest continuous sampling rate Frequency response range Operating temperature Protection class

200Hz DC∼ 30Hz −10∼ 50 °C IP50

Magnetic-electric velocity (acceleration) sensors

Switch of gear Sensitivity Range Frequency response Operating temperature

± 10% −3∼+ 1 dB

0 - -0.3V m s 2 -20ms 2 0.5∼ 50Hz 0.25∼ 100Hz −10 °C∼+ 60 °C
1 / -20V ms 1 -0.125ms 1 4∼ 80Hz 1∼ 100Hz

2 / · -5V m ss 1 -0.3m s 1 1∼ 80Hz 0.5∼ 100Hz

3 / -0.3V ms 1 -0.6m s 1 0.5∼ 80Hz 0.17∼ 80Hz

Table 4.Parameters of the digital camera.

Digital camera

Effective

pixels

Image

processor

Maximum

resolution

Range

of focus

Aperture

range

32500000 DIGIC 8 6960× 4640 18–135

mm

F3.5-F5.6
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The overall attitude, local settlement, and deformation data of the structure should be designated as
observation time points, with the initialmonitoring values serving as benchmark data. Correlations should be
establishedwith relevant data from structural safety inspections conducted prior to the shift, and attention
should be directed toward the incremental change ofmonitoring data relative to the initial observation values
during themonitoring phase.

At key time points corresponding to structural system transformations during the shifting process, several
reference time points should be set. Reference benchmark values for the observation data of the corresponding
states should be established, and incremental changes relative to different reference time points should be

Figure 9.Engineering web presentation interface.

Figure 10. Installation positions of the differential level instruments.

Table 5.Parameters of the intelligent acquisition base station.

Intelligent acquisition base station

Voltage

Output volt-

age and

power Specification

Protection

class

DC 12∼
30 v

DC12/24V–

20W

160*120*65

(mm)
>IP66
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analyzed in subsequent stages. Consequently, daily, weekly, andmonthly reports are generated tomeet the
varying needs of displacementmonitoring at different stages.

Installation of sensors
During the installation process, it is imperative to secure the artifacts as securely as possible, ensuring no damage
to them, to obtainmore accurate data. Specifically, level instruments and inclinometers are affixed to the top of
themonument using a hoop, with felt padding between the hoop and themonument. Accelerometers are fixed
in themeasured area using cleanable rubber cementwhen testing is required. For points requiring crack
monitoring, a window is opened, and a foamprotective layer is set up. All sensor installationmethods are
compiled into a comprehensive program, submitted to the relevantmanagement department for approval and
adoption.

Additionally, attention is given to photographic records of each point, recognizing that the installation
direction of inclinometers significantly impacts the data’s interpretation.

Settingwarning and alarm values
Based on consultations with experts, relevant departments, andmanagement units, thewarning and alarm
values are detailed in table 6.

Figure 11. Installation positions of the differential inclinometers.

Figure 12. Imagemonitoring (crackmonitoring) positions.
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Unsupervised classification of construction state

Data validation
Given the presence ofmultiple total stationmeasurement points situated on both sides of themonument, data
from the level instrument, inclinometer, and total stationmeasurements during typical time periods are
regularly selected for comparison and analysis throughout themonitoring process. This is undertaken to verify
the accuracy of the data. As an illustration, consider the data fromMarch 18, between 8:30 and 11:30 a.m. in
ZoneD, as shown in Figure 13.

It is evident that the inclination values derived from the total station data on both sides of themonument
align closely with the datameasured by the inclinometer on the top of themonument. Similarly, the settlement
values deduced from the total station data on both sides of themonument are in good agreementwith the data
measured by the levelmeter on the top of themonument. Themutual confirmation between the level
instrument, inclinometer, and total station establishes the reliability of the data.

Figure 13.Data reliability analysis of a typicalmoments.
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Exception judgment and outlier handling
In the analysis process, the initial step involves excluding outliers and retaining data that best represents the
monument’s changes. To achieve this, we have categorized various anomalies based on actual observations and
proposed corresponding processingmethods for different anomalies, as shown in table 7.

Statistical analysis of static data characteristics
As it is necessary to assess the condition of themonument on a daily basis and generate reports for submission to
the relevant departments, the followingflow-based static data analysis process (shown in figure 14)has been
formulated. Real-time anomalies are identified and rejected from the data after obtaining it. The reliability of the
data is then analyzed by selecting a typical period eachweek, as described in the first part of this section. For the
real-time data changes, a comparisonwith thewarning and alarm values is conducted to achieve real-time
monitoring. For the entire day’smonitoring data set, statistical indicators such as standard deviation, coefficient
of variation, and others are calculated to analyze the stability of its datawithin the day.

Unsupervised classification ofworking state
With the development of intelligent algorithms, in addition to simple limit-based judgments and some
traditional statistical algorithms, we use intelligent algorithms to analyze and evaluate the data obtained from
structural healthmonitoring. Commonmethods in existing research include prediction andwarning of future
data based onRNN (or improved networks likeGRU) and historical data [42], structural damage identification
based onCNNand images [43, 44], and structural comfort and safety assessment based onBayesian networks
[45, 46]. However,most commonly usedmethods are supervisedmachine learning algorithms, which face
challenges in being overly reliant onmanual labeling to construct complete data sets. Therefore, we have opted
for unsupervised algorithms to address subsequent structural health assessment problems, as shown infigure 15.

According to the actual project, the data obtained from the zoneCwas themost complete in all channels and
all times. Therefore, the data from zoneCwas chosen as an example to be processed to examine the validity of
themethod. Figure 16 is aflow chart of the experiment using actual data.

Figure 14. Statistical analysis process of static data characteristics.

Table 6.Warning and alarming values inmonitoring process.

Data type Warning value Alarming value Remarks

inclination 0.02° 0.05° Based on expert consultation and project guidelines

settling 0.1mm/d 0.2mm/d Daily difference, defined bymanagement unit

differential settlement 0.2mm 0.4mm Based on adjacent station comparison, expert input

crack length (increment) 0.2mm 0.5mm Selected typical location, derived from initialmeasurements

acceleration 0.02g 0.05g Based on top of stonemonuments, established criteria

Table 7.Data anomalies and handlingmethods.

Type of data anomalies Data characteristic Treatment

Abnormal datum instrument readings All data points produce the same change of

greatermagnitude

Filteringwith filtering algorithms

Changes in the instrument due to changes in

the external environment

All data points produce a small change,

which soon recovers

Analyze the amount of environmental

impact and subtract the abnormal

Instrumental system errors (e.g., air bubbles
in water lines)

A change at one point is followed shortly

by a change at all other points.

Analyze the amount of systematic error

effects, subtracting the anomalies

construction disruption A large change in a point location, but no

change in total station detection

Calibration of the value against total sta-

tion data
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The level instrument datasets from2023.4.12.0:00 to 2023.4.29.24:00 in zoneC serve as the training set.
Initially, all data in the training set undergo calibrationwith the inclinometer and total station to acquire
corrected data. The time dimension is segmented into hourly intervals, and the relative elevation change data
between two adjacent level positions constitute different channels in the spatial dimension. For instance, the
dataset ‘2023.4.12 00:00→ 2023.4.12 01:00’ for the channel ‘SZ–A–02–SZ–A–01’ illustrates the variations in
elevation difference between point 2 and point 1 in ZoneC from0:00 to 1:00 onApril 12, 2023 (given that actual
level readings are taken everyfiveminutes, resulting in 11 data points per set). Three steps are executed on the
training set obtained from this collation.

The initial step involves the selection of descriptive indices. Data description statistics primarily encompass
three facets: trend concentration (plurality,mean,median), dispersion degree (maximum,minimum, extreme
deviation, variance, standard deviation, coefficient of variation), and distribution (kurtosis and skewness). Given
the nature of the data, themean is chosen as a representative value for the data set trend. Through the analysis of
the inherentmeaning and correlation among these representative values, amore pronounced correlation is
observed among themaximumvalue,minimumvalue, and extreme deviation, while the variance, standard
deviation, and coefficient of variation exhibit a stronger correlation. Consequently, extreme deviation and
standard deviation are chosen as the characterizing values for dispersion degree. Considering the limited data in
each data set, the data distribution is not taken into account. In summary,mean, extreme deviation, and
standard deviation are selected as the representative values for each data set. Practically, themean reflects the

Figure 15.Unsupervised construction state recognition process diagram.

Table 8.Correspondence between clustering results and construction status.

Number Temporal characteristics Data characteristics

class 1 160 Cutting thewhole foundation or chiseling and removing

the concrete, which does not act directly on the

monument.

The north and south ends of themonuments have

obvious variations, with the extreme difference ran-

ging from0.05mm to 0.4mm, and the central part has

more obvious variationswith the extreme difference

ranging from0.05mm to 0.2mm.

class 2 26 Perform foundation drilling ormonument foundation

removal for a specific point of themonument.

The north and south ends of themonuments havemore

obvious variationswith extreme differences of 0.1mm

∼ 0.2mm, and the center has obvious variationswith

extreme differences of 0.15mm∼ 0.35mm.

class 3 63 No construction in the vicinity of the objectmonument

that has a significant impact on themonument

throughout the day (day and night)

Allmonitoring locations are within 0.1mmof the range

of change.

class 4 3 Construction is concentrated in the central area, where

significant changes are observed.

Localized extremes of 0.5mmormore

class 5 2 Construction is concentrated in the north side, where

significant changes are observed.

Localized extremes of 0.5mmormore

class 6 1 Construction is concentrated in the south side, where

significant changes are observed.

Localized extremes of 0.5mmormore
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Figure 16.The flow chart of unsupervised classification of working state.
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magnitude of change in the data over time, positively correlatedwith the cumulative change over that period.
The extreme deviationmirrors themaximum range of changewithin the time frame, and the standard deviation
indicates the degree of dispersion of the change over the temporal range. These three values capture the
indicators of interest. Following descriptivemetrics statistics, each dataset is replacedwith these three statistics,
providing amore explicit representation of the relationship indicators while significantly reducing the data
volume.

The second step involves the identification of data principal components(PCA). The PCAmethod
systematically identifies the primary directions of variationwithin the dataset and projects themonto a new
coordinate system. Thefirst principal component captures themaximumvariance present in the data, followed
by the second principal component, which captures the second-highest variance orthogonal to thefirst. This
process continues iteratively, unfolding subsequent principal components. Upon actual calculation, a robust
correlation persists among themean, extreme deviation, and standard deviation, especially evident in datasets
with a limited sample size, where extreme deviation and standard deviation exhibit a pronounced linear
relationship, as shown in Figure 17. To address this, the three statistically descriptive values are initially
represented by their first two principal components within each set of clusters, achieving an explanatory rate
exceeding 99%, as shown infigure 18(Cumulative PAE(a)). This process results in six channels for each unit time
band, each comprising two data points. Subsequently, a principal component analysis is applied to these 12 data

Figure 18.Cumulative PVEof twoprincipal component analyses.

Figure 17.Data principal component identification.
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points, revealing that the first five principal components can adequately explain approximately 90%of the
variance, as shown infigure 18(Cumulative PAE(b)). In practical terms, themean indicates whether these
displacement differences tend to shift in a particular direction or remain generally stable, while the variance
reflects the consistency or dispersion of these differences, revealingwhether there are significantfluctuations in
displacement between points. Consequently, the first five principal components are selected to characterize the
state of themonuments in thewestern chamber during that specific time period.

The third step involves clustering from construction process recognition. Initially, clustering is executed
based on the data set generated in the previous step, utilizing 2, 3, 4, 5, 6, and 7clussters, respectively, as shown in
figure 19.Upon comparisonwith the actual data and corresponding construction scenarios, it is observed that
classification is insufficient when divided into 2, 3, 4, and 5 classes. Simultaneously, there is redundancywhen
divided into 7 classes. Consequent, the clusteringmethodwith a classification of 6 classes is chosen.

Upon comparing the clustering results with the construction conditions documented in the field, it was
observed that the construction status of each category alignsmore accurately with the observed features, as
shown in table 8.

The experimentsal data for thewest side chamber spans from2023.4.30.0:00 to 2023.5.21.24:00. However,
given thatmost of the foundation constructionwork in thewest side chamber had concluded between
2023.4.12.0:00 and 2023.4.29.24:00, the subsequent time periods exhibited smoother trends without
misrecognition. Exceptions were noted during three time intervals in the central and northern areas related to
earth excavation before the third day ofMay, where significant variations occurred but remained below the
alarm threshold. To supplement Experiment 1, the algorithm generated datasets corresponding to the six types
of engineering conditions, each comprising 12 sets of data. These sets underwent clustering through the
machine learning process. Only three points weremisidentified during recognition, resulting in a recognition
efficiency exceeding 95%. It’s noteworthy that themisidentified points were concentrated near the intersection
of two classes, suggesting the effectiveness of the earlier training process.

Moreover, both Experiment 1 and Experiment 2 exhibit shortcomings in the data. The data in Experiment 1
is evidently insufficient, yet it alignsmore closely with the actual scenario. Conversely, the data generated by the
algorithm in Experiment 2 deviates somewhat from the actual data. This discrepancy affects the clustering
center, which does not consistently alignwith themidpoint of each class. However, these two experiments
complement each other, compensating for their respective shortcomings and strengthening their overall
findings, as shown infigure 20. The combined recognition efficiency exceeds 98%.

In conclusion, the unsupervisedmachine learning intelligent discriminationmethod proposed by us can be
effectively applied in engineering, complementing real-world scenarios. This approach offers valuable insights
for the advancement of intelligent engineering healthmonitoring.

Figure 19.Clustering results when the number of clusters is different.
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Vibration characterization and structural dynamic response in construction-focused
processes

Characterization of vibration during construction
In light of themeticulous attention required for heritage preservation efforts, the vibration excitation during key
processes necessitates thorough testing and analysis before construction commences. Three sets of control
experiments were simulated for each construction process (shown in table 9), observing vibrations on the
ground, the steel beam at the base of themonument, and the top of themonument. Among all construction
processes, the use of an electric breaker during concrete breaking generated themost significant vibration
excitation as shown in table 10. Therefore, this section focuses on the data obtained from simulating concrete
breakingwith an electric breaker as an illustrative example.

Thefirst set of experimentsmeasured acceleration in three directions east-west, north-south, and vertical,
on the ground near the crushed concrete block (corresponding to test–1–1, test–1–2, test–1–3). Despite a slight
tremor being perceptible on the ground near the concrete block undergoing breaking, themaximum
accelerations remained below 0.02 g.

The second set of experiments gauged the dynamic response on a steel beam at the base of themonolith near
the crushed concrete block (corresponding to test–2–1, test–2–2, test–2–3).When the electric pickwas
employed for the concrete breakingwork, the vibration acceleration of the steel beam at the bottomof the
monument increased significantly compared to other construction processes but remained smaller than the first
group of experimental data.

The third set of experimentsmeasured the dynamic response of the top of themonument near the crushed
concrete block (corresponding to test-3-1, test-3 – 2, test-3 – 3). Due to the lesser restraint at the top of the
monument, the acceleration in both horizontal directions exceeded that recordedwhen the sensor was placed
on the steel beam at the bottomof the concrete. However, it still remained below the levels observed in the first
set of data andwell below thewarning value.

Measurement of structural dynamic response
As previouslymentioned, the structural dynamic responsewas notmonitored in real time but rather by focusing
on key construction nodes. The following details some of themonitoringwork carried out in ZoneD,whichwas
the initial construction zone. Figure 21 shows the distribution of accelerationmonitoring points in zoneD.

Arrange two horizontal acceleration sensors, JSD–D–01 and JSD–D–02, alongwith one vertical acceleration
sensor, JSD–D–03, on the tops of thefirst and second sets ofmonuments. The horizontal acceleration along the
short side of themonument surpasses the vertical and the horizontal acceleration along the long side but
essentially remains below /m s0.03 2, which is under the preset alarming value of 0.02 g.

Position two horizontal acceleration sensors, JSD-D-04 and JSD-D-05, alongwith one vertical acceleration
sensor, JSD-D-06, at the top of themiddle of the first group ofmonuments. The cutting begins at the
intersection of thefirst and secondmonuments fromwest to east until the cutting of the secondmonument is
completed. Themaximumvalues of east-west and vertical acceleration are approximately /m s0.017 2, while the

Figure 20.Results of two clustering tests.
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Table 9.Response of broken concrete to different locations.

Serial number Accelerating curve Scene picture

test-1–1

test-1 – 2

test-1 – 3

test-2 – 1

test-2 – 2

test-2 – 3
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Table 9. (Continued.)

Serial number Accelerating curve Scene picture

test-3 – 1

test-3 – 2

test-3 – 3
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north-south direction, along the short axis of themonument, being less constrained, results in a larger
accelerationwith amaximumvalue of about /m s0.033 2. All these values remain below the set warning
threshold.

On the east side of ZoneD, position a vertical acceleration sensor, JSD-D-07, and a horizontal acceleration
sensor, JSD-D-08, in the north-south direction, alongwith another vertical sensor, JSD-D-09. Between 10:38
and 11:18 a.m. on a specific day, cutting commenced from the position of JSD-D-07, encompassing all east-west
monuments in ZoneD. This was accompanied by chiseling and drilling beneath themonument on the
westernmost side of ZoneD. The sudden change in acceleration values during this periodmay be attributed to
the vibration of the steel beam at the bottomof themonument due to the constructionwork at the site. The
acceleration in the vertical direction of JSD-D-09 exceeds that in the vertical direction of JSD-D-07, presumed to
be a result of cutting in the vicinity of the steel beamunderneath the acceleration sensor JSD-D-09. The test
results for JSD–D–01 to JSD–D–09 are detailed in table 11.

Conclusions

To enhance the seismic resilience of precious historical relics, a healthmonitoring system, combinedwithmulti-
source data analysis and intelligent algorithms, was employed to assess the impact of renovation projects and
ensure the safety of these artifacts during construction. This research contributes to thefield by designing an
advanced structural healthmonitoring system tailored for large-scale artifacts, such asmonuments, in the
context of functional improvement. The system integratesmultiple sensors, data acquisition systems, and
management platforms to achieve automation, real-timemonitoring, and network connectivity, thereby
offering comprehensive surveillance of the relics’ condition.

A key innovation of this study is the application of data fusion techniques to combine interrelated
monitoring data, enablingmore reliable assessments of the artifacts’ structural health. Furthermore, intelligent
algorithmswere leveraged to automatically detect construction-related impacts, providing an efficientmethod

Figure 21.Apart of accelerationmonitoringwork in zoneD.

Table 10.Maximumvalues of acceleration at different positions when breaking concrete.

Measuring direction Group I Group II Group III

horizontal acceleration in the north-south direction 0.047 /m s2 0.012 /m s2 0.024 /m s2

horizontal acceleration in the east-west direction 0.096 /m s2 0.012 /m s2 0.037 /m s2

vertical direction 0.162 /m s2 0.042 /m s2 0.045 /m s2
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Table 11. Structural dynamic response analysis.

Serial number Accelerating curve Scene picture

JSD-D-01

JSD-D-02

JSD-D-03

JSD-D-04

JSD-D-05

JSD-D-06
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Table 11. (Continued.)

Serial number Accelerating curve Scene picture

JSD-D-07

JSD-D-08

JSD-D-09
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for assessing the risks associatedwith ongoingwork. In comparison to previous studies, this approach offers a
more robust and data-driven framework for real-time structuralmonitoring, addressing challenges that have
been inadequately explored in earlier literature. For example,many existing systems rely onmanual evaluations
and static data, whereas the integrated system in this research automates data processing and incorporates
dynamicmonitoring parameters, such as tilt, settlement, and crackwidth, significantly improving predictive
capabilities.

Thefindings of this study highlight that the combination of automatedmonitoring and intelligent data
processing can significantly enhance the resilience of historical artifacts during renovations. The real-time
detection and early warning capabilities of the system are crucial formitigating risks and ensuring the
preservation of cultural heritage. However, while the systemproved effective in the context of this project,
further improvements could include the integration of passive andwireless sensors for cost-effectiveness and
ease of deployment. Additionally, combining static and dynamic data fromdiverse sources would enhance the
system’s accuracy and contribute tomore precise evaluations of the artifacts’health. Futurework could explore
these enhancements to further optimize the system’s capabilities and improve its applicability to a broader range
of cultural preservation projects.

Data availability statement
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information. The data that support the findings of this study are available upon reasonable request from the
authors.

ORCID iDs

SongtaoXue https://orcid.org/0000-0002-6598-670X
Qinhao Shi https://orcid.org/0009-0006-4155-0246
LiyuXie https://orcid.org/0000-0001-5777-0645

References

[1] OžićK,Markić I,MoretićA and Lulić L 2023TheAssessment andRetrofitting of CulturalHeritage—a case study of a residential
Building inGlinaBuildings 13 1798

[2] OkpalanozieOE andAdetunji O S 2021Architectural heritage conservation in nigeria: the need for innovative techniquesHeritage 4
2124–39

[3] Aleksić J, Zećirović L, DragovićD, SlavkovićB, Suljević J and Božović J 2022 Seismic rehabilitation techniques for conserving and
managing cultural heritage of old city fortress in novi pazarApplied Sciences 12 12018

[4] ZhangQ, ZhangZ andChenX 2022 Influence of the deterioration type and age on the deterioration degree of 191 ancient limestone
steles in the guihai forest of steles, SouthernChinaEnviron. Earth Sci. 81 477

[5] ZenaAG2023 Social and ritual practices behind the construction of stelemonuments in gedeo zone, South Ethiopia J. of Archaeological
Science: Reports 47 103767

[6] Kaur P 2022 Legal regime for the protection of heritage stonemonuments in india: a studywith special reference to tajmahal and lotus
templeGeoheritage 14 87

[7] MammaebMM2022 SteleOf The 16thC. from kumukh village— a highly artistic work of islamic artProceedings in Archaeology and
History of Ancient andMedieval Black Sea Region 973–82

[8] GodedT, Irizarry J and Buforn E 2012Vulnerability and risk analysis ofmonuments inmálaga city’s historical centre (Southern Spain)
Bull. Earthquake Eng. 10 839–61

[9] Despotaki V, Silva V, Lagomarsino S, Pavlova I andTorres J 2018 Evaluation of seismic risk onUNESCOcultural heritage sites in
Europe International Journal of Architectural Heritage 12 1231–44

[10] Davis C et al 2020 Identifying archaeological evidence of past earthquakes in a contemporary disaster scenario: case studies of damage,
resilience and risk reduction from the 2015 gorkha earthquake and past seismic events within the kathmandu valleyUNESCOworld
heritage property (Nepal) J. Seismol 24 729–51

[11] Protecting CulturalHeritage after the Earthquakes https://news.un.org/en/story/2023/04/1135532
[12] Qiang Y andChenG 2015The engraving and value of the kaicheng stone classics of the tang dynastyWENBO 05
[13] NingX,Dai J, BaiW, Yang Y andZhang L 2018 Seismic protection of cabinet stored cultural relics with silicone dampers Shock and

Vibration 2018 1–15
[14] ZouX, YangW, Liu P andWangM2023 Shaking table tests and numerical study of a sliding isolation bearing for the seismic protection

ofmuseum artifacts Journal of Building Engineering 65 105725
[15] ChunQ,Meng Z andHuaY 2018Aseismic strengthening techniques of chinese typical stele relics: a case study of Xi’an Beilin Journal of

Southeast University 34 (English Edition) 323–30
[16] De StefanoA andClemente P 2009 Structural healthmonitoring of historical structures In Structural HealthMonitoring of Civil

Infrastructure Systems (Elsevier) 412–34
[17] Baeza F J, Ivorra S, BruD andVarona FB 2018 Structural healthmonitoring systems for smart heritage and infrastructures in Spain

Mechatronics for Cultural Heritage andCivil Engineering (Intelligent Systems, Control andAutomation: Science and Engineering) 92 ed
EOttaviano, APelliccio andVGattulli (Springer International Publishing) 271–94

23

Eng. Res. Express 7 (2025) 015116 SXue et al

https://orcid.org/0000-0002-6598-670X
https://orcid.org/0000-0002-6598-670X
https://orcid.org/0000-0002-6598-670X
https://orcid.org/0000-0002-6598-670X
https://orcid.org/0009-0006-4155-0246
https://orcid.org/0009-0006-4155-0246
https://orcid.org/0009-0006-4155-0246
https://orcid.org/0009-0006-4155-0246
https://orcid.org/0000-0001-5777-0645
https://orcid.org/0000-0001-5777-0645
https://orcid.org/0000-0001-5777-0645
https://orcid.org/0000-0001-5777-0645
https://doi.org/10.3390/buildings13071798
https://doi.org/10.3390/heritage4030120
https://doi.org/10.3390/heritage4030120
https://doi.org/10.3390/heritage4030120
https://doi.org/10.3390/heritage4030120
https://doi.org/10.3390/app122312018
https://doi.org/10.1007/s12665-022-10597-1
https://doi.org/10.1016/j.jasrep.2022.103767
https://doi.org/10.1007/s12371-022-00721-9
https://doi.org/10.53737/2713-2021.2021.25.61.037
https://doi.org/10.53737/2713-2021.2021.25.61.037
https://doi.org/10.53737/2713-2021.2021.25.61.037
https://doi.org/10.1007/s10518-011-9321-z
https://doi.org/10.1007/s10518-011-9321-z
https://doi.org/10.1007/s10518-011-9321-z
https://doi.org/10.1080/15583058.2018.1503374
https://doi.org/10.1080/15583058.2018.1503374
https://doi.org/10.1080/15583058.2018.1503374
https://doi.org/10.1007/s10950-019-09890-7
https://doi.org/10.1007/s10950-019-09890-7
https://doi.org/10.1007/s10950-019-09890-7
https://news.un.org/en/story/2023/04/1135532
https://doi.org/10.1155/2018/3501848
https://doi.org/10.1155/2018/3501848
https://doi.org/10.1155/2018/3501848
https://doi.org/10.1016/j.jobe.2022.105725
https://doi.org/10.3969/j.issn.1003-7985.2018.03.007
https://doi.org/10.3969/j.issn.1003-7985.2018.03.007
https://doi.org/10.3969/j.issn.1003-7985.2018.03.007
https://doi.org/10.1533/9781845696825.2.412
https://doi.org/10.1533/9781845696825.2.412
https://doi.org/10.1533/9781845696825.2.412
https://doi.org/10.1007/978-3-319-68646-2_12
https://doi.org/10.1007/978-3-319-68646-2_12
https://doi.org/10.1007/978-3-319-68646-2_12


[18] SolísM, RomeroA andGalvín P 2010Monitoring themechanical behavior of theweathervane sculpturemounted atop seville
cathedral’s giralda tower Structural HealthMonitoring 9 41–57

[19] Saisi A, Gentile C andRuccolo A 2018Continuousmonitoring of a challenging heritage tower inMonza, Italy J Civil Struct Health
Monit 8 77–90

[20] Gentile C, Ruccolo A andCanali F 2019 Long-termmonitoring for the condition-based structuralmaintenance of themilan cathedral
Constr. Build.Mater. 228 117101

[21] De StefanoA,Matta E andClemente P 2016 Structural healthmonitoring of historical heritage in italy: some relevant experiences J Civil
StructHealthMonit 6 83–106

[22] ZhangR, Xie L and LuW2020Translocationmonitoring system for themahavira hall of jade buddha temple(i): design and
implementation Struct Eng 36 196–203

[23] Klein L, Bermudez S, Schrott A, TsukadaM,Dionisi-Vici P, Kargere L,Marianno F,HamannH, LópezV and LeonaM2017Wireless
sensor platform for cultural heritagemonitoring andmodeling system Sensors 17 1998

[24] D’Alessandro A et al 2019 Urban seismic networks, structural health and cultural heritagemonitoring: the national earthquakes
observatory (INGV, Italy) experience Front. Built Environ. 5 127

[25] Chalkidou S, Arvanitis A, Patias P andGeorgiadis C 2021 Spatially enabledweb application for urban cultural heritagemonitoring and
metrics reporting for the SDGs Sustainability 13 12289

[26] Kullaa J 2010 Sensor validation usingminimummean square error estimationMech. Syst. Sig. Process. 24 1444–57
[27] JiangH,WanC, YangK,Ding Y andXue S 2022Continuousmissing data imputationwith incomplete dataset by generative adversarial

networks–based unsupervised learning for long-term bridge healthmonitoring Structural HealthMonitoring 21 1093–109
[28] Bloemheuvel S, VanDenHoogen J andAtzmuellerM2021A computational framework formodeling complex sensor network data

using graph signal processing and graph neural networks in structural healthmonitoringAppl. Netw. Sci. 6 97
[29] WangYW,ZhangC,Ni YQ andXuXY2022 Bayesian probabilistic assessment of occupant comfort of high-rise structures based on

structural healthmonitoring dataMech. Syst. Sig. Process. 163 108147
[30] TanX, ChenW, ZouT, Yang J andDuB 2023 Real-time prediction ofmechanical behaviors of underwater shield tunnel structure

usingmachine learningmethod based on structural healthmonitoring data Journal of RockMechanics andGeotechnical Engineering 15
886–95

[31] Ierimonti L, Venanzi I, Cavalagli N,García-Macías E andUbertini F 2023A bayesian-based data fusionmethodology and its
application for seismic structural healthmonitoring of the consoli palace inGubbio, Italy Procedia Structural Integrity 44 2082–9

[32] ChenC, Tang L, Lu Y,Wang Y, Liu Z, Liu Y, Zhou L, Jiang Z andYang B 2023Reconstruction of long-term strain data for structural
healthmonitoringwith a hybrid deep-learning and autoregressivemodel considering thermal effectsEng. Struct. 285 116063

[33] Wang J, LiuH,HanZ andWang Y 2023Automatic identificationmethod of bridge structure damage area based on digital image Sci
Rep. 13 12532

[34] Lee I Y, Jang J andPark Y-B 2022Advanced structural healthmonitoring in carbon fiber-reinforced plastic using real-time self-sensing
data and convolutional neural network architecturesMater. Des. 224 111348

[35] NiYQ,HuaXG,WongKY andKo JM2007Assessment of bridge expansion joints using long-termdisplacement and temperature
measurement J. Perform. Constr. Facil 21 143–51

[36] ZhouG-D andYi T-H 2013The node arrangementmethodology of wireless sensor networks for long-span bridge healthmonitoring
Int. J. Distrib. Sens. Netw. 9 865324

[37] WangG,Ding Y, FengD andYe J 2018 Evaluation of the wind-resistant performance of long-span cable-stayed bridge using the
monitoring correlation between the static cross wind and its displacement response Shock andVibration 2018 1–10

[38] AvciO, AbdeljaberO, Kiranyaz S,HusseinMand InmanD J 2018Wireless and real-time structural damage detection: a novel
decentralizedmethod forwireless sensor networks J. SoundVib. 424 158–72

[39] Li X, Xie L, LuW,Xue S,HongC, LanWand ShiQ 2023 Structural healthmonitoring of a historic building during uplifting process:
systemdesign and data analysis StructuralHealthMonitoring 22 3165–88

[40] PeiH, Zhang F, ZhuH, Liu J, Ning F andChenW2023Development of a distributed three-dimensional inclinometer based onOFDR
technology and the frenet-serret equationsMeasurement 223 113769

[41] Chen S andWangX 2021Design ofmonitoring system for urban low-lyingwater J. Phys. Conf. Ser. 2029 012128
[42] Jeong S, FergusonM,HouR, Lynch J P, SohnHand LawKH2019 Sensor data reconstruction using bidirectional recurrent neural

networkwith application to bridgemonitoringAdv. Eng. Inf. 42 100991
[43] OhBK, Park Y and ParkH S 2020 Seismic response predictionmethod for building structures using convolutional neural network

Struct Control HealthMonit 27
[44] Lei X, Sun L andXia Y 2021 Lost data reconstruction for structural healthmonitoring using deep convolutional generative adversarial

networks Structural HealthMonitoring 20 2069–87
[45] Chen J, Ding L, Ji J andZhu J 2023A combinedmethod to build bayesian network for fire risk assessment of historical buildings Fire

Technol. 59 3525–63
[46] ZhouY, LuoX, Ye P, ZhangW,Qin L andDuZ 2023 Bayesian-based prediction and real-time updating of axial deformation in high-

rise buildings during construction Eng. Struct. 297 116992

24

Eng. Res. Express 7 (2025) 015116 SXue et al

https://doi.org/10.1177/1475921709340974
https://doi.org/10.1177/1475921709340974
https://doi.org/10.1177/1475921709340974
https://doi.org/10.1007/s13349-017-0260-5
https://doi.org/10.1007/s13349-017-0260-5
https://doi.org/10.1007/s13349-017-0260-5
https://doi.org/10.1016/j.conbuildmat.2019.117101
https://doi.org/10.1007/s13349-016-0154-y
https://doi.org/10.1007/s13349-016-0154-y
https://doi.org/10.1007/s13349-016-0154-y
https://doi.org/10.3390/s17091998
https://doi.org/10.3389/fbuil.2019.00127
https://doi.org/10.3390/su132112289
https://doi.org/10.1016/j.ymssp.2009.12.001
https://doi.org/10.1016/j.ymssp.2009.12.001
https://doi.org/10.1016/j.ymssp.2009.12.001
https://doi.org/10.1177/14759217211021942
https://doi.org/10.1177/14759217211021942
https://doi.org/10.1177/14759217211021942
https://doi.org/10.1007/s41109-021-00438-8
https://doi.org/10.1016/j.ymssp.2021.108147
https://doi.org/10.1016/j.jrmge.2022.06.015
https://doi.org/10.1016/j.jrmge.2022.06.015
https://doi.org/10.1016/j.jrmge.2022.06.015
https://doi.org/10.1016/j.jrmge.2022.06.015
https://doi.org/10.1016/j.prostr.2023.01.266
https://doi.org/10.1016/j.prostr.2023.01.266
https://doi.org/10.1016/j.prostr.2023.01.266
https://doi.org/10.1016/j.engstruct.2023.116063
https://doi.org/10.1038/s41598-023-39740-z
https://doi.org/10.1016/j.matdes.2022.111348
https://doi.org/10.1061/(ASCE)0887-3828(2007)21:2(143)
https://doi.org/10.1061/(ASCE)0887-3828(2007)21:2(143)
https://doi.org/10.1061/(ASCE)0887-3828(2007)21:2(143)
https://doi.org/10.1155/2013/865324
https://doi.org/10.1155/2018/5369281
https://doi.org/10.1155/2018/5369281
https://doi.org/10.1155/2018/5369281
https://doi.org/10.1016/j.jsv.2018.03.008
https://doi.org/10.1016/j.jsv.2018.03.008
https://doi.org/10.1016/j.jsv.2018.03.008
https://doi.org/10.1177/14759217221135351
https://doi.org/10.1177/14759217221135351
https://doi.org/10.1177/14759217221135351
https://doi.org/10.1016/j.measurement.2023.113769
https://doi.org/10.1088/1742-6596/2029/1/012128
https://doi.org/10.1016/j.aei.2019.100991
https://doi.org/10.1002/stc.2519
https://doi.org/10.1177/1475921720959226
https://doi.org/10.1177/1475921720959226
https://doi.org/10.1177/1475921720959226
https://doi.org/10.1007/s10694-023-01475-8
https://doi.org/10.1007/s10694-023-01475-8
https://doi.org/10.1007/s10694-023-01475-8
https://doi.org/10.1016/j.engstruct.2023.116992

	Introduction
	Implementation of isolation replacement
	Design and deployment of monitoring system
	Monitoring system
	Layout of sensors
	Installation of sensors
	Setting warning and alarm values

	Unsupervised classification of construction state
	Data validation
	Exception judgment and outlier handling
	Statistical analysis of static data characteristics
	Unsupervised classification of working state

	Vibration characterization and structural dynamic response in construction-focused processes
	Characterization of vibration during construction
	Measurement of structural dynamic response

	Conclusions
	Data availability statement
	References



