
Research Article
Safety Management System Prototype/Framework of Deep
Foundation Pit Based on BIM and IoT

Wenhan Fan ,1,2 Jianliang Zhou ,1 Jianming Zhou ,3 Dandan Liu ,1

Wenjing Shen ,1 and Jiarui Gao 1

1School of Mechanics and Civil Engineering, State Key Laboratory for GeoMechanics and Deep Underground Engineering,
China University of Mining and Technology, Xuzhou, Jiangsu, China
2School of Engineering and Art Design, Shanxi Vocational and Technical College of Finance and Trade, Taiyuan, China
3Weifang Engineering Vocational College, Weifang, China

Correspondence should be addressed to Jianliang Zhou; zhoujianliang@cumt.edu.cn

Received 8 January 2021; Revised 1 June 2021; Accepted 18 June 2021; Published 9 August 2021

Academic Editor: B. B. Gupta

Copyright © 2021Wenhan Fan et al. )is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

With the huge demand for building underground spaces, deep foundation pits are becoming more and more common in un-
derground construction. Due to the serious effects associated with accidents that occur in deep foundation pits, it is very important
for underground construction safety management to be proactive, targeted, and effective. )is research develops a conceptual
framework adopting BIM and IoT to aid the identification and evaluation of hazards in deep foundation pit construction sites using
an automated early warning system. Based on the accident analysis, the system framework of Safety Management System of Deep
Foundation Pits (SMSoDFP) is proposed; it includes a function requirement, system modules, and information needs. Further, the
implementation principles are studied; they cover hazardous areas, namely, visualization, personnel position monitoring, structural
deformation monitoring, and automatic warning. Finally, a case study is used to demonstrate the effectiveness and feasibility of the
system proposed. )is research provides suggestions for on-site management and information integration of deep foundation pits,
with a view to improving the safety management efficiency of construction sites and reducing accidents.

1. Introduction

Urban development often requires the use of under-
ground space. As a result, deep excavation pits for
foundations have become more and more common in
building construction. Underground space, which today
may contain shopping malls, subways, parking lots, civil
defence projects, and so on, provides the necessary ser-
vices to promote social and economic stability. According
to the safety regulations and rules [1] in China, deep
foundation pit refers to all construction work including
the excavation, support, and dewatering of foundation
pits with excavation depths of 5 meters and above. A pit
with a depth of less than 5 meters could also be considered
a deep foundation pit if the surrounding environment is
complicated. Due to the large amount of engineering, tight

construction periods, low safety reserves, and high un-
certainty of deep foundation pit engineering, safety ac-
cidents occur. )e incidence of accidents in the
construction industry remains high. Not only do they
impact construction periods, they also cause huge eco-
nomic losses and casualties.

At the same time, the safety management of deep
foundation pits in the construction industry is relatively
backward. Extensive research has been conducted on the
causes of foundation pit accidents. Many of these acci-
dents, according to Lin and Hadipriono [2], are a result of
poor dewatering procedures, inadequate lateral bracings,
poor workmanship during construction, poor consider-
ation of soil pressures, and lack of monitoring. By ana-
lyzing deep slump failures and shallow slump failures in
expansive soil, which underlie most of Hefei District,
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Zhang and Wu [3] realized that the frequent foundation
pit accidents in that district were due to ignorance of the
characteristics of expansive soil. Water inrushes and
unchecked engineering geological data have also been
identified as important causes of foundation pit accidents
[4–6]. Hu et al. [7] identified design and construction
factors such as insufficient embedded pile depths and
insufficient anchor pull-out resistance as being respon-
sible for foundation pit accidents. Having dynamic loads
around deep foundation pits is also a factor in pit collapse
[8]. In addition, Xu et al. [4] also identified several main
risk events that can cause foundation pit accidents, in-
cluding failure to follow engineering design, collapse of pit
bracing structures, falling from a significant height due to
a lack of edge protection, and collapse of the pit due to
excavation. Leakage of the diaphragm wall, strut collapse,
soil slide in the pit, and pit bottom upheaval are also
identified as foundation pit accident causation factors [9].
A series of other factors have also been found to be in-
directly responsible for foundation pit accidents. Qian and
Lin [5] identified indirect causes of safety accidents in
China which were also indirectly responsible for foun-
dation pit accidents. )ese causes included individual and
departmental interests, safety inspections becoming a
mere formality, malfunctions of governmental supervi-
sion, inadequate employment systems, and an ambiguous
experts’ system. Other indirect factors identified were
attitudes to safety, inadequate construction site safety,
market restrictions, and task unpredictability [10].

)e development of Building Information Modeling
(BIM) and communication technologies encourages the
construction industry to enhance its management capabilities
and modernization level. Technology can play an important
role in identifying hazards on a construction site [11]. BIM
has the features of integration, simulation, and visualization.
It helps safety managers to identify and manage safety risks
[12, 13]. Communication technologies, such as radio fre-
quency identification (RFID), ultra-wideband (UWB), and
wireless sensor network (WSN), have also emerged as means
by which construction sites are monitored [14]. Some of them
have been used in recent years to enhance the safety per-
formance of construction workers and equipment [15].
However, most studies of BIM related to construction safety
focus on single application research such as fall hazard
identification [16, 17], workers training [18], and equipment
layout planning [19]. Deep foundation pits are complex sites
and regulated as being highly hazardous projects. Although
real-time data collection by IoT technologies has been studied
and applied in some construction practice, most data are
shown in 2D site map rather than BIM platform. More
importantly, the established real-time data prototype or
frameworks could be further tested with more real-world
cases. )e interoperability among multiple technologies (e.g.,
BIM and wireless sensor), which allows information exchange
during real-time data collection and processing, needs to be
further studied [20].

Considering the safety need for addressing both precise
position tracking and real-time on-site monitoring, this
paper chose BIM and IoT technologies to create a

construction Safety Management System of Deep Foun-
dation Pits (SMSoDFP). )e deep foundation pit was
chosen as the study object to develop a prototype system
framework for (1) identifying and visualizing the potential
hazardous areas during design, (2) integrating the sensor
data in BIM model during construction, and (3) providing
early warnings and visualized tools in the BIM model
according to the monitoring data in web platform.

)e structure of this paper is as follows. Section 2
proposes a system framework of Safety Management System
of Deep Foundation Pits (SMSoDFP) according to the
hazard identification and then describes the functional re-
quirements of the safety system and the information that
needs to be collected. Section 3 explains the operational
principles of the safety management system. Section 4
presents a case study. Finally, possible implementation is-
sues, conclusions, and recommendations for future research
are presented in Section 5.

2. Prototype System Construction

2.1.Hazard IdentificationBased onFTA. In addition to their
particularity, deep foundation pits have characteristics
similar to other building sites during construction. Besides
excavation and dewatering engineering, deep foundation
pit construction also involves many kinds of construction
equipment and machinery, such as scaffolding, formwork,
cranes, and trucks. According to the annual accident sta-
tistics report in the website of the Chinese Ministry of
Housing and Urban-Rural Development, the most com-
mon accident types related to building construction also
exist in the construction phase of deep foundation pits.
)ese accident types mainly include collapse, falling, me-
chanical injury, object strike, and adjacent environment
damage.

Among the above five types of accidents, falling, me-
chanical injury, and object strike are common accidents
which could happen in any building part. )e other two
types, collapse and adjacent environment damage, are
closely related to the construction of deep foundation pit.
)ere are many causation analysis methods in safety
management theory by which accident hazards are identi-
fied, including Fault Tree Analysis (FTA), Analytic Hier-
archy Process (AHP), Safety Check List (SCL), Job Safety
Analysis (JSA), Systems-)eoretic Accident Model and
Process (STAMP), expert interviews, and statistical analysis.
FTA is one typical and common method for hazard iden-
tification and accident causation mechanism analysis. It is a
top-down, deductive failure analysis in which the undesired
state of a system is analyzed using Boolean algebra to
combine a series of lower-level events. By analyzing 100
accident cases related to deep foundation pits from the
public report and news in China over the last five years, the
accident FTAs of collapse and adjacent environment damage
are drawn as Figures 1 and 2.

In the FTA of collapse accident (Figure 1), 12 factors
caused collapse of deep foundation pit. All the 12 factors
develop 9 AND gates and 3 OR gates. )e Boolean ex-
pression is shown in the following equation:
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Figure 1: Fault tree of the collapse of deep foundation pit.
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Figure 2: Fault tree of adjacent environment damage of deep foundation pit.
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T1 � A1 + A2 � B1 · B2 · B3 + B4 · B5

� X1 + X2(  · X3 + X4(  · C1 + X5(  
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� X1 · X3 + X1 · X4 + X2 · X3 + X2 · X4(  · X9 + X10 + X11 + X5(  
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� X1 · X3 · X9 + X1 · X3 · X10 + X1 · X3 · X11 + X1 · X3 · X5 + X1 · X4 · X9

+ X1 · X4 · X10 + X1 · X4 · X11 + X1 · X4 · X5 + X2 · X3 · X9 + X2 · X3 · X10

+ X2 · X3 · X11 + X2 · X3 · X5 + X2 · X4 · X9 + X2 · X4 · X10 + X2 · X4 · X11

+ X2 · X4 · X5 + X6 · X11 + X6 · X12 + X6 · X8 + X1 · X11 + X1 · X12

+ X1 · X8 + X2 · X11 + X2 · X12 + X2 · X8 + X7 · X11 + X7 · X12 + X7 · X8

� X1 · X3 · X9 + X1 · X3 · X10 + X1 · X3 · X5 + X1 · X4 · X9 + X1 · X4 · X10

+ X1 · X4 · X11 + X1 · X4 · X5 + X2 · X3 · X9 + X2 · X3 · X10 + X2 · X3 · X5

+ X2 · X4 · X9 + X2 · X4 · X10 + X2 · X4 · X11 + X2 · X4 · X5 + X6 · X11

+ X6 · X12 + X6 · X8 + X1 · X11 + X1 · X12 + X1 · X8 + X2 · X11 + X2 · X12

+ X2 · X8 + X7 · X11 + X7 · X12 + X7 · X8.

(1)

According to this Boolean expression, we can find 26
groups of Least Cut Set and 4 groups of Least Path Set. By
calculating the structure weight of the 12 factors, the im-
portance sequence is Ik(X1) � Ik(X2)>
Ik(X8) � Ik(X11) � Ik(X12)> Ik(X6) � Ik(X7)>
Ik(X3) � Ik(X4)> Ik(X5) � Ik(X9) � Ik(X10). We can find
that absence of proper monitoring equipment and untimely
monitoring data process are the top two key factors which
cause collapse of deep foundation pit. Similarly, FTA of
adjacent environment damage (Figure 2) shows that the top
key factors are the monitoring problems including absence
of proper monitoring equipment, untimely monitoring data
or hazardous processing, and improper warning value of
monitoring. )us, the following Safety Management System
of Deep Foundation Pits (SMSoDFP) will focus on the above
factors related to monitoring problems by BIM and UWB
technology.

2.2. Basic Framework of SMSoDFP. By analyzing and de-
signing the functional requirements, the basic framework
of Safety Management System of Deep Foundation Pits
(SMSoDFP) is proposed as shown in Figure 3. )e basic
database of monitoring deep foundation pits includes
hazardous area information, structural monitoring point,
and workers’ position information. All the above safety
monitoring information was mapped and linked to the
element attributes of the BIM model. By the development
in the Revit API (Application Program Interface) and
JavaScript language, Revit model could be uploaded to web
platform and on-site monitoring information could be
visualized in the same web platform. It has the functions of
visualizing hazardous areas, monitoring personnel posi-
tion, and providing early warnings of structural
deformation.

)is macro SMSoDFP framework consists of three
modules (shown in Figure 4) which realize the real-time
automatic analysis, the early warning of structural defor-
mation, and the unsafe behavior of personnel on the con-
struction site of a deep foundation pit.

)e first of the three modules is the data collection
module. )is module is used to collect the information
related to site safety during the construction phase. )is
information is collected primarily through structural health
monitoring techniques such as wireless sensing technology
and real-time location technology. )e data collection
module sends all the information obtained to the data
processing module.

)e second module is the safety BIM model creating
module. By editing family parameter information and pa-
rameter expressions in Revit, safety rules can be expressed in
BIM model. )rough the condition setting of the “IF”
function of Revit, the initial display can be effectively
controlled; that is, the element colors could be displayed
differently according to the degree of hazardous areas and
structural deformation. )e safety BIM model created by
this module is passed to the data processing module for
analysis.

)e last module is the function application module. It
consists of two parts which are the data processing function
and the user interface. )ere are four independent sub-
functions in the data processing aspect: structural health
monitoring, real-time positioning, wireless sensing, and
model parameterization. )e structural health monitoring is
responsible for the real-time acquisition of data information
on the deformation of the deep foundation pit’s structure
and correlates the obtained data information with the BIM
safety information model. )e real-time positioning is re-
sponsible for the real-time acquisition of position infor-
mation pertaining to personnel, materials, and mechanical
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equipment in the deep foundation pit construction site. )is
data is then shown in three-dimensional model. )e wireless
sensor is responsible for reading the tag information worn by
on-site personnel and giving feedback information to the
manager.)emodel parameterization setting is based on the
real-time position information of the personnel machine
and sets the parameter values of the relevant family members
in the model, thereby realizing a visual display of the haz-
ards, the hazardous area, and themonitoring point. In the UI
of the web platform, it would realize both the BIM model
and the real-time data display of hazards and hazardous
areas, the position of personnel, and the automatic warning
system related to structural deformation information.

2.3. Function Requirement Analysis for SMSoDFP.
Traditional construction safety management has many
shortcomings, such as ignoring preventive management and
lacking initiatives for personnel. Accident prevention and
early warning systems are weak in the construction industry.
Yuan [21] conducted statistical analysis of China’s deep
foundation pit accidents and found out that construction
work problems which revolved around the violation of
regulations, poor construction quality, poor emergency
responses, construction organization problems, and poor
supervision accounted for 69.46% of accidents recorded.)e
development of modern information technology provides a
new way to change this poor situation. Based on BIM and
other communication technologies, the proposed SMSoDFP
should include the following functions.

)e first one is visualizing the potential hazardous areas
in the BIM model based on safety rules. )e safety rules are
identified based on the design drawings, safety technical
specifications, and hazards identified based on FTA. )ey

are applied in order to calculate the area where safety ac-
cidents often occur to determine the location and scope of
potential hazardous. For example, collapses will not harm
personnel outside the foundation pit but may cause those in
the pit to be buried alive. )erefore, the safety rule related to
foundation pit collapse area should extend a certain distance
inward and outward according to the shape around the
foundation pit. As shown in Figure 5, xi and yi are the four
corner coordinates of the deep foundation, xi± n and yi± n
are the inward and outward corner coordinates of potential
collapse hazardous areas, and n is the distance (1.2 meters)
which is presently the construction specification in China.

)e second function is collecting safety information
automatically. )is information includes the location, at-
tributes, and other information required by the system and is
automatically collected through monitoring equipment and
positioning technology. )is reduces inefficiency caused by
manual data collection. )e deep foundation pit construc-
tion site is a complex system that is constantly changing. In
order to improve the efficiency of safety management, a
series of information must be collected, including personnel,
materials, and information on attributes and mechanical
position. Data on deformation, displacement, and axial force
changes during construction are also of great importance.
Wireless sensing technology, positioning technology, and
structural health monitoring equipment automation will be
used.

)e third is visualizing safety monitoring information.
All safety information collected including personnel, ma-
terials, machinery, and monitoring point locations on
construction site should be shown in the BIM safety in-
formation model. )is will help managers to quickly,
comprehensively, and intuitively understand and grasp the
construction environment of the deep foundation pit and
the safety status of staff. )is helps to develop a realistic
safety management plan for real-time monitored site
conditions.

)e fourth is automatic monitoring and early warning.
)is requirement includes two aspects: (1) automatic
monitoring and early warning of personnel approaching
hazardous areas and their unsafe behaviors on the con-
struction site; (2) automatic monitoring and early warning
of dramatic changes in data information such as deep
foundation pit deformation. It could rely on the color display
of monitoring points in the BIM safety information model
and the monitoring point family link monitoring data curve
in the BIM model. At the same time, through the 4D
function of the BIM technology, it could realize automatic
monitoring and early warning of dramatic changes in data
such as deep foundation pit deformation. In the event of an
error, the safety manager can get a warning right way.

2.4. Information Need Analysis for SMSoDFP. According to
the function requirement analysis and the basic framework
of SMSoDFP, there are four kinds of safety information
which need to be collected:

)e first is the list of hazards for deep foundation pits,
for instance, the edge of the pit, the wellhead, the tower
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Figure 3: Basic framework of SMSoDFP.
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crane, and the scaffold. A deep foundation pit engi-
neering BIM safety information model is created based
on the design drawings and the hazard identification
list. )is BIM safety information model includes the
deep foundation pit engineering earthwork model, pile
foundation model, support model, trestle floor model,
temporary facility model, construction machinery
model, and safety protection model. To visualize the
hazards and the hazardous area, the IF conditional
statement of the family function in the BIM software is
used to realize the color display distinction between the
hazards and the hazardous area in the BIM safety in-
formation model of the deep foundation pit’s
engineering.
)e second is the location information of personnel,
materials, and machinery. )e location information of
personnel and construction machinery on construction
site is a function based on time because this infor-
mation changes over time. Real-time location infor-
mation pertaining to personnel and machinery is
imported into the BIM safety information model to

automatically alert the objects when entering the
hazardous area. )e location information can be re-
alized by real-time positioning equipment.
)e third is the attribute information of the personnel
on the construction site including name, gender, health
status, operation type, violation situation, and con-
struction area. Tags will be placed in each person’s
overalls or helmets to obtain the relevant attributes of
the person by reading the tag information. Information
on the wearing of protective equipment for personnel
can be obtained through wireless sensing technology.
)e safety management system realizes individualized
early warnings pertaining to the working conditions of
the site personnel with different construction re-
quirements in the hazardous area according to the jobs
undertaken by the individual people.
)e fourth is the monitoring element position infor-
mation and element deformation information of the
deep foundation pit. )is is important to ensure the
safety of the deep foundation pit’s structure and sur-
rounding buildings. According to the characteristics of
the project, combined with the existing safety moni-
toring specifications of the given pit, monitoring points
are set in and around the engineering structure. )e
structural health monitoring equipment is used for
real-timemonitoring of the groundwater level, support,
horizontal and vertical displacement of the foundation,
support axial forces, and so on. )e monitoring in-
formation is imported into the BIM safety information
model, and the 4D function is used to realize real-time
monitoring of displacement and deformation during
deep foundation pit construction. By setting the
function (IF) conditional statement of the family
function in the BIM software, the color change of
different monitoring points of the deep foundation pit
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is simulated, and the monitoring and early warning
systems are realized.

)e on-site monitoring information can be mapped to
the attributes in the IFC standard in the web platform (as
shown in Figure 6). Data information in the SQL Server-
based deep foundation pit monitoring information database
can be put together with the lightweight BIM model, which
can be generated and uploaded from Revit model by Revit
API in the IFC standard (Figure 7). )e lightweight BIM
model can then be used to monitor information changes in
the deep foundation pit.

3. System Principle

)ere are three major functional objectives in the con-
struction Safety Management System of Deep Foundation
Pits: visualization and automatic warnings of hazardous
areas, personnel monitoring, and real-time monitoring of
structural deformation. )e implementation principle for
the safety management system for the construction site is
analyzed as follows.

3.1. Principle Analysis for Visualization of Hazardous Area.
In order to realize the automatic warning function per-
taining to personnel entering hazardous areas, this study
uses the relevant attributes of the deep foundation pit en-
gineering BIM safety information model to integrate the
hazards information of the deep foundation pit. Hazardous
areas can be divided into two categories: hazards that can be
identified at the design stage which have a relatively fixed
position, such as a hole’s edge. )e other type of hazardous
areas is generated during the construction process due to the
operation of the construction machine. Table 1 provides a
summary while Figure 8 shows the basic flow that identifies
and creates Revit elements of hazardous area in different
colors.

3.2. Principle forPersonnel PositionMonitoring. Based on the
visualization of hazards and hazardous areas in the BIM
safety information model of deep foundation pits, it is
necessary to use positioning technology to obtain the po-
sition information of the personnel in real time and to warn
personnel entering the hazardous area automatically. )ere
are many common position-tracking technologies including
GPS location, infrared positioning, RFID, WiFi, Bluetooth,
Zigbee, and ultra-wideband (UWB) technologies. All these
position-tracking technologies can be categorized into active
(such as UWB) and passive types (such as WiFi, RFID, and
Zigbee). )ey are compared in terms of their characteristics
in Table 2. Active type technologies use algorithm of AOA
(angle of arrival), TDOA (time difference of arrival), and
TOA (time of arrival). )e active type has high positioning
accuracy and is not easily disturbed, while the passive type is
easily affected by obstacles such as water and metal due to
the strength of the signal, and its position results exhibit
more deviation and lower accuracy.

Given the complex environment of the construction site
and the high accuracy requirements needed for safety
management, the UWB position-tracking technology using
the TDOA algorithm was chosen as the technology by which
the location information of personnel in real time is col-
lected in this SMSoDFP prototype test. During the test, one
label was placed on the helmets of personnel to read their
individual attribute information. An antenna was placed on
the edge of each hazardous area of the deep foundation pit
construction site according to the danger source, and when
someone entered the area wearing a helmet with the label,
the alarm sounded. )rough the specific API of Revit
software, the real-time position of the person could be
displayed in a 3D mode manner; this was important so that
the manager could intuitively grasp the scene where the
person wearing the helmet was and efficiently manage their
safety while they were in the deep foundation pit con-
struction site.

)e functional realization of the automatic warning
required the use of the BIM safety information model, the
real-time positioning system, and a wireless sensing system.
By reading the tag information the real-time positioning
system transmitted the data to the BIM model. )rough the
secondary development of BIM software and the API in-
terface, the position and movement path of the person were
displayed in real time in the BIM model.

3.3. Principle for Structural Deformation Monitoring and
Early Warning. In this study, the structural health moni-
toring equipment is used to monitor the axial force varia-
tions, the displacement changes, the groundwater levels, and
the surrounding environment in the construction of deep
foundation pits in real time. At the same time, BIM is used to
realize the visualization of structural deformations and the
automatic warning function during deep foundation pit
construction.

According to the characteristics of deep foundation pit
engineering, each component is treated as a kind of family in
the process of model creation. It is necessary to complete the
parametric family creation of models such as the earthwork
model, the support model, and the trestle floor of deep
foundation pit engineering. According to the positional
relationship of each component plane in the design drawing,
the component family is reasonably placed, and the BIM
model of the deep foundation pit is initially formed. Con-
struction machinery models (such as excavators, earth
moving machines, tower cranes) and construction facility
models (such as construction enclosures, material pro-
cessing production areas) in the BIM model of deep
foundation pits should be created. Reasonable site planning
before the implementation of the project improves space
utilization and reduces the occurrence of space conflicts and
secondary handling events. At the same time, the hazards
and the corresponding hazardous area are represented by
different colors, and relevant precontrol measures are given
to form a deep foundation pit structure monitoring model.

Deep foundation pit construction is a dynamic and
complex process, and there are many projects to be
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monitored; therefore, there is a huge amount of data in-
formation. In order to improve safety management, it is
necessary to ensure the real-time acquisition of various data
information on the site and to realize the rapid processing of
this data information. )e overall framework of the deep
foundation pit structure deformation monitoring and early
warning system is divided into the sensing layer, the
transport layer, the model layer, the data processing layer,
the application layer, and the user layer (as shown in
Figure 9).

In the process of structural deformationmonitoring with
regard to deep foundation pits, each time the BIM model
acquires a monitoring value, it will compare it with its
corresponding alarm value. Once the monitoring data ex-
ceeds the alarm value, it will sound an automatic early
warning (as shown in Figure 10). )e implementation
principle of the automatic positioning of the monitoring
points which are out of the alarm value is shown in Fig-
ure 11. Among them, the ID number automatically assigned
to each primitive by Revit software in the BIMmodel is used
to distinguish different primitives. When the monitoring
data of a monitoring point exceeds its alarm value, the
system automatically obtains its monitoring point ID and
the corresponding sensor’s ID. )e software can then tra-
verse the function of the model primitives to traverse the
Element ID corresponding to all sensor primitives in the
deep foundation pit model. By comparing the Sensor ID
corresponding to the alarm value monitoring point with the
Element ID of all the sensor elements in the model, the
monitoring points with the same ID number are found and
highlighted by the Element.ID method.

4. Case Study of SMSoDFP Prototype

4.1. Case Description and Site Experiment Design. A case
study of a deep foundation pit project in Shanghai is pre-
sented to demonstrate the system. )e China State Con-
struction Engineering Corp (CSCEC) is the principal
contractor of the project. )e site layout is shown in Fig-
ure 12. )e foundation pit is 20m long and 13m wide at the
maximum. Its area is almost 240,000 square meters. )e
underground area has two floors, its foundation pit has been

excavated to a depth of 10.05m, and the deepest pit depth is
13.2m.

)rough the support of CSCEC, the contractor per-
mitted the researchers to carry out a SMSoDFP prototype
experiment and shared their foundation construction
monitor data for comparison purposes. Table 3 shows the
monitoring plan of the foundation contractor. All the data
processing by the contractor was performed manually, and
the monitoring result is not in real time. )is case experi-
ment took monitoring task of items 2 and 7 listed in Table 3
as the request by the contractor so that it would not disturb
their construction. )e contractor also agreed to make
workers position test in specific safety area of its site. All the
experiment equipment including deformation monitoring
and UWB position tracking is shown in Table 4.

According to the SMSoDFP framework, the experiment
collected information of both the UWB tag position and the
monitoring elements’ deformation. All collected data was
imported automatically into a lightweight BIM model using
the JavaScript API platform. After data processing based on
the safety rule, the SMSoDFP prototype was verified. It has
three functions: the visualization of hazardous areas, real-
time monitoring of personnel, and real-time monitoring of
structural deformation and automatic alarms. )e effec-
tiveness and feasibility of the system in performing such
tasks were also demonstrated.

4.2. Visualization of Hazardous Area Test. )e color simu-
lation module includes two subfunction modules: the hi-
erarchical display of the hazardous area and the color
simulation of the structural deformation point. )e classi-
fication of the hazardous area comprehensively identified the
existing hazards in the BIMmodel based on the identified list
of hazards in the construction site. It automatically arranged
safety protection facilities at locations such as the edge of the
hole to reduce the occurrence of accidents. )e color de-
formation function of the structural deformation point was
based on the monitoring information obtained by the
structural deformation monitoring equipment during the
construction of the deep foundation pit. )is helped the
construction site managers to quickly, comprehensively, and
intuitively understand the on-site environmental status of
the deep foundation pit and formulate a feasible safety
management plan for the real-time monitored site
conditions.

Hazardous area is displayed in different colors according
to the hazardous level in Revit (as shown in Figure 13). After
being uploaded to the web platform, the lightweight BIM
model is shown in Figure 14.)e red color represents a Class
I hazardous area (set within 0.3m from the hazards), in-
dicating that there is a high probability of an accident.
Yellow indicates a Class II hazardous area (set within 0.5m
from the hazards and indicating a greater likelihood of an
accident). Green represents a Class III hazardous area (set to
the edge of the hazardous area and indicating the presence of
a hazardous area).

)e color simulation of the structural deformation point
was based on the real-time structural monitoring data of the

SQL
database

Read
sensor ID

Read point
ID

Extract
information

Monitoring
information

Sensor properties
and attribute sets

Web platform

IFC statement
expression

Lightweight
BIM model

Revit API

Mapping Write

Revit
model

Figure 6: IFC standard file generation process.

Advances in Civil Engineering 9



deep foundation pit. )e color simulation of the structural
deformation point was realized by setting the relevant at-
tribute values of the monitoring point family parameters. If
the monitoring value exceeds the warning value, it is dis-
played in red; otherwise, it is displayed as green.

4.3. Personnel Position Monitoring Test. )e experiment
installed wireless sensors in the northwest corner, southwest
corner, and southeast corner of the foundation pit, and all
the collected data was transmitted to the computer. )is
formed a complete staff positioning network. )e range

Figure 7: Lightweight BIM model upload adding Revit API.

Table 1: Classification of hazardous areas in deep foundation pit construction site.

Type of accident Hazardous area

Collapse

Pit edge 1.2m from foundation pit edge

Foundation pit support )e inspection is qualified, and the lack of the latest safety inspection record is
regarded as a hazardous area

Scaffold )e inspection is qualified, and the lack of the latest safety inspection record is
regarded as a hazardous area

Falling from a height

Manual digging pile hole 1m from the edge of the orifice
)e edge of the hole 0.6m from the edge of the hole
Scaffolding formwork Coverage of formwork collapse

Tower crane use )e range of the circle is centred on the hanging object, and the instantaneous
reaction distance of the person is the radius

Object strike

Support erection )e inspection is qualified, and the lack of the latest safety inspection record is
regarded as a hazardous area

Scaffolding )e inspection is qualified, and the lack of the latest safety inspection record is
regarded as a hazardous area

Tower crane use Plane projection area
Tower crane Detecting tower crane speed, with overspeed being considered unsafe area
Formwork Demolishing area

Mechanical injury

Crane Plane projection area
Concrete pumps Work area and moving route

Other moving equipment or
machine Work area and moving route

Adjacent environment
damage

Crane )e maximum range of the circle centred on the hanging object
Support system Retaining structure or other support element
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covered by the triangle (as shown in Figure 15) is the range
in which the entire network could collect tag data.

By comparing the position of the worker tracked by the
wireless sensor with their actual position, it was found that
the system could monitor the real-time position data of the
worker. )e position of the label tracked on the computer
was compared with the actual position of the label (as shown
in Figure 16), where the green line indicates the true motion
path and the broken line indicates the motion path tracked
by the system. It can be seen that, due to the need to measure
the entry of personnel into the hazardous area, an experi-
ment was conducted in which the person gradually
approached the base point (as shown in Figure 17). )e
upper right corner indicates the time when the person was

close to the base point, and the lower left corner indicates the
distance (inmillimeters) of the person from the base point. It
was found through this experiment that the position of the
tag was not easily tracked when it is in a particularly con-
cealed place such as a stairway. )ere was, therefore, a need
to place more receivers in the monitoring area to ensure the
accurate tracking of the tag.

)rough this test, it was shown that the UWB system can
track the position of the tags. As per the UWB provider
(brand: Decawave) instructions, the level of accuracy is
related to both the movement speed and the position of the
tag. )e slower the movement speed of the tag, the more
accurate the positioning. When the location of the tag is lost,
there is a need to place more anchors in the monitoring area

Component attribute
identification

Floor, hole Tower crane,
li�ing frame

Scaffolding,
template

Relative elevation
recognition (>2m)

Mechanical injury
hazardous areas

Collapse hazardous
areas

Object strike
hazardous areas

High fall hazardous
areas

Visualization

Browse component
properties

Component attribute
acquisition

Calculation rules for
hazardous areas

Create hazardous
areas

Automatically set
color properties

Figure 8: Flowchart of identifying and creating hazardous areas in the Revit model.

Table 2: Characteristics comparison of position-tracking technologies.

Types Accuracy (m) Penetrating capability Anti-interference Power Communication distance (m) Cost
RFID 1–8 Weak Weak Low 5 Low
Zigbee 3–10 Weak Weak Low 70 Moderate
UWB 0.1–0.15 Strong Strong Low 200 High
GPS 3–5 Weak Strong High 50–100 High
WiFi 3–10 Weak Strong High 30–50 High
Infrared 5–10 Weak Weak High 5 Moderate
Bluetooth 3–5 Strong Weak Low 10 Moderate
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to ensure monitoring accuracy. Finally, the data collected by
the system will drive the movement of the personnel in the
model, visualize the movement of the personnel, and
monitor the movement of the construction personnel.

4.4. Structural Deformation Monitoring and Early Warning
Test. )e real-time display function of the structural

deformation monitoring data is realized by reading the
data in the monitoring data subtable of the deep foun-
dation pit engineering SQL Server database. At the same
time, the data is also displayed in the drawing area in the
form of data curves. )e manager can visually grasp the
monitoring status of the deep foundation pit by viewing
the data curve. In the experiment, the data collected by
both displacement and clinometer is not significant
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Figure 9: Structural deformation monitoring system framework.
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Figure 10: Structural deformation automatic warning process.
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changes for the reason of short time or good construction
quality. )e following is the analysis of the data collected
by surface strain gauge. In this project, the design
strength of the deep foundation pit supporting concrete
was C35, and the section size was 800 mm ∗ 1000 mm.
According to the requirements of the code, the warning
value of the foundation pit support structure was 70%–
80% of the design value. )e calculated alarm value was
19600 kN–22100 kN. )erefore, this article set the
warning value to 20000 kN. When the monitoring value
exceeds the warning value, the manager is reminded in
the form of a pop-up warning. )e real-time monitoring
data curve for deep foundation pit deformation was
controlled by the MSChart plug-in.

)e realization of the automatic early warning function
includes two parts: the pop-up window warning and the
automatic positioning for the alarm value. When the
monitoring data of a certain monitoring point exceeds the
alarm value, the system will pop up prompt tags window,
and it will show the history monitoring data when double-
clicking the prompt tags (as shown in Figure 18).)is system
also could connect the monitoring camera in construction
site. )e camera video can pop up when clicking the camera
element in BIM model (as shown in Figure 19). Besides, it
could draw the simulation of deformation field based on the
collected data of giving deformation monitoring point.
Figure 20 shows the deformation simulation according to
the value of displacement meters placed in construction site.

Read element ID 

Read element ID 

Traversing BIM
model primitives

Are monitoring point
elements?

Element ID 
= sensor ID?

Highlight the
monitoring point

Y

Y

N

End

Figure 11: Automatic finding process of the monitoring points in warning.

Figure 12: Case layout and construction site.
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Table 3: Monitoring plan of the foundation contractor.

Monitoring item
Monitoring frequency

Pile Dewatering Excavation Base floor concreting after
7 days

Support demolishing and
3 d after

1 Displacement of surrounding roads and
buildings

1 per
day 2 per week 1 per day 2 per week 1 per day

2 Upper displacement of support system — — 1 per day 2 per week 1 per day
3 Bottom displacement of support system — — 1 per day 2 per week 1 per day

4 Outside soil displacement out of
support system — — 1 per day 2 per week 1 per day

5 Underground water level out of support
system — 2 per week 1 per day 2 per week 1 per day

6 Supporting axial force — — 1 per day 2 per week 1 per day
7 Settlement of support columns — — 1 per day 2 per week 1 per day
8 Water pressure out of pit — — 1 per day 2 per week 1 per day

Table 4: Equipment list in the prototype experiment.

Type

Name Laptop, 1 (quantity) Tripod, 4 (quantity) Camera, 1 (quantity)

Type

Name UWB anchor/tag, 4 (quantity) Tape measures, 1 (quantity) Flexible displacement meter, 2 (quantity)

Type

Name Clinometer, 2 (quantity) Surface strain gauge, 6 (quantity) Wireless communication node, 10 (quantity)

Figure 13: Top view of hazardous area in Revit.
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Figure 14: Hazardous area visualization in lightweight BIM model on web platform.
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Figure 15: Experimental preparation.
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Figure 16: Comparison of real and calculated position.
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BS:base point
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Figure 17: Distance between BS and staff.
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Figure 18: Pop-up warning real-time data and history curve display.
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5. Discussion and Conclusion

In this research, a system framework prototype was pro-
posed for the safety management of deep foundation pits
based on BIM and IoT. )is prototype system has proven to
be feasible and effective within the limits set by the ex-
periment. )e contractor who supported this experiment
made the following comments and suggestions:

Firstly, the proposed system framework has great po-
tential value for on-site safety management. It is the
main controlling factor for on-site safety management
of deep foundation pits and strengthens on-site real-
time monitoring at the construction site, rationally
arranging safety protection measures, strictly moni-
toring personnel positions to avoid entering hazardous

areas, and rationally carrying out construction orga-
nization design.
Secondly, BIM is one of the most important technol-
ogies for the modernization of the construction in-
dustry. BIM has also been vigorously promoted by the
Chinese government in recent years. )e proposed
SMSoDFP prototype gives more application ideas for
construction management, especially with regard to
visualization hazardous area and the combination of
that data with other information technologies such as
position tracking and deformation monitoring.
)irdly, the SMSoDFP has many merits for improving
contractor capabilities with regard to construction
safety management. For example, the hazard identifi-
cation FTA could help with safety education and

Figure 19: Pop-up monitoring camera video.

Figure 20: Deformation simulation based on values of monitoring points.
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training. )e visualization of hazardous areas could
also be better for the quality of construction planning
and the effective disclosure of safety matters. )e best
thing that arose from the experiment was that the
system can show monitoring sensor location and
collected data in real time in the BIM model. Even
though the early warning depends on the threshold
values, the history curve could be very helpful in un-
derstanding the status of construction and as a means
by which changes in next phase are predicted.

On the other hand, the contractor also gave many sug-
gestions with regard to areas in which the SMSoDFP still
needed to improve its effectiveness if it was going to be a
practical application within constructions sites. For example,
while it was good that position tracking by the UWB could
provide real-time 3D coordinates, there remained the case
that it was easy to lose the tag signal in the complex envi-
ronment. Although this problem could be relieved by in-
creasing anchor quantity, this is an obstacle to its application.
For structural deformation monitoring, the contractor hoped
that the system could provide more kinds of commercial
graphics other than only showing the data via the curve.

In general, the prototype of SMSoDFP could be helpful
in hazardous area identification in deep foundation pits sites,
as it provides rich on-site information, timely updates,
feedback, storage, and processing. )e visualization of
hazardous areas can help on-site technicians to make
technical disclosures, which helps managers to understand
situations in a convenient manner. )e system realizes the
real-time positioning of construction site personnel and
real-time monitoring of deep foundation pit structure and
produces automatic alarms. )is makes it easy for field
managers to react when they have problems. When a danger
is about to occur, the reaction time of the personnel involved
can be reduced, thereby lowering the accident rate. )is can
significantly improve the level of safety management.

In order to improve the level of safety management
within deep foundation pit construction, a framework of
SMSoDFP was established based on combination of BIM
and IoT. )rough carrying out site experiment, the three
functions of visualization, personnel monitoring, and
structural deformation monitoring were tested and found to
be feasible and effective within the limits of the experiment.
In future, research that includes a detailed hazardous da-
tabase should be carried out—building on that contained
herein—so that big data and artificial intelligence (AI) could
be incorporated into broader considerations of construction
safety. At the same time, further study combining BIM and
other information communication technologies, such as
image recognition, UAV-assisted aerial photogrammetry for
site work, big data technology, and IoT supported by 6G
wireless network, needs to be undertaken in order to im-
prove construction safety at a management level.
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