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A B S T R A C T

Timely assessment of structural conditions of water diversion pipelines and taking necessary precautions are
essential to ensure the operational safety of large water diversion structures. This paper presents an integrated
visualization framework to support the safety management of water diversion pipelines. This holistic framework
streamlines data collection, data analysis, warning issuance, and decision-making support in an integrated
platform, which improves the automation level of safety management and the efficiency of emergency response.
A system prototype was developed based on the proposed framework and implemented in a water supply project
in Tianjin, China. The system prototype can automatically assess the structural condition of water diversion
pipelines and issue corresponding warnings to relevant professionals, and provide visual cues and a set of useful
functions to support decision-making. This system prototype and its implementation validate the applicability
and efficacy of the proposed framework.

1. Introduction

To counter the threats associated with the uneven distribution of
water resources, China has launched a number of water diversion
projects such as the South-to-North Water Diversion Project to alleviate
severe water shortages in certain areas [1]. The South-to-North Water
Diversion Project has three routes in the Eastern, Central, and Western
China that respectively divert water from the lower, middle, and upper
reaches of the Yangtze River. This long-distance and inter-basin water
diversion project also connects four major rivers in China: Yangtze
River, Huai River, Yellow River, and Hai River. These water diversion
projects have improved urban water supply and water quality, thereby
ensured the well-being of the people, the vitality of the economy, and
the prosperity of the society.

Structural damages to the water diversion pipelines can result in
disastrous humanitarian, social, economic, and ecological con-
sequences. Therefore, it is essential to assess the structural conditions of
the pipelines in a timely manner and take immediate actions to handle
emergency situations. Instruments have been developed to monitor the
structural conditions of water diversion pipelines [2–4], but the man-
agement information system (MIS) and safety management practice are
still insufficient to realize automatic condition assessment and timely
emergency response.

There are two main limitations in the current practice. First, the

manual processing of monitoring data and the lack of visual cues make
the identification of abnormalities in pipelines time-consuming, which
hinders the decision-makings in the event of an emergency. Second, the
data collection, data analysis, warning issuance, and decision support
have not been seamlessly integrated in the safety management process,
and the functions in existing MIS are not comprehensive to fulfill the
whole-process management of pipeline safety. Such isolated manage-
ment process and limited system functions will result in potential safety
issues not being identified and emergency responses being delayed. To
address these two challenges, an integrated visualization framework is
proposed in this study to support the whole-process management of
structural safety for water diversion projects.

2. Limitations in current practice

This section reports the limitations in the current practice of pipe-
line safety management. From the technical perspective, the first lim-
itation is the manual processing of a large amount of monitoring data.
The advancements of sensing technologies and mobile communication
networks [5–7] have made data collection automated and rapid, gen-
erating a large amount of monitoring data. Manually processing the
data is inefficient and time-consuming, and thus is incapable of
achieving automated condition assessment and timely emergency re-
sponse. The second limitation is the lack of a geo-referenced visual
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environment and comprehensive analysis tools in the existing MIS [8,
9] to support decision-makings. Most often, the monitoring data are not
directly coupled with geographic coordinates, thus, decision-makers
have to refer to non-intuitive design drawings to locate abnormalities
and analyze in-situ environments. In addition, in the absence of scien-
tific analysis, engineers solely rely on their experiences to make deci-
sions in emergency situations.

From the organizational and managerial perspective, the first lim-
itation is that the critical tasks in pipeline safety management, i.e. data
collection, data analysis, warning issuance, and decision support, have
not been seamlessly integrated. This incoherent management process
may weaken the competent department's ability to identify a potential
safety hazard and significantly delay the response action. Studies have
been conducted on data analysis and decision support in pipeline safety
management. Examples include safety diagnosis of hydraulic structures
based on data mining [10, 11], risk assessment for water pipelines [12,
13], mobile computing technologies for safety inspection [14], and
failure mode of pre-stressed concrete pipe [15–17]. However, the ex-
isting studies mainly focused on the development of a single function
for a single task in the safety management. None of them have created a
holistic framework to streamline the whole safety management process
of water diversion projects.

3. Review of existing techniques

3.1. Analysis of monitoring data based on data mining

Data mining techniques have been used for analyzing safety mon-
itoring data in hydraulic engineering [10, 11], building construction
[18, 19], and aerospace engineering [20, 21]. To enable intelligent and
automatic structure safety analysis, the integration of data mining and
cloud computing was explored in [22, 23]. However, the existing
technologies are not readily applicable in water diversion projects. In
the current practice, the process of data collection, data analysis and
warning issuance have not been automated and streamlined. For ex-
ample, X is a water diversion project located in Zhejiang Province,
China. Although the project has adopted a safety monitoring system
that uses a general packet radio service (GPRS) cellular network to
obtain monitoring data remotely and automatically, the subsequent
data analysis is performed in a manual and off-line way. As such, it is
very difficult to frequently analyze the monitoring data. Hence, ab-
normalities may not be identified in a timely manner, posing significant
risks to the water diversion pipelines. In addition, due to the lack of a
warning issuance mechanism, this system cannot inform engineers and
professionals of abnormalities and emergencies.

3.2. Visualization based on GIS and street view

Geographic information system (GIS) has been used to visualize
information and support decision-making. For instance, different colors
were used to represent the risk degrees of pipeline in GIS environment,
and aerial photos were overlaid to improve the visualization [13, 24,
25]. Coffey et al. [26] used GIS to enhance the pipeline management
and analysis. Liu and Issa [27] integrated three-dimensional (3D)
building information modeling and two-dimensional (2D) GIS to realize
3D visualization of underground pipeline systems. Wu et al. [28] ap-
plied 3D GIS in dam safety monitoring and developed a visualized
management information system. In addition, Google street views were
also used to assess large-scale vegetation [29], environmental con-
tributions to pedestrian injury [30], and species habitat [31].

The integration of 3D GIS and street view in structure safety man-
agement can improve management efficiency and provides intuitive
visual cues for decision-makings. The fusion of safety monitoring data
and geographic information allows users to locate the potential ab-
normalities in the 3D scenes that are archived in the GIS platform.
Moreover, after an emergency occurs, engineers can utilize the 3D GIS

and street views to analyze the in-situ environment online (e.g. to check
surrounding topography, available transportation routes, and manhole
locations), which can assist the plan of emergency responses. However,
the previous studies have not explored the integration of 3D GIS and
street view in water diversion projects.

3.3. Numerical simulation

Numerical simulation has been widely applied in water diversion
projects. Oh et al. [32] used numerical method to investigate the dis-
charge performance of sluice passageway. Chen et al. [33] conducted
numerical simulation to analyze the damage mode of concrete gravity
dam under close-in explosion. In [15–17], finite-element software was
used to study the failure mode and rehabilitation method of pre-
stressed concrete cylinder pipe (PCCP).

Numerical simulation is a powerful tool to support decision-mak-
ings, since it can simulate mechanical responses of structure under
various working conditions without carrying out physical experiments.
However, due to the complicate operation process, it is difficult to di-
rectly incorporate the numerical simulation into the safety management
process. In order to fully support decision-makings in water diversion
projects, secondary development is necessary for the numerical simu-
lation tool; and the developed product should be included as an integral
part of the management information system.

4. Framework for whole-process management of water pipeline
safety

In this study, 3D GIS, street view, data mining, and numerical si-
mulation are integrated to streamline the data collection, data analysis,
warning issuance, and decision support in a holistic framework for the
safety management of water diversion pipelines.

4.1. Procedure of whole-process safety management

The entire process of safety management consists of four steps, i.e.
data collection, data analysis, warning issuance, and decision-making
support. Shown in Fig. 1, the proposed safety management procedure
emphasizes the automation of safety monitoring and assessment as well
as the integration of automated operation with human intervention.

(1) Automatic collection of monitoring data

The collected data have two sources: 1) monitoring data, such as
water pressure, deformation, and crack, remotely and periodically
collected by the automatic monitoring system; 2) settlement data and
photos collected during on-site inspection.

(2) Online analysis and safety assessment

The collected data are automatically analyzed at a predetermined
time interval (e.g. once a day) to detect potential abnormalities based
on methods such as trend recognition and neural network model. An
evaluation system is developed to determine the risk level of the
structure based on the analysis of monitoring data.

(3) Real-time warning issuance

When the risk of a pipeline segment reaches a certain level, real-
time warnings will be automatically issued by phone messages and
emails to ensure that engineers and professionals can receive the
warnings in a timely manner.

(4) Decision-making support

In the event of an emergency, engineers and professionals will
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