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Pipelines are important methods of oil and gas transportation and are fundamental tomany
country’s economies. Pipeline safety is a critical issue; over 96% of pipeline accidents due
to groundmovement are caused by slope hazards and these can lead to serious personnel
and property losses. Therefore, effective pipeline slope hazard monitoring and early
warning is crucial, but there are many limitations to existing measures. The recent
advance in remote sensing technologies enables the collection of slope hazards
information that maps the spatial distribution of landslide. But this approach cannot
provide real-time monitoring and early warning as there is a time lag due to image
processing. Also, pipelines are considered separately from the slope hazard, with only
slope event occurrence assessed rather than quantification of the impact of the hazard on
the pipeline. Here, we report on a whole process risk management system for the pipeline
slope hazard, incorporating monitoring and early warning of pipeline slope hazards. Three
sites at risk of slope hazard on the Guangdong Dapeng Liquefied Natural Gas (LNG)
Company pipeline in Guandong, South China - Zhangmutou, Huoshaogang and Dapeng
New District - were selected for research and implementation of the whole process risk
management, monitoring and early warning system. The system is shown to operate well
and, overall, we found that the three sites are relatively stable at present. This research
provides widely applicable guidance for the prevention, control, and early warning of
pipeline slope hazards.

Keywords: pipeline slope hazards, monitoring and early warning, whole process risk, refined hierarchical
management system, Guangdong Dapeng LNG

1 INTRODUCTION

As important methods of oil and gas transportation, oil and gas pipelines are fundamental to the
economy of many countries, and pipeline safety is a critical issue. The total length of global oil and
gas pipelines is expected to increase from 1.89 million km in 2020 to 2.03 million km in 2024
(GlobalData, 2020). As of the end of 2020, there were 144,000 km of long-distance oil and gas
pipelines in China, with many under planning and construction (Gao et al., 2021). Long-distance
transportation pipelines inevitably traverse complex geological areas (Hall et al., 2003) and face many
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natural hazards (Zhao et al., 2006). The EGIG report on failure
data (EGIG, 2020) showed that 96.55% of pipeline accidents due
to ground movement in 2010–2019 were caused by slope hazards,
and these can lead to serious personnel and property losses
(Honegger et al., 2010; Liu et al., 2010; Zheng et al., 2012).
For example, in July 2016, a landslide along the Sichuan-East
Gas Pipeline, China, caused two deaths, nine injuries, direct
economic losses of nearly 30 million yuan and indirect
economic losses of over 23 million yuan (Zhou, 2018). In
March 2019, a landslide induced by heavy rainfall caused a
natural gas pipeline in Iran to rupture and explode,
interrupting the gas supply to over 12,000 users (Vasseghi
et al., 2021). Prevention and control of pipeline slope hazards
is needed to reduce the losses associated with pipeline slope
accidents, and this requires effective monitoring and early
warning. Two main approaches to slope hazard monitoring
are remote sensing and ground monitoring.

Improvements in the technology for remote sensing of slope
hazards means that information on the spatial distribution of
landslide kinematics can be obtained rapidly (Delacourt et al.,
2007; Wasowski and Bovenga, 2014). Optical remote sensing
methods have been successfully used in semi-autonomous
mapping of landslide morphometrics (Martha et al., 2010;
Lahousse et al., 2011), but interpretation efficiency is low.
With increasing launches of radar satellites and improvements
in processing technology, Interferometric Synthetic Aperture
Radar (InSAR) has also been used in landslide monitoring
(Strozzi et al., 2005; Carla et al., 2019; Zhang et al., 2020).
However, vegetation coverage, atmospheric effects and
deformation gradients all complicate interpretation of the
surface deformation signal so that landslide identification is
not sufficiently accurate for early warning (Li et al., 2021). In
recent years, remote sensing based on uncrewed aerial vehicles
(UAVs) has been increasingly used to obtain spatially distributed
data for landslide monitoring (Marek et al., 2015; Turner et al.,
2015; Balek and Blahůt, 2016; Peppa et al., 2017; Peternel et al.,
2017; Rossi et al., 2018), and hazard mapping, monitoring and
analysis (Giordan et al., 2018). However, remote sensing
approaches are based on comparative analysis of multiple
phases of images, and this processing takes time, so they
cannot achieve real-time monitoring and early warning.

Ground monitoring broadly covers three aspects, rainfall,
ground displacement and soil hydrological properties (Luo
et al., 2008; Yin et al., 2010; Bittelli et al., 2012). Data obtained
from multiple monitoring instruments can be combined to assess
the risk level of landslides (Macciotta et al., 2015) and establish
warning standards (Yin et al., 2010). However, hazard locations
need to be identified in advance of installing the monitoring/
warning network; the sudden and destructive nature of the hazard
means that installation and operation of instruments is difficult
(Vaziri et al., 2010). Also, there is also a certain amount of
physical contact with the monitored object, which may
influence the results.

In recent years, studies have applied the developments in
remote sensing and ground monitoring technology to pipeline
geological hazard monitoring and early warning (Leynes et al.,
2005; Li et al., 2009; Marinos et al., 2019; Yan et al., 2021). Long-

term monitoring allows pipeline geological hazards to be
effectively identified and mitigated to ensure safe operation of
the pipeline (Vasconez et al., 2010). The safety of pipelines under
the action of landslides can be evaluated using strength theory
based on monitoring surface displacement and strain of the
pipeline slope (Feng and Huang, 2009; Liu et al., 2010;
Marinos et al., 2019). To deal with the particularity and
complexity of pipeline landslides, Yan et al. (2019) developed
a multi-parameter comprehensive monitoring system that could
be applied to pipeline evaluation using a mechanical model of
failure probability (Alvarado-Franco et al., 2017). However, most
monitoring approaches separate the pipeline from the slope
hazard and only assess hazard occurrence; the impact of the
hazard on the pipeline, and the vulnerability of the pipeline, needs
further research.

In this study, we develop a procedure for whole process risk
management, monitoring and early warning to prevent and
control pipeline slope hazards. The whole process of slope
hazards: formation process, evolution process, and disaster
process. First, InSAR, UAV and ground survey are used to
divide the pipeline into different hazard risk areas/sections.
Then, monitoring and early warning measures are
implemented for the risky areas – those with high hazard
probability and high potential for pipeline damage. The real-
time monitoring data is used to numerically simulate pipeline
slope hazards, quantitatively predict the hazards, and formulate
rapid prevention and control measures. The procedure developed
in this research provides widely applicable guidance for the
prevention, control, and early warning of pipeline slope hazards.

2 STUDY AREA

2.1 Introduction to Dapeng Pipeline
The main gas pipeline of Guangdong Dapeng LNG Co., Ltd. is c.
442.35 km in length, with a design pressure is 9.2 MPa, and
includes one main line, three branch lines and ten user
dedicated lines. As the pipeline construction schedule was
restricted by the government’s land use plan, the dangers of
natural and artificial geological hazards and water damage during
the pipeline operation period were not fully documented.
Sections of the pipeline traverse water networks, around
190 km of pipeline pass through mountains, with steep slopes
and high landslide potential, and the nearby coastline is prone to
typhoon that generate heavy rainfall. Risk zoning of the pipeline
route (Figure 1) identifies sections of high, medium, and low risk.
We selected three sites representing typical pipeline unstable
slope hazards in high-risk sites for our monitoring and early
warning research: Zhangmutou, Dongguan; Huoshaogang
landfill in Panyu; and Shenzhen Dapeng New District.

2.2 Characteristics of Pipeline Slope Hazard
Monitoring and Early Warning Study Sites
The first monitoring site is at Zhangmutou in Huangjiang Town,
in the south of Dongguan City (22°54′5.4″N, 114°2′9″ E). Surface
stratum is dominated by silty clay or gravel clay, and the sub-
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surface comprises strongly weathered granite or shale.
Zhangmutou is a forest site with low mountain and hill
topography that is relatively prone to landslides. The
landslides are generally small and medium-sized, and mainly
occur in the rainy season, from April to October. Lithology
exposed in the pipeline trench comprises heavily weathered
and fragmented quartz sandstone and the surface of the slope
is strongly or completely weathered. In the trench, the fully
weathered layer is about 0.5–1.0 m thick, with an unknown
thickness of the strongly weathered layer below. The
fragmented lithology in this section is susceptible to formation
of shallow landslides, especially within the fully weathered layer,
which endangers the safety of the pipeline.

The second monitoring site is at Huoshaogang landfill,
Guangzhou (22°59′8″ N, 113°21′46″ E). The topography of the
area comprises plains and hills, with a few low mountains, and
surface stratum mainly comprises silty soil or clay. The landfill
site is now full, with accumulation of waste extending to the upper
hillside; a retaining wall has been constructed and the pipeline is
locally less than 10 m from the toe of the slope. On-site
investigations show the pipeline was constructed before the
storage yard, and the complicated hydrogeological conditions
of the accumulated waste have led to drainage of water at the foot
of the slope to form a swampy depression. The soil in the pipeline
trench is plastic to soft plastic. The existing protection and
reinforcement work, which include engineering measures such
as stacking forms and retaining walls, are not sufficient to prevent
seepage of surface water into the spoil yard. If the waste heap
deformed, it would seriously threaten pipeline safety.

The third monitoring site is in Dapeng New District in
Shenzhen, Guangdon (22°34′10″ N, 114°28′35″ E). The
regional topography comprises low mountains and hills, with
stratum of strongly and moderately weathered granite,
conglomerate, and gravel-bearing sandstone. The surface is
covered by gravelly soil, with silty clay and gravel in valley
bottoms. The pipeline is laid along a shoulder of flat land
halfway up the mountainside. The surrounding terrain is

steep, with highly weathered rock formations and boulders
outcropping locally on the surface. Excavation during pipeline
construction has affected slope stability to some extent, but the
steep slope is in any case prone to landsliding with heavy rain.
The pipeline is about 5 m from the toe of the slope, which has low
retaining walls, and the pipeline is within the range of the
landslide hazard area, which threatens its safe operation.

3 METHODOLOGY

3.1 Refined Whole Process Hierarchical
Management System for the Pipeline Slope
Hazard
The procedure we developed for whole process risk management,
monitoring and early warning of pipeline slope hazards, which
incorporates pre-hazard risk assessment-hazard monitoring and
early warning-real-time calculation of hazard risk, is in the form
of a hierarchical management system (Figure 2). The whole
process of management we propose includes risk assessment
before hazards, monitoring and early warning when hazards
are about to occur, and pre-judgment of danger for
downstream risks after hazards occur. Preliminary hazard risk
assessment, using InSAR and UAV technology to facilitate multi-
scale assessment, quantitatively assesses hazard risk and severity
at three levels (areas, sections, and single points along the
pipeline). Based on the hazard risk assessment, monitoring
and early warning is established for areas, sections and points
deemed high risk, comprising real-time monitoring of the status
and trend of pipeline hazards. Numerical simulation is used to
analyze the real-time monitoring data and predict forthcoming
hazards, which allows emergency plans to be made.

3.2 Monitoring and Early Warning
To analyze the deformation trend of the unstable slope and judge
the stability and danger of the pipeline project’s operating state we

FIGURE 1 | Geological hazard risk zoning map of the Dapeng Pipeline, Guangdong, China. The main hazards relate to the mountainous setting of part of the
pipeline, combined with the effects of heavy rainfall and typhoons.
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needed to monitor the driving factors of the pipeline slope
hazards in the study area. We identified the key monitoring
parameters as: 1) rainfall conditions, specifically, hourly, and
daily totals; 2) pore water pressure in the shallow surface soil; 3)

angular displacement and tilting deformation of unstable slopes;
4) horizontal displacement of the unstable slope to obtain
cumulative deformation and the deformation rate. We used
our self-developed pipeline slope hazard monitoring stick

FIGURE 2 | Flow diagram of the hierarchical whole process risk management, monitoring and early warning system developed for the pipeline slope hazard.

FIGURE 3 | Schematic diagram of the pipeline slope hazard early warning system that allows remote observation of field variables.
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equipment system (Yan et al., 2019) to measure these parameters.
The system includes multiple sensors and a network data
platform so that sensor parameters can be directly uploaded to
the network system, and data can be directly observed and
retrieved through the web client (Figure 3). The stick
equipment was installed at the three pipeline monitoring sites
in January 2020. The system automatically collects monitoring
data and transmits it to the server in real time to allow
background analysis of the real-time deformation of unstable
slopes. The inherent data collection frequency of the monitoring
equipment is once every 5 min, but it can be adjusted as needed.

At the study sites, data collection frequency was varied according
to conditions: 1) under normal climatic conditions and when the
slope is stable, data is collected every hour; 2) during floods, rainy
season, forecast period, and control project construction period
monitoring frequency is increased to every 5, 10, 15 or 30 min,
according to needs.

The early warning framework is based on likelihood of slope
hazard occurrence (Figure 4), with four warning levels (Levels
I–IV). When rainfall reaches the warning rainfall threshold, the
warning level is determined with reference to changes in
parameters such as surface displacement, deep tilt and pore

FIGURE 4 | Framework of the early warning method for pipeline slope hazard assessment used in the whole process system, involving monitoring of surface
displacement and inclination and hydrological characteristics.
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water pressure. Level I (Attention level) is the initial
deformation stage where the possibility of damage within a
year is unlikely. Level II (Warning level) is where uniform
deformation is detected and the is probability of damage in a
few months to a year is relatively high. Level III (Alert level) is in
the initial acceleration and deformation stage, with certain
macro-precursor characteristics, and the probability of
damage in a few days or weeks is high. Level IV (Alarm
level) is in the critical deformation stage, where short-term
pre-sliding signs are marked, and the probability of damage in a
few hours or weeks is very high.

4 RESULTS AND ANALYSIS

4.1 Construction of Monitoring and Early
Warning Systems at the Study Sites
The monitoring set-up at each site involved a primary station and
three substations. The primary station was positioned on the
slope above the pipeline, and the substations below the pipeline.
The equipment configurations at Zhangmutou, Huoshaogang
and Dapeng New District are shown in Figures 5–7,
respectively. According to the pipeline design specifications, all
the Dapeng LNG pipelines are designed to be buried at a depth of
1.2 m from the top of the pipeline to the earth’s surface.
Therefore, the buried depth of the substation we designed in
this study is 1.5 m, which can effectively monitor the
displacement and inclination of the soil around the pipeline.

The distance between the primary station and the substations
varied at each site, depending on ground conditions, etc. At.

Zhangmutou, substations 1, 2 and 3 were placed at distances of
13, 10 and 14 m from the primary station. At Huoshaogang
landfill, substations 1, 2 and 3 were placed at 10, 8 and 10 m from
the primary station. At Dapeng New District, substations 1, 2 and
3 were placed 10, 12 and 11 m from the primary station.
According to on-site investigations, we install the primary
station on the bedrock outside the landslide body, or drive
deep concrete piles, so that the primary station basically does
not follow the landslide body movement. The substations are
installed on the landslide body.

4.2 Analysis of Monitoring Data
Rainfall is the most important trigger for landslide hazards in the
region. Monitoring equipment at each of the three study sites
recorded higher annual and rainy season (April 1 to August 31)
rainfall totals in 2021 compared with 2020. For example, at
Zhangmutou annual rainfall of 1215.5 mm was recorded in
2020, of which 578.7 mm was in the rainy season. In 2021,
annual rainfall was 1809.1 mm, of which 1685.6 mm was in
the rainy season. We selected the rainy season of 2021 as the
test data set for our risk management and early warning
procedure due to its higher rainfall total.

4.2.1 Zhangmutou Unstable Slope
Cumulative rainy season rainfall for 2021 was 1685.6 mm
(Figure 8). Two rainfall peaks are evident in early June and

FIGURE 5 | Layout of slope hazard monitoring equipment at Zhangmutou. (A) Aerial view of the monitoring configuration; (B) Detail of monitoring set-up at each
station; (C) Elevation-distance plot showing location of the pipeline and monitoring equipment.
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early August, with daily totals of over 75 mm on June 4 and
August 9. The maximum daily total of 84.3 mm was during a
heavy rainstorm on August 9. However, hourly rainfall, single-
day rainfall and 3-day maximum rainfall days did not reach the
warning threshold, so the pipeline was deemed to be in a safe state
and no alert was needed.

Pore water and displacement monitoring data from the three
substations show relatively stability over the 2021 rainy season.
Maximum pore water pressure at substation 1 was 101.2 KPa, the
maximum pore water pressure difference was 2.5 KPa, the
maximum dip angle deviation was 0.08° and the maximum
horizontal displacement was 5.3 mm. The trend at substation 2
is similar. Substation 2 recorded maximum pore water pressure of
101.3 KPa, maximum pore water pressure difference of 2.6 KPa,
maximum dip angle deviation of 0.097°, and maximum
horizontal displacement of 3 mm. However, substation 3
recorded larger fluctuations in pore water pressure and dip
angle deviation; maximum pore water pressure was 106.3 KPa,
maximum pore water pressure difference was 7.6 KPa, maximum
dip angle deviation was 0.179° and maximum horizontal
displacement 2.64 mm. Due to the greater variability in
monitoring data that is more useful for testing purposes, we
focused our pipeline risk analysis on substation 3.

The maximum pore water pressure of 106.3 KPa at substation
3 was recorded on August 10 and the minimum of 98.7 KPa on
August 4 (Figure 9A). The rate of water pressure change
(0.67 KPa/d) and the pore water pressure values are within the
normal tolerable range, so there was no danger to the pipeline.
The maximum tilt angle and horizontal deviation at substation 3

were also all within the safe range (Figures 9B,C); maximum tilt
of 0.149° in the x direction and 0.179° in the y direction,
maximum rate of change 0.014°/d, and maximum horizontal
displacement 2.64 mm. Thus, no pipeline warning was triggered.

4.2.2 Huoshaogang Landfill Unstable Slope
Themonitoring data shows that rainy season rainfall at this site in
2021 was relatively evenly distributed (Figure 10), with a
cumulative total of 1201.4 mm. The overall trend shows
generally low magnitude rainfall across the season, with
episodic high magnitude events. Heavy rain, classed as daily
rainfall over 70 mm, was recorded on May 2, June 1 and
August 25, with a maximum single-day rainfall of 97.8 mm on
June 1. None of the rainfall events reached the warning threshold,
and the pipeline was considered as within a safe range.

Pore water and displacement monitoring results for
Huoshaogang landfill site show greater fluctuations at
substation 1 compared to substations 2 and 3. Substation 1
recorded maximum pore water pressure of 107.8 KPa,
maximum pore water pressure difference of 8.4 KPa and
maximum displacement in the horizontal direction is
8.94 mm. At substation 2, maximum pore water pressure was
101.5 KPa, maximum pore water pressure difference was 2.4 KPa
and maximum horizontal displacement was 4.94 mm. Substation
3 recorded maximum pore water pressure of 100.6 KPa,
maximum pore water pressure difference of 2.4 KPa and
maximum horizontal displacement of 5.2 mm. Due to the
larger data fluctuations that are more useful for testing
purposes, substation 1 was chosen for further analysis.

FIGURE 6 | Layout of slope hazard monitoring equipment at Huoshaogang. (A) Aerial view of the monitoring configuration; (B) Detail of monitoring set-up at each
station; (C) Elevation-distance plot showing location of the pipeline and monitoring equipment.
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FIGURE 7 | Layout of slope hazard monitoring equipment at Dapeng New District. (A) Aerial view of the monitoring configuration; (B) Detail of monitoring set-up at
each station; (C) Elevation-distance plot showing location of the pipeline and monitoring equipment.

FIGURE 8 | Daily and accumulated rainy season rainfall at Zhangmutou site, April 1 to August 31, 2021.
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Pore water pressure at substation 1 increased significantly with
daily rainfall peaks, with maximumwater pressure corresponding
with the large rainfall event on June 1 (Figure 11A). The
minimum pore water pressure of 99.4 KPa was on August 4,
with a maximum pore pressure change rate of 0.78 KPa/d. All the
pore water pressure data recorded at substation 1 is within the
allowable variation range. In terms of ground deformation, the

maximum x direction inclination angle deviation was 0.096°, with
a maximum rate of change of 0.008°/d; in the y direction, the
maximum deviation was 0.368° and the maximum rate of change
0.019°/d (Figure 11B). The maximum horizontal displacement
was 8.94 mm (Figure 11C). All displacement indicators are
within the safe range, so the pipeline was considered in a
safe state.

FIGURE 9 | Slope monitoring data recorded at Zhangmutou substation 3, April 1 to August 31, 2021. (A)Daily pore water pressure; (B) Accumulated offset in the x
and y directions; (C) Accumulated horizontal displacement.

FIGURE 10 | Daily and accumulated rainfall at Huoshaogang landfill site, April 1 to August 31, 2021.

Frontiers in Earth Science | www.frontiersin.org January 2022 | Volume 9 | Article 8125279

Yan et al. Early-Warning of Pipeline Slope Hazards

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


4.2.3 Dapeng New District Unstable Slope
Rainfall monitoring data for Dapeng New District (Figure 12)
shows cumulative rainy season rainfall in 2021 of 1528.9 mm,
with the highest daily totals concentrated around mid-June and
late July. Daily rainfall exceeding 90 mm, classed as a heavy
rainstorm, was recorded on June 24 (124.3 mm) and over a 3-
day period on July 19–21. None of the short-term heavy rainfall
events reached the rainfall threshold. Thus, no danger of landslide

hazards was triggered, and the pipeline was considered in a
safe state.

Pore water data from the three substations are quite similar,
but the displacement results are more varied. Maximum pore
water pressure recorded at substation 1 was 100.4 KPa,
minimum pore water pressure value was 98 KPa and
maximum inclination deviation was 0.754°. At substation 2,
maximum and minimum pore water pressure was 100.5 KPa

FIGURE 11 | Slope monitoring data recorded at Huoshaogang substation 1, April 1 to August 31, 2021. (A) Daily pore water pressure; (B) Accumulated offset in
the x and y directions; (C) Accumulated horizontal displacement.

FIGURE 12 | Daily and accumulated rainfall at Dapeng New District site, April 1 to August 31, 2021.
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and 98.2 KPa, respectively, with maximum inclination deviation
of 0.063°. At substation 3, maximum and minimum pore water
pressure was 99.8 KPa and 97.7 KPa, with a maximum
inclination angle deviation of 0.085°. The maximum
inclination offset monitored by substation 1 is much larger
than that of the other two substations. The positions monitored
by substation 2 and substation 3 are dangerous, so substation 1
was selected for further analysis.

The maximum pore water pressure of 100.4 KPa at
substation 1 was recorded on April 11, and the minimum
pore water pressure of 98 KPa was recorded on several days
(Figure 13A). The maximum pore water pressure difference
was 2.4 KPa and maximum rate of change was 0.15 KPa/d. The
pore water pressure data is all within the normal tolerable
range, so the pipeline was not considered to be in danger. In
terms of ground deformation, the maximum deviation of the
inclination angle was 0.771° in the x direction, with a
maximum change rate of 0.102°/d, and the maximum
deviation in the y direction was 0.754°, with a maximum
change rate of 0.108°/d (Figure 13B). The maximum
inclination angle deviation and deviation rate are slightly
elevated but are both are within the controllable range. The
maximum horizontal displacement was only 2.52 mm
(Figure 13C). Based on these results, the pipeline in the
monitoring area was considered in a safe state.

4.3 Trend Estimation and
Recommendations
According to the risk assessment, three high-risk hazard points
were selected to monitor the formation process, evolution process,
and disaster process. For real-time monitoring data, we use a
sliding window-based method to detect anomalous points in the
rainfall, pore water pressure, displacement, and inclination data to
conduct preliminary detection of hazard events. We have
established an early warning system driven by both the physical
model and the data model.Within the framework of the traditional
physical early warning model, the early warning threshold is
continuously adjusted and optimized through the multiobjective
evolutionary optimization method (Yan et al., 2020). Once the
occurrence of hazards is forewarned, numerical simulation
scenarios and data mining methods are used to quickly make
recommendations for downstream risks.

Since the installation of the three slope hazard monitoring and
early warning demonstration sites in January 2020, we have been
focusing our research on the development of pipeline slope
hazards. The annual rainy season at the sites is concentrated
between April and September, and is characterized by abundant
heavy rainfall events, but these are scattered throughout the
period. The warning thresholds for rainfall intensity (75 mm
in 1 h), and hourly, daily and 3-days maximum totals were
not reached in our monitoring period. Likewise, the maximum

FIGURE 13 | Slope monitoring data recorded at Dapeng New District substation 1, April 1 to August 31, 2021. (A) Daily pore water pressure; (B) Accumulated
offset in the x and y directions; (C) Accumulated horizontal displacement.
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recorded slope deformation rate is relatively small, and no
characteristic features such as collapses and landslides have
been observed on site, so the early warning threshold was not
reached, and no warning was issued. Therefore, it was not
possible to enact real-time simulation and pipeline hazard
assessment. Our monitoring data shows that the three hazard
sites are in a relatively stable state at present. In the future, now
that the monitoring system is established, implementation of the
proposed pipeline slope hazard risk management, monitoring
and early warning system should ensure that there is effective
early warning of pipeline danger.

5 DISCUSSION

This study proposes a whole process risk management,
monitoring and early warning system for pipeline slope
hazards. A real-time simulation/calculation system, based on
monitoring data transmitted from on-site equipment, gives
timely hazard risk assessment that early warning of hazard
risk using a hierarchical approach. Traditional early warning
systems for the pipeline slope hazard use a black box model based
on the critical rainfall threshold, which has limitations and often
lead to false alarms. Also, existing monitoring methods usually
separate the pipeline from the slope hazard and can only
determine hazard occurrence; they cannot quantify the impact
of the hazard on the pipeline. Based on the event process chain of
pipeline slope hazards (i.e., rainfall–water infiltration–slope
collapse), this study proposes a four-level early warning
method that effectively overcomes the shortcomings of
traditional monitoring and early warning methods. We use
real-time monitoring data to numerically simulate pipeline
slope hazards, focusing on areas where hazards are most likely
to occur, and the risk of pipeline damage is high. The hazard risk
is quantitatively estimated, and rapid prevention and control
measures are then formulated. The procedure allows monitoring
and early warning measures to be more targeted, reducing the
incidence of false alarms, and guides the implementation of
prevention and control measures.

Three sites of high slope instability risk along the Guangdong
Dapeng LNG Company pipeline were selected for demonstration
of the approach, located at Zhangmutou, Huoshaogang and
Dapeng New District, and the whole process risk
management, monitoring and early warning system of pipeline
slope hazards was implemented. The system operated well;
overall, the three hazard sites were shown to be in a state of
relative stability at present. In future research, we will further
develop the rapid numerical simulation of pipeline slope hazards
based on real-time monitoring data to predict the danger of
pipeline slope hazards and allow timely formulation of
emergency plans.

In fact, this research also has some limitations that could be
addressed in the future. The substation used in this study only

measures within 10 m in space, which is only suitable for
shallow slope hazards. Before the construction of oil and
gas pipelines, large-scale hazards have been avoided, and
only some shallow slope hazards will exist around the
pipeline. In view of this situation, we generally install three
substations on the landslide body to meet the measurement
requirements. After the installation is completed, the sensor
transmits data to the early warning system through the ad-hoc
network. We use rainfall to judge the triggering effect of
external stimulating factors on hazards; pore water pressure
is only used to judge whether the soil has an abnormal
precursor after rainfall infiltration; and the inclination and
displacement can reflect the precursors of landslide sliding.
Data transmission relies on 5G and China Beidou satellite
transmission technology. The emergence of extreme weather
will affect 5G signals, and China Beidou satellite transmission
technology will play a good role in emergency
communications. In future research, we will study low-cost
open-source technologies to create and deploy your sensors. At
the same time, we will use more physical models and data
models to establish early warning systems to make our early
warning methods more accurate.

6 CONCLUSION

In this study, we develop a procedure for whole process risk
management, monitoring and early warning to prevent and
control pipeline slope hazards. Three sites at risk of slope hazard
on the Guangdong Dapeng Liquefied Natural Gas (LNG)
Company pipeline in Guandong, South China -
Zhangmutou, Huoshaogang and Dapeng New District - were
selected for research and implementation of the whole process
risk management, monitoring and early warning system. The
three hazard sites were shown to be in a state of relative stability
at present. This research provides widely applicable guidance
for the prevention, control, and early warning of pipeline slope
hazards.
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