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Abstract: The China—Russia crude oil pipeline (CRCOP) traverses rivers, forests, and mountains
over permafrost regions in northeastern China. Water accumulates beside the pipe embankment,
which disturbs the hydrothermal balance of permafrost underlying the pipeline. Ground surface
flows along the pipeline erode the pipe embankment, which threatens the CRCOP’s operational
safety. Additionally, frost heave and thaw settlement can induce differential deformation of the
pipes. Therefore, it is necessary to acquire the spatial distribution of water features along the CRCOP,
and analyze the various hazard probabilities and their controlling factors. In this paper, information
regarding the permafrost type, buried depth of the pipe, soil type, landforms, and vegetation were
collected along the CRCOP every 2 km. Ponding and erosive damage caused by surface flows were
measured via field investigations and remote sensing images. Two hundred and sixty-four pond
sites were extracted from Landsat 8 images, in which the areas of 46.8% of the ponds were larger
than 500 m?. Several influential factors related to freeze-thaw hazards and erosive damage were
selected and put into a logistic regression model to determine their corresponding risk probabilities.
The results reflected the distributions, and forecasted the occurrences, of freeze—thaw hazards and
erosive damage. The sections of pipe with the highest risks of freeze-thaw and erosive damage
accounted for 2.4% and 6.7%, respectively, of the pipeline. Permafrost type and the position where
runoff encounters the pipeline were the dominant influences on the freeze—thaw hazards, while the
runoff-pipe position, buried depth of the pipe, and landform types played a dominant role in erosive
damage along the CRCOP. Combined with the geographic information system (GIS), field surveys,
image interpretation and model calculations are effective methods for assessing the various hazards
along the CRCOP in permafrost regions.
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1. Introduction

The China—Russia crude oil pipeline (CRCOP) begins in Skovorodino, Russia, enters China in
Xing’an, Mohe County, and terminates in Daqing, Heilongjiang Province. The pipeline traverses a total
of 441 km over permafrost regions [1]. The first line began operations in 2011, and the second line started
operating in 2018. Along the pipeline, due to the complex topography, high forest coverage, and dense
vegetation, stream flows have developed owing to the large amounts of precipitation and fertile soil in
these regions. The process of pavement used when constructing the CRCOP changed local landforms
and the flow paths of runoff, which resulted in the appearance of ponds and water erosion on both
sides of the pipe embankment. These hazards increase the risk of frost heave and thaw settlement along
the pipeline [2]. Due to interactions between the pipeline and the underlying permafrost, the thermal
condition of the foundation soil varies markedly in different terrains. Freeze-thaw processes increase
the maximum thawing depth under the pipe, which results in significant settlement [3]. The main
freeze—thaw hazards along the CRCOP route are frost heave, thawing settlement, the formation of
frost mounds, and damage caused by the use of ice pitons [4]. Frost heave caused by water migration
and its subsequent freezing can cause pipe deformation. Seasonal frost mounds 1-1.5-m tall have
appeared in regions with developed groundwater and ice-rich permafrost. Lateral extrusion and
uplifting caused by frost mounds increase the risk of frost damage [5]. Ice pitons were found on gentle
slopes of mountain fronts containing springs or rivers. Landslides can also occur on a permafrost slope
due to rainfall and freeze-thaw cycles, which may generate tensile forces on the pipeline [3,5].

The permafrost in eastern China is known as Xing’an-Baikal permafrost. At altitudes lower than
800 m along the pipeline, the permafrost is thermally unstable and ecologically sensitive to climate
change [6]. With the development of global warming and anthropogenic activities, permafrost in eastern
China has been degraded 50-150 km northward of the Xing’anling Mountains over the past 50 years [7].
Previous literature regarding buried pipes in permafrost regions mainly focused on the thermal effects,
calculations, and forecasts of freeze—thaw processes in the context of oil transportation at above-freezing
temperatures. In such scenarios, it was shown that thaw bulbs can develop and expand in regions under
pipelines. A coupled hydrothermal model was adopted by [8] to precisely calculate the development of
thaw bulbs and the cooling effect of insulating layers on pipes. It was shown that heating from oil flows
at an average oil temperature of 7.7 °C, accelerated the development of the thaw bulbs. Additionally,
it has been demonstrated that coupled hydrothermal-mechanical models can reflect the deformation
and stress—strain characteristics of pipes [9,10]. Additionally, a two-dimensional thaw consolidation
model was devised by [11] to describe the deformation of pipes.

In addition to theoretical analyses and calculations, field monitoring is a necessary method
to reveal the mechanisms of pipe deformation and interactions between pipes and permafrost.
Previous investigations measured pipe strain, oil temperature, pore water pressure and ground
temperature of permafrost during pipeline operation [12,13]. The hydrothermal condition of the
active layer and the permafrost layer can also be used to reflect the operational stability of pipes
during freezing and thawing processes [14,15]. The mean annual temperature along the CRCOP
increases in past years, while frost heave and thaw settlement commonly appear along its route [16].
Therefore, a series of monitoring systems were built along the CRCOP to obtain geological data and
the ground temperature field. The cooling effect of engineering measures, such as thermosyphons and
ventiducts, was observed and validated in a monitoring field [3,17].

Frost heave and thaw settlement in permafrost regions along a pipeline are related to the ice content,
the amount of moisture in the active layer, and the quantity of ground surface water. The infiltration of
ground surface flow increases the water content in the active layer and accelerates the development
of frost heave. Apart from frost heave and thaw settlement, water erosion from surface flow is the
main cause of damage to pipe embankments, which can aggravate pipe settlement [18]. Along the
CRCOP, there are massive and dense seasonal runoffs, where some accumulate on both sides of the
embankment, while others flow across the embankment. Previous studies focused on the results of
field investigations and provided qualitative descriptions of frost-thawing hazards (e.g., frost heave
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and thawing settlement) and their control factors. However, due to a lack of detailed data related
to the basic geological and geophysical properties along the CRCOP, there has been little work on
obtaining quantitative relationships, and providing forecasts of hazard occurrence along the route.
Moreover, ponding and runoff erosion along the pipeline have not been considered in any assessment
model to date.

In this paper, based on geological field survey data, ponds and erosive damage sites along the
CRCOP were found. The distribution of water bodies was extracted by the normalized difference water
index (NDWI) from Landsat 8 images. The main influential factors were selected, and their attributes
were considered in a logistic regression model that was used to regress the weight of each factor and
calculate the probability of freeze-thaw hazards and erosive damage to the CRCOP. Combined with
the field survey, remote sensing image interpretation was conducted to identify water bodies in areas
that were inaccessible via the field survey along the CRCOP route. The spatial distribution of water
bodies was systematically extracted and analyzed based on their source, development, and thermal
impact on the CRCOP. The results of this study may provide a scientific basis and reference for the
hazard treatment and operation management of pipes in permafrost regions.

2. Methods and materials

2.1. Test Case and Data

The study region is a 400 km length along the CRCOP in permafrost regions of northeastern
China (Figure 1). The field survey focused on both sides of the pipeline within an average distance
of 50 m from the pipeline. The extraction range of water features from the Landsat 8 remote sensing
images was 300 m on both sides of the pipeline. Rugged terrain, marsh, and surface flows are
present along the pipeline. There is also a high groundwater level, as well as complex permafrost
environments and engineered geological conditions surrounding the CRCOP. The pipeline traverses a
dense distribution of rivers in permafrost regions [1,19]. The field survey, which was conducted in
August, 2018, identified 102 pond sites and 223 water erosion sites next to the pipeline.
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The normalized difference water index (NDWI) was calculated based on Landsat 8 images from
May, 2018. The images were provided by the geospatial data cloud site, which is part of the Computer
Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn). The images
adopted in this paper were Level-1 terrain-corrected (L1T) products, which were typically compressed,
950 MB GeolTiff files [20]. The band information of the Landsat 8 images is shown in Table 1.

Table 1. Band information of the Landsat 8 Operational Land Imager (OLI) images.

Spatial Radiometric

Bands Wavelength (um) Resolrt’ltion (m) Resolution (Bit)
1—Coastal aerosol 0.43-0.45 30 12
2—Blue 0.45-0.51 30 12
3—Green 0.53-0.59 30 12
4—Red 0.64-0.67 30 12
5—Near infrared 0.85-0.88 30 12
6—Short wave infrared 1 1.57-1.65 30 12
7—Short wave infrared 2 2.11-2.29 30 12
8—Panchomatic 0.50-0.68 15 12
9—Cirrus 1.36-1.38 30 12

During our field survey, the position (latitude, longitude, and altitude), size (length and width),
formation, and relation of the ponds relative to the pipe embankment were measured. The buried
depths of the pipe, landform types, vegetation types, soil types, and ice content were collected from a
400 km length along the pipeline (Figure 2) before the pipe was encased in pavement. The data were
obtained from drillhole information, the data of which were tabulated in Excel. The ice content was
visual judged as ice poor (0~5%), ice soil (5%~15%), ice rich (15%~25%), and ice saturated (25%~45%).
The buried depths (depth from ground surface to the top of the pipe) were measured with a depth
detection instrument (RD8100), at depths from 1.5 to 3.0 m. The data were collected every 2 km
during the survey; this spacing was determined by considering the feasibility and cost of designing
and constructing the pipeline. According to our field survey along the pipeline, the data obtained
with the 2 km sampling interval were able to effectively represent the attributes of each influential
factor. The altitude spanned a range of 130 to 680 m, where the section from Ta River to Jiagedaqi
had the highest altitude. Approximately 210 km of the CRCOP exists in continuous permafrost
regions, of which 70 km is located within ice-rich permafrost. The soil along the pipeline was divided
into four categories: gravel, humus (soil which consists of dead plants that have begun to decay),
mool (cultivated soil), and silty clay. The vegetation is mainly forest and grass along the pipeline.
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Figure 2. Distribution of the geological and geographic factors along the pipeline (from Xing’an to
Jiagedagqi, by Origin 2015).
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2.2. Methods

Ponds on both sides of the pipeline in the range of 300 m were identified and extracted from the
NDWI. The NDWI was proposed by Mcfeeters in 1996 [21], and can be obtained from visible and
near-infrared spectra based on the reflectivity of water in different bands. After image segmentation,
the positions and areas of water bodies in the study region were extracted from the remote sensing
images. The equation of the NDWI is shown in Equation (1):

NDWI — Green — NIR

= " 1
Green + NIR ™

where Green is the green band and NIR is the near-infrared band. The NDWI results were not used
in our regression model, but they were used to ascertain the distribution of water bodies along the
pipeline that were unreachable during the field survey.

Before calculating the probabilities, Moran’s index, which is a product-moment coefficient
analogous to Pearson’s correlation coefficient, was selected as an indicator when analyzing the spatial
autocorrelation of the selected influential factors. Moran’s index reflects the spatial clustering and
distributional correlation of the considered influential factor attributes, which were used evaluate the
data quality and the accuracy of the factor selection. The local Moran’s index can be expressed in
Equations (2) and (3):

n Litg Loy WifZizj

I= 2
5 T2 2)

n n
So = Z Z wi,j 3)

i=0 j=1

where z; is the deviation of factor attribute i from its average value (x; — X), w; is the combined spatial
weight of i and j,  is the number of elements, and Sy is the sum of all the spatial weights. The average
value, x, was calculated by Equation (4):

1 n
X= EZ;xi 4)
1=

The statistical results of z; were calculated by Equations (5)—(7):

g 1= E[I] )
VI
-1
El] = D) (6)
V{1 = E[*] - E[I? )

In this paper, a hazard is defined as a relevant danger or risk that may cause potential damage to
the pipeline. For example, the probability of a freeze-thaw hazard is higher in permafrost regions with
lots of ice, in which damage can arise due to frost heave and thaw settlement.

To obtain a precise regression and subsequent predictions, a logistic regression model was
constructed to analyze the various influential factors. The attribute of each factor was extracted and
put into the logistic regression model to calculate the probabilities of the corresponding hazards.
Logistic regression is a multivariate analysis model, which is useful for predicting the presence or
absence of a given outcome. The advantage of logistic regression models is their ability to overcome the
limits of linear regression due to dependent and independent variables. Quantitatively, the relationship
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between an occurrence and its dependency on the independent variable(s) can be expressed in
Equations (8) and (9):

1
P= 1+e* ®
z = by + b1x1 +byxp + -+ + buxy )

where p is the probability of occurrence, which varies from 0 to 1 in an S-shaped curve, z is the
linear combination of all occurrences, by is the intercept, and b; are the coefficients of the independent
variables x;.

According to our previous research [22], the surface flow trend along the CRCOP mainly focuses
occurs east-west (0°). In general, when a pipe transects a surface flow, the risk of erosive damage is
higher than in other sections that do not encounter a flow. The permafrost types in the study region
were categorized in the model based on their ice content: 0% (seasonal frozen soil), 5% (ice poor),
15% (icy), 25% (ice rich), and 45% (ice saturated). The field investigation results of the ponding and
water erosive sites were set as a categorical binary variable (where 1 represents yes, and 0 represents no),
which were included in the regression model as a dependent variable. The attribute of each influential
factor was set as an independent variable. After the regression, the weight of each influential factor was
obtained from the coefficient of the independent variable(s). The probabilities of freeze-thaw hazards
and water erosion were then calculated with the derived logistic regression model, which provided
support for the intuitive understanding and proper treatment of threats along the pipeline. The analysis
procedure for the water features and hazard probabilities is shown in Figure 3.

Water
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>

Ponding Dependent Independent
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survey data Water regression | | Runoff-pipe relation ‘ autocorrelation
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hazard

Water erosion
damage

Figure 3. Flowchart of the acquisition of water features and the calculation of hazard probabilities
along the China—Russia crude oil pipeline (CRCOP) route.

3. Results

3.1. Distribution of Ponds and Water Erosion along the CRCOP

Frost heave and thaw settlement are mainly related to permafrost conditions (i.e., ice content and
the ground temperature) and water infiltration into the active layer. The main water features, which are
the likely sources of water infiltration and runoff seen along the CRCOP were ponds, thermokarst
lakes, and runoff/drainage along the pipeline.

Along the pipeline, the geological conditions are complex, which include dense vegetation and
forest coverage with large amounts of precipitation. Generally, runoff develops in rugged terrain,
which flows downward to any flat terrain and hence may occasionally traverse the pipeline. Due to
the low density of the backfilling material and disturbances caused during the pavement process,
depressions were created in the ground surface beside the pipe embankment, and water subsequently
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accumulated on one or both sides, forming ponds. According to the field investigation, we discovered
102 pond sites along the pipeline in permafrost regions [19]. The percentage of ponds with areas smaller
than 50 m? was 20%, the percentage with areas between 50 and 100 m? was 27%, and the percentage
of ponds with areas from 100 to 500 m? was 30%. To accurately acquire the water features along
the pipeline within a limited range, images from Landsat 8 were selected to be interpreted, and the
NDWIs were subsequently calculated. Water features have positive NDWI values, while vegetation
and soil have zero or negative values. Then the image was segmented by the threshold of zero.
As stated previously, water information within 300 m of the pipeline was extracted based on the
NDWIs (Figure 4).
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Figure 4. Image processing of Landsat 8 data: (a) an original image, (b) normalized difference water
index (NDWI) results, and (c) the extracted waterbody distribution.

The ponds identified by the field survey are shown in Figure 5a, while the 264 ponds extracted
from the remote sensing images are shown in Figure 5b. More ponding was present north of the
pipeline relative to the south. The percentage of ponds with areas smaller than 500 m? was 46.8%,
and the largest pond had an area of almost 10* m?. Due to seasonal surface flows, the pipe embankment
has been eroded, which has resulted in embankment damage and pipe exposure, causing a potential
threat to the CRCOP’s safe operation. The amount of water erosion by surface flows is more than
that caused by just ponding. Depending on the water source, water erosion can be divided into two
categories: erosion by surface flow on slopes, and by streams on flat ground (Figure 6). We identified
25 sites of erosive damage on slopes, and 198 sites of damage on flat ground, which are shown in
Figure 5c.
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Figure 5. (a) Distribution of ponds from the field survey, (b) image extraction, and (c) water erosion

along the CRCOP (the reference system is WGS-1984).

Figure 6. (a) Ponding, (b) erosive damage from streams on flat ground, and (c) and surface flow on

a slope.

3.2. The Spatial Autocorrelation of Influential Factors

Moran’s indices (Moran’s I) of the altitude, permafrost type, pond length, pipe orientation,
landform type, and buried pipe depth are shown in Figure 7. Moran’s I of each factor is greater than
zero, which means the above six factors present a spatially positive correlation, which increases with
an increase in the index value. According to the Moran’s I scatterplots, the spatial distributions of all
attributes are dispersive. There is no obvious clustering among the six selected factors, which means the
factors can be appropriately used to calculate the probability of freeze-thaw hazards and erosive damage.
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Figure 7. Scatterplots of Moran’s index (Moran’s I) of altitude (a), permafrost type (b), pond length (c),
pipe orientation (d), landform type (e), and buried pipe depth (f).

The distributions of the local indicators of spatial association (LISA) of the six above factors
are shown in Figure 8. The LISA aggregations were divided into four categories: High-High (HH),
High-Low (HL), Low-Low (LL), and Low-High (LH). HH and LL represent the aggregation of
attributes with high values or low values, while HL and LH represent heterogeneous attribute
distributions. Along the pipeline, the attributes of altitude, ice content, and pipe orientation have long
sections with continuously homogeneous aggregations. The attributes of pond length, landform type,
and buried pipe depth show discrete distributions. Except for pond length, the LISA aggregation of
the other five factors is mainly distributed in the HH and LL quadrants, which account for 74.8% of the
whole pipeline.

Buried depth 178 mmmm & 1 f— -]
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Figure 8. Distributions of the local indicators of spatial association (LISA) aggregations for the six
factors (altitude, permafrost type, pond length, pipe orientation, landform type, and buried pipe depth).

3.3. Probability of Frost Heave and Thawing Settlement along the CRCOP

To quantitatively evaluate the hazard occurrence probability of frost heave and thawing settlement
along the pipeline, we selected five influential factors based on the field survey and a literature
review [22,23]: altitude, latitude, permafrost type, pond length, and runoff-pipe position. The mean
annual ground temperature decreases with an increase in altitude and latitude, which will reduce the
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occurrence of frost heave and thawing settlement in the active layer. Indeed, regions along the pipeline
that are thickly covered with ice and located near large ponds have a greater risk than other regions.
Moreover, when a ground surface flow intersects the pipeline, the freeze—thaw risk becomes greater
than for other positional relationships. Based on the obtained geological data and buried pipe depths,
the logistic regression model was implemented with the attributes of the five aforementioned influential
factors to evaluate the occurrence probability of freeze-thaw hazards. The positional relationship
between runoff and the pipeline was defined as the categorical binary variable, where 0 implies no
intersection and 1 implies intersection. Data from 79 investigated sites were used as validation data.
After the regression, the accuracy, as shown in Table 2, was 71.1%, which demonstrates the effectiveness
of the model in terms of frost heave and thawing settlement hazard evaluation.

Table 2. Goodness-of-fit results for damage caused by frost heave and thawing settlement.

Predicted
Observed Freeze-Thaw Hazards P
0 1 ercentage Correct
0 101 25 80.2
Step 1 Freeze—thaw hazards 1 34 44 56.4
Overall Percentage 71.1

The variable coefficients of the best-fitting results are shown in Table 3, in which “B” is the
coefficient of each corresponding variable, “S.E.” is the standard error, “Wald” is the Wald test result,
“df” is the degrees of freedom, and “Sig.” is the level of statistical significance.

Table 3. Variables in the regression equation for damage caused by frost heave and thawing settlement.

B S.E. Wald  df  Sig

Altitude (m) 0.008 0.002 18.475 1 0.000
Permafrost type 2.224 1.466 2.302 1 0.029
Ponding length (m) 0.001 0.001 3.831 1 0.050
Relation of surface flow and pipe —-1.206 0.467 6.672 1 0.010
Latitude (°) 0.507 0.169 9.022 1 0.003

Constant -29.579 8.966 10.885 1 0.001

The clustered robust standard errors of the regression results are shown in Table 4. Under the
condition of different clusters being influenced by different factors, the “no cluster errors” and “clustered
standard errors” differ from each other. Except for the permafrost type, the errors of the other factors
are small, which satisfies the required accuracy of the model calculations. The permafrost type was set
based on the ice content (as described previously), and their attributes were not continuous; therefore,
they had larger errors.

Table 4. Clustered robust standard errors of the regressed freeze—thaw hazards.

Robust Standard Error

Independent No Cluster by Cluster by Cluster Cluster Cluster by
Variables Cluster Latitude Altitude by PT by PL RSFP
Latitude 0.259 0.227 0.248 0.243 0.162 0.112
Altitude 0.002 0.002 0.002 0.003 0.001 0.001
PT 13.483 11.418 12.366 9.391 13.941 1.783
PL 0.001 0.001 0.001 0.001 0.001 0.001
RSFP 0.132 0.125 0.121 0.076 0.132 0.001

Note: PT—permafrost type; PL—pond length; RSFP—relation between surface flow and pipe.

The probability calculation for frost heave and thawing settlement is shown in
Equations (10) and (11):

o0

T 1460

p (10)
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where
0 = —29.579 4+ 0.008X7 + 2.224X5 4+ 0.001X3 — 1.206X4 + 0.507 X5 (11)

in which Xj, X, X3, X4, and X5 are the altitude, permafrost type, pond length, positional relation
between runoff and the pipeline, and the latitude, respectively. Among these influential factors,
the weights of the permafrost type and the positional relation between runoff and the pipeline were
larger than those of other factors. The risk assessment along the pipeline is shown in Figure 9a.
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Figure 9. Risk assessment of frost heave and thawing settlement (a) and water erosion by surface flows
(b) along the CRCOP.

Along the pipeline, regions near rivers have higher probabilities of frost heave and thawing
settlement along the pipeline than other locations. In regions south of the Jialabaqi River (K270),
the probabilities are generally smaller than in places north of the river. The length of pipeline with
frost heave and thawing settlement probabilities higher than 50% was 109 km, which accounted for
24.3% of the total length of the CRCOP. The length of pipe with probabilities higher than 80% was
11 km, or 2.4% of the total length. The sections of pipeline with the high probabilities of frost heave
and thawing settlement were distributed in ice-rich permafrost regions.

3.4. Probability of Erosive Damage by Surface Flows

Erosive damage can be caused by ground surface runoff into backfilled portions of the pipe
embankment. According to our field investigation, the type of backfilling material is gravel soil, which is
very similar to the shallow bedrock that runs along the pipeline. We selected six variables as evaluation
factors to estimate the probability of erosive damage caused by surface flows: altitude, pipe orientation,
pond length, positional relationship between runoff and the pipeline, landform type, and the buried
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depth of the pipe. It was found that regions with high altitudes and few ponds had lower risks than
other regions. When the pipe was intersected by a ground surface flow in complex terrain, the risk
was higher than in other regions. Among the five landforms present along the pipeline, the risk of
erosive damage from high to low was gullies, flat ground at the base of mountains, plains, and hills,
successively. Deep-buried pipes had lower risks than shallow-buried pipes. The erosive damage had
little correlation with the soil type in natural ground. Therefore, the soil type was not considered as a
controlling factor in our model. The collected data of each influential factor from 131 field survey sites
were put into the logistic regression model, which were used as validation data. The model accuracy,
as shown in Table 5, was 68.4%, which is reasonably accurate for the hazard assessment of erosive
damage caused by surface flows.

Table 5. Goodness-of-fit results for erosive damage caused by surface flows.

Predicted
Observed Erosive Damage by Flow Percentage Correct
0 1
. 0 38 41 48.1
Step 1 Erosive damage by flow 1 24 103 811
Overall percentage 68.4

The variable coefficients of the best-fitting results are shown in Table 6.

Table 6. Variables in the regression equation for erosive damage caused by surface flows.

B S.E. Wald df Sig.

Altitude (m) -0.009 0.002 18.737 1 0.000

Pipe orientation (°) 0.006 0.005 1.372 1 0.041
Influenced length (m) —-0.002 0.001 5.651 1 0.017
Relation of surface flow and pipe =~ —1.359 0.455 8.917 1 0.003
Landform 0.127 0.114 1.238 1 0.066

Buried depth of pipe 0.326 0.315 1.071 1 0.001
Constant 2.592 1.379 3.533 1 0.060

The clustered robust standard errors of the erosive damage regression are shown in Table 7,
which satisfies the required accuracy of the model calculations. The errors of the relation between the
surface flow and the pipeline were larger than the errors of the other factors. The attribute “relation
between surface flow and the pipeline” was categorical, and its distribution was discrete.

Table 7. Clustered robust standard errors of the regressed erosive damages.

Robust Standard Error
Independ-Ent Variables No Cluster by Cluster by Cluster by Cluster by Cluster by Cluster by
Cluster Altitude PT PL RSFP Landform BDP
Altitude 0.001 0.001 0.002 0.001 0.001 0.002 0.001
PT 0.005 0.004 0.005 0.004 0.002 0.004 0.003
PL 0.001 0.001 0.001 0.001 0.001 0.001 0.001
RSFP 1.745 1.649 1.849 1.777 0.056 0.766 1.832
Landform 0.132 0.114 0.097 0.129 0.069 0.066 0.147
BDP 0.414 0.379 0.369 0.327 0.244 0.549 0.386
Note: PO—pipe orientation; PL—ponding length; RSFP—relation between surface flow and pipe; BDP—buried

depth of the pipe.

The probability calculation of erosive damage caused by surface flows is shown in

Equations (12) and (13):

ef

_ 12
1+4¢f (12)

p

where
0 = 2.592 — 0.009X¢ + 0.006X7 — 0.002Xg — 1.359X9 + 0.127X7 + 0.326 X711 (13)
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in which Xg, Xy, Xg, X9, X10, and X;; are the altitude, pipe orientation, pond length, positional relation
between runoff and the pipeline, landform type, and buried depth of the pipe, respectively. Among the
six influential factors, the positional relation between runoff and the pipeline, the buried depth, and the
landform type had the largest weights. The assessment results of water erosion along the CRCOP
route are shown in Figure 9b.

Along the whole pipeline, the occurrence of water erosion had a negative correlation with altitude.
The regions along the pipeline with low risks of erosive damage were located from the Walagan River
to the Dabadai River (K150-K360). The length of pipe with a hazard probability higher than 50% was
154 km, which accounted for 34.3% of the total length. The length of pipeline with a hazard probability
higher than 80% was 30 km, which accounted for 6.7% of the total length, which was distributed near
rivers and in valleys with lower altitudes. Whenever a dense ground surface flow developed beside
the pipeline, the risk of erosive damage affecting the operation of the pipeline increased.

4. Discussion

Northeastern China has a complex topography, receives large amounts of precipitation and
contains dense forest vegetation. Due to the water-proofing property of the permafrost layer, there is
little exchange between surface flows and groundwater. Surface flow erodes the pipe embankment,
which reduces the operational stability of the pipeline. During the pavement process, trees surrounding
the pipeline were removed, which altered the local terrain and water flow paths. When traversing
some large-scale rivers, the pipeline was buried below the riverbed. When traversing some small-scale
rivers, gabions were placed above the pipeline to prevent water erosion. However, surface flow still
accumulates beside the embankment and erodes the backfilling. Moreover, ponding changes the
hydrothermal boundary condition surrounding the pipeline and disturbs the thermal balance of the
permafrost environment. The erosive damage produced by surface flows destroys the structure of the
embankment, which threatens the operational safety of the pipeline.

The results of the field investigation of ponding were different from the water bodies identified
via the remote sensing image interpretation, where the areas of the water bodies along the CRCOP
identified via the latter process were generally larger than the observed ponds, which were mainly
distributed in flat regions. The ponds along the pipeline were also distributed in rugged terrain with
large elevation differences and developed runoff. The water bodies found in the remote sensing images
are larger, and hence likely to persist longer than the small ponds found via the field survey. The field
survey focused on small-scale ponding within a 50 m (on average) range either side of the pipeline,
while the image interpretation occurred within a range of 300 m either side of the pipeline. The average
spatial resolution of the multispectral bands in Landsat 8 is approximately 30 m, which is suitable for
the analysis of water bodies with large areas [24]. The small-scale ponds next to the pipe reflected the
influence of the pipe construction process on the regional landforms, while the evolution of large-scale
water bodies reflected the effects of climate warming and permafrost degradation.

Regions containing large-scale rivers had higher risks of freeze-thaw hazards than other regions.
Generally, talik exists below the riverbed in permafrost regions, and the ice content of permafrost near
rivers is usually higher than in other regions. As a heat source, oil transportation occurs at an average
temperature of 7.7 °C, which conducts considerable amounts of heat into the permafrost surrounding
the pipeline [25]. Water produced by thawing permafrost accumulates in the ground surface and
increases the amount of ponding, which in turn accelerates permafrost thawing and pipe settlement.
For operational maintenance and hazard treatment, engineering measures should be adopted to control
and eliminate the effects of water features present along the CRCOP route. Local terrain beside the
pipeline should be flattened by backfilling to prevent water accumulation. The buried depth of the
pipeline should be increased, and gabions constructed with advanced materials should be adopted to
prevent water erosion. Drainage or proofing measures in pipe ditches and on the ground surface can
also help eliminate frost heave. In addition, there are some effective measures that can be taken to
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control any thaw settlement of the pipeline, such as thermal insulation, thermosyphoning, thickening of
the pipe wall, vegetation recovery, and soil replacement [16].

5. Conclusions

In this paper, ponds and water features along the CRCOP were observed during a field survey,
and identified in remote sensing images. The risk assessment of freeze-thaw hazards and erosive
damage along the pipe was calculated using a logistic regression model. The main findings are
as follows:

(1) According to the geological information obtained during the survey, it is mainly humus and
forest that are distributed along the pipeline. The pipeline traverses 70 km of ice-rich permafrost regions.
From the field survey, 102 pond sites and 223 water erosion sites were identified along a 400 km long
stretch of the CRCOP. From the results of the remote sensing image interpretation, 264 water bodies within
300 m either side of the pipeline were found, and most of them had an area larger than 500 m?.

(2) The amount pipeline with a high risk (probability > 80%) of frost heave and thaw settlement
accounted for 2.4%, or 11 km, of the total length, which was distributed in ice-rich permafrost regions.
Among the five influential factors, permafrost type and the runoff-pipe position had the largest weights.
The pipeline with the highest risk (probability > 80%) of water erosion accounted for 6.7%, or 30 km,
of the total length, which was located in valleys containing surface flows. The positional relation
between runoff and the pipeline, the buried depth of the pipeline, and the landform type had the
largest weights of the considered influential factors.

(3) From the survey results, it was found that the whole pipeline traverses many different rivers.
Moreover, there are some seasonal surface flows surrounding the pipeline. Water accumulates beside
the embankment, which in turn is eroded by the seasonal flow. More water erosion sites were found
relative to the amount of identified ponding sites. If proper engineering measures are adopted to
drain or remove the water in a timely manner, the risk of erosion and any subsequent damage to the
embankment can be limited or prevented.

(4) Remote sensing and a geographical information system (GIS) are effective methods to quickly
identify water features, and intuitively express the distribution of hazards in permafrost regions.
Combined with field surveys, a logistic regression model can precisely regress the weights of different
control factors and calculate hazard probabilities along the pipeline. Finally, comprehensive and
innovative technologies should be adopted when assessing the hazards related to permafrost engineering.
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