ﬁ water

Article

Characteristics and Influence Rules of Roadside Ponding along
the Qinghai-Tibet Highway

Fuqing Cui 209, Yu Zhu !, Xiaona Liu 1, Jianbing Chen 2, Ke Mu 3 and Zhiyun Liu 1-*

check for
updates

Citation: Cui, F; Zhu, Y;; Liu, X,; Chen,
J.; Mu, K; Liu, Z. Characteristics and
Influence Rules of Roadside Ponding
along the Qinghai-Tibet Highway.
Water 2024, 16, 954. https://doi.org/
10.3390/w16070954

Academic Editors: Jueyi Sui and

‘Yuntong She

Received: 14 February 2024
Revised: 22 March 2024
Accepted: 23 March 2024
Published: 26 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Geology Engineering and Geomatics, Chang’an University, Xi’an 710054, China;
cfq731@chd.edu.cn (E.C.); 2021126128@chd.edu.cn (Y.Z.); 2023226143@chd.edu.cn (X.L.)

National Key Laboratory of Green and Long-Life Road Engineering in Extreme Environment,

CCCC First Highway Consultants Co., Ltd., Xi’an 710065, China; chenjianbing@ccccltd.cn

School of Management, Xi’an University of Finance and Economics, Xi’an 710100, China; muke@xaufe.edu.cn
*  Correspondence: dcdgx33@chd.edu.cn; Tel.: +86-13484463421

Abstract: Due to climate change and seasonal precipitation, water conditions in the Qinghai-Tibet
region are a significant factor affecting the stability of subgrades. The accumulation of large amounts
of surface water leads to subgrade diseases along the Qinghai-Tibet Highway. Based on remote
sensing photos obtained from Google Earth Engine and processing the photos using ENVI 5.6.3 and
CAD 2019 software, this paper analyzed the distribution characteristics of surface water and studied
the impact of roadside ponding on subgrade diseases. The results showed that the total area of surface
water was more than 3.7 million m?, and the surface water was most widely distributed in large
river areas such as the Tuotuo River and Buqu River. The subgrade diseases of the Qinghai-Tibet
Highway could be categorized into three types: settlement, longitudinal crack, and frost boiling,
which accounted for 71.09%, 17.13%, and 11.78% of the total number of subgrade diseases, respectively.
Additionally, the ground mean annual temperature was an important factor affecting the distribution
of surface water, with the surface water area showing an increasing trend with the increase in ground
mean annual temperature, and roadside ponding was most likely to form in the high-temperature
extremely unstable permafrost area.

Keywords: Qinghai-Tibet Highway; roadside ponding; surface water; subgrade disease

1. Introduction

The Qinghai-Tibet Plateau is one of the few areas in the world with a large river
network density [1-3], and the surface water along the Qinghai-Tibet Highway is widely
distributed and densely populated [4-7]. The annual rainfall along the Qinghai-Tibet
Highway is low but the rainfall season is relatively concentrated. Due to the lack of
drainage facilities along the highway and the formation of soil pits on both sides in the
early stage of road construction, part of the precipitation accumulates in low-lying areas
on both sides of the highway, especially in the low mountain and hilly areas such as the
Hoh Xili, Kaixinling and Wudaoliang Mountains [8,9]. In recent years, deterioration of
the permafrost has intensified, and the ecological environment along the Qinghai-Tibet
Highway has also undergone changes, resulting in frequent geological disasters.

The engineering problems caused by roadside ponding along the Qinghai-Tibet High-
way are extremely complicated. Seasonal infiltration of surface water affects the stability of
permafrost subgrades and changes in the internal moisture conditions of the subgrades
lead to frost heave, overtopping, and other roadway diseases [10-14]. Mao et al. [15]
investigated the road diseases of National Highway 109 on the Qinghai-Tibet Plateau
and studied the impact of roadside ponding on the strength of Qinghai-Tibet Highway
subgrades. They found that roadside ponding caused a decrease in the dynamic elastic
modulus, which induced uneven deformation of the subgrades, longitudinal cracks, wave
deformation, and other diseases. Wang et al. [16] established a permafrost subgrade model
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on the Qinghai-Tibet Plateau based on the control equation of moisture and heat, and
the results showed that water accumulation on the roadside had a significant effect on
the deformation of subgrades, and longitudinal cracks were likely to be produced on the
roadside where water had accumulated for a long period of time. Jiang [17] studied surface
water accumulation in the Tuotuohe Basin by establishing a finite element model and found
that the infiltration of surface water changed the volumetric water content of the subgrade,
which in turn disturbed the thermal stability of perennial permafrost subgrades over time.
Zhou [18] analyzed the change process of the temperature field of permafrost subgrades
in the case of roadside ponding and determined that roadside ponding caused an uneven
decrease in the upper limit of the permafrost in the subgrade, which led to an increase in
the thawing depth of the subgrade.

The Qinghai-Tibet Plateau is known as the “Water Tower of Asia” due to its abundance
of rivers, lakes, and glaciers [19-21], and climate change greatly affects the distribution
of surface water in this region [22-25]. Luo et al. [26] developed a new method for high-
precision surface water mapping based on Sentinel-1 synthetic aperture radar (SAR) images
and convolutional networks (ConvNets) in order to obtain information on the dynamics of
surface water in the Qinghai-Tibet Plateau region. Guan [27] explored the evolution trend of
surface water resources on the Qinghai-Tibet Plateau based on multi-period remote sensing
data, and the results showed that the surface of the Qinghai-Tibet Plateau as a whole tends
to be wetter, and the trend of wetter changes in the central and western regions of the
plateau was more significant. Ran et al. [28] established a dataset of surface water area on
the Qinghai-Tibet Plateau from 2000 to 2020 and found that the average surface water area
was about 59,481 km?, with a significant increasing trend. Hu et al. [29] analyzed the water
environment characteristics and influencing factors of highway roads in the Qinghai-Tibet
Plateau region and found that rainfall runoff was an important influencing factor.

Existing studies have mainly analyzed the change characteristics of surface water
area and the types of disease caused by roadside ponding, but they lack the analysis of
influencing factors for surface water on the Qinghai-Tibet Highway, and the severity of
diseases caused by roadside ponding is seldom involved [30-34]. Therefore, in order to
study the distribution of surface water along the Qinghai-Tibet Highway and analyze the
effect of roadside ponding on the subgrade, this paper investigated the surface water in
the Qinghai-Tibet Engineering Corridor, conducted on-site surveys and monitored the
typical lakes and ponds, and acquired 1059 high-magnitude remote sensing images along
the Qinghai-Tibet Highway. This paper counted the area distribution of surface water
in different sections of the Qinghai-Tibet Engineering Corridor and analyzed the surface
water surface morphology to obtain the influence characteristics of ground mean annual
temperature, ice content, and other factors on surface water of the Qinghai-Tibet Highway.
By studying the relationship between roadside ponding on the Qinghai-Tibet Highway
and permafrost subgrade diseases, the severity of different types of disease was analyzed to
provide reference values for the maintenance of subgrade stability in the permafrost area.

2. Methods
2.1. Study Area

The Qinghai-Tibet Highway has a total length of 1147 km, crossing the permafrost
area for about 550 km [35,36], and is densely populated with rivers along the route. The
study area started from the Xidatan Fault Valley of the Qinghai-Tibet Highway in the
north, near the northern boundary of the permafrost region of the Qinghai-Tibet Plateau
Engineering Corridor, and ended at the Tanggula Mountains and intermountain basins
in the south, near the southern boundary of the permafrost region of the Qinghai-Tibet
Plateau Engineering Corridor. This study investigated and analyzed the surface water
conditions on both sides of 14 areas along the Qinghai-Tibet Highway, as shown in Figure 1.
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Figure 1. Study area along the Qinghai-Tibet Highway.

2.2. Data Source

Taking the Qinghai-Tibet Highway as the study center, Google Earth Engine (https:
//developers.google.cn/earth-engine/ accessed on 24 July 2014) was used to obtain a
total of 1059 high-definition photographs along the left and right 300 m of the route,
and the length of the highway was about 500 m for each photograph, which was a total
highway mileage of about 540 km. Radiometric calibration and atmospheric correction
of remote sensing photos were carried out with ENVI 5.6.3 (Environment for Visualizing
Images) software, and the area of each surface water source point was calculated by CAD
2019 software. In addition, through on-site investigation, we also surveyed the water
depth of typical lakes and ponds along the Qinghai-Tibet Highway and made a detailed
investigation of the subgrade diseases along the route. Figure 2 presents examples of

surface water in high-definition and on-site survey photographs.
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Figure 2. Photographs of surface water.
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3. Results
3.1. Distribution Characteristics of Surface Water

Through statistically analyzing the source surface area of surface water along the
Qinghai-Tibet Highway, it was found that the roadside surface water was richly distributed,
totaling more than 3.7 million m?. In order to study the distribution characteristics of surface
water in various regions along the Qinghai-Tibet Highway, the distribution statistics of
surface water in 14 sections along the highway are shown in Table 1.

Table 1. Regional distribution of surface water along the Qinghai-Tibet Highway.

. . Number of Total Number Average Section Number of Area per
Serial Geomorphic il thi h Water i
Number Unit Mileage Water Area Within Area Lengt Points per Kilometer
Points (m?) 10 m (m?) (km) . (m2/km)
Kilometer
1 Xidatan Fault ¢ qc0 kogyy 16 1738 7 109 1 145 158
Valley
2 Kunlun K2877-K2920 83 112,217 32 1662 43 1.93 2610
Mountains
3 Chu‘;ﬁﬁ“’er K2920-K2982 137 221,393 36 1566 62 221 3571
4 Hoh Xil K2982-K3035 23 79,663 5 3371 53 043 1503
Mountains
5 Beiluhe Basin  K3035-K3056 23 139,924 1 6084 21 1.10 6663
6 Fenghuo K3056-K3082 7 17,512 0 2190 26 0.27 674
Mountains
7 Chiqu Valley ~ K3082-K3108 111 412,920 27 3720 26 427 15,882
8 Wauli Basin K3108-K3127 51 158,810 4 9663 19 2.68 8358
9 Tuotuohe Basin ~ K3127-K3154 105 977,612 14 9311 27 3.89 36,208
10 Kaixinling K3154-K3165 23 280,270 9 7607 21 2.09 25,479
Mountains
11 Tongtianhe K3165-K3190 39 104,422 2 2677 25 1.56 4177
River Basin
12 Buqu River K3190-K3260 84 501,766 6 5973 70 1.20 7168
Valley
13 We“‘]l;;asri‘nFault K3260-K3300 39 261,715 4 6711 40 0.98 6543
Tanggula
14 Mountains and 43 370 181 502,391 21 2776 120 151 4187
Intermountain
Basins

As can be seen from Table 1, along the Qinghai-Tibet Highway, the Tanggula Moun-
tains and intermountain basins had the largest number of surface water source points, with
a total of 181. The Chumar River Plain, Chiqu Valley, and Tuotuo River Basin also had more
than 100 surface water source points. And the Fenghuo Mountains had the scarcest surface
water, with only seven water sources. From the perspective of surface water area, there was
a large amount of surface water distributed in the Tuotuohe Basin and Buqu River Valley,
with areas of 977,612 m? and 501,766 m?, respectively. This indicated that surface water
was widely distributed in large river basins along the Qinghai-Tibet Highway. In addition,
the roadside surface water volume in the Kaixinling Mountains was also considerable, with
an area of 280,270 m2. From the frequency of surface water distribution, the surface water
distribution in the Chumar River Plain, Chiqu Valley, Wuli Basin, and Tuotuohe Basin was
relatively dense.

Through remote sensing image analysis along the Qinghai-Tibet Engineering Corridor,
a total of 922 surface water sources were identified, including 170 Talik and 752 permafrost
regions. The area distribution is shown in Figure 3. As shown in the figure, the surface
water area was mainly distributed in the range of 1000~10,000 m?, in which the inner Talik
and permafrost regions accounted for 65.5% and 66.2%, respectively, indicating that the
distribution characteristics of the two types of areas were basically similar.
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Figure 3. Area distribution of surface water along the Qinghai-Tibet Highway.

According to the ratio of the long and short axes of surface water sources, the water
surface morphology was divided into three categories: nearly circular (1-2), elliptical
(2—4), and elongated (>4). The statistical results of the surface water morphology along
the Qinghai-Tibet Highway are shown in Figure 4. It can be seen from the probability
distribution that the surface water morphology along the Qinghai-Tibet Highway showed
a significant downward trend with the increase in the ratio of the long and short axes.
The proportions of the three types of surface water morphology, nearly circular, elliptical,
and long strip, were 53.5%, 32.5%, and 14%, respectively. Therefore, the surface water
morphology along the Qinghai-Tibet Highway was basically nearly circular.
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Figure 4. Distribution of surface water morphology along the Qinghai-Tibet Highway.

3.2. Analysis of Typical Lakes and Ponds

Due to climate warming and permafrost melting, there are a large number of thermally
melted lakes and ponds around the Qinghai-Tibet Highway. In order to further analyze the
roadside surface water characteristics of the Qinghai-Tibet Highway, this study conducted
field investigation and testing of typical surface water along the route and conducted
related tests on the water depth of each lake and pond. The results are shown in Table 2.
As can be seen from the table, there was no obvious correlation between surface water area
and water depth along the Qinghai-Tibet Highway, and the depth of surface water was
relatively shallow, generally below 1 m.
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Table 2. Statistics of typical lakes and ponds along the Qinghai-Tibet Highway.

Serial Number Mileage Longitude Latitude Water Depth/cm Area/m?

1 K2925 + 300 93°51'01 35°30'52 92 2365
2 K2949 + 100 93°37'16 35°27'12 202 6224
3 K2958 + 100 93°32/44 35°24'07 71 16,356
4 K2959 + 600 93°3146 35°23/47 39 3996
5 K2961 + 500 93°3028 35°23'17 81 15,703
6 K2964 + 500 93°29'00 35°22'40 21 19,740
7 K2968 + 100 93°26/40 35°21'57 17 5947
8 K2972 + 200 93°23/51 35°21'27 25 4011
9 K2979 + 100 93°20'00 35°19'57 201 1365
10 K2994 + 000 93°11'51 35°16'06 55 1527
11 K3041 + 000 92°57'16 34°57'26 72 25,433
12 K3050 + 200 92°56'09 34°52'37 22 989
13 K3052 + 900 92°56/57 34°51'17 27 1351
14 K3056 + 500 92°55'47 34°49'01 63 2415
15 K3057 + 500 92°55'59 34°49'19 94 852
16 K3079 + 700 92°54'03 34°39'09 56 1274
17 K3085 + 100 92°51'14 34°37'52 66 2448
18 K3095 + 500 92°45'12 34°35'44 94 1504
19 K3107 + 500 92°43/45 34°29'25 53 1790
20 K3110 + 200 92°29'24 34°16/55 92 10,702
21 K3128 + 000 92°32'09 34°18'21 32 11,420
22 K3140 + 000 92°36'11 34°22/32 81 59,044
23 K3145 + 000 92°43/42 34°27'57 173 8452

3.3. Impact of Roadside Ponding on Subgrade Diseases
3.3.1. Statistics of Subgrade Diseases along the Qinghai-Tibet Highway

In this study, a large number of subgrade diseases in the permafrost area of the Qinghai-
Tibet Highway were investigated. The subgrade diseases of the Qinghai-Tibet Highway
were mainly divided into three categories, namely settlement, longitudinal crack, and frost
boiling. Settlement is mainly caused by the uneven settlement of the subgrade, which
will seriously affect the bearing capacity of the road surface and accelerate the destruction
of pavement mechanism. Longitudinal crack is caused by the capillary phenomenon at
the bottom of the subgrade, caused by water on both sides of the subgrade, and uneven
settlement or unilateral sliding on both sides of the highway after freeze and thaw cycles.
Similarly, due to the existence of water under the pavement structure, the occurrence
of freeze—thaw cycles lead to the reduction of local bearing capacity, which presses the
pavement structure under the action of load and produces the phenomenon of frost boiling.
In order to analyze the characteristics of subgrade diseases in different regions along the
Qinghai-Tibet Highway, the types of disease in each region were statistically analyzed, as
shown in Figure 5.

As can be seen from Figure 5, subgrade settlement disease was the main type of disease
along the Qinghai-Tibet Highway, and there were different distribution characteristics of
subgrade disease in different sections. The Tanggula Mountains and intermountain basins
had the largest number of overall diseases, and the number of settlement, longitudinal
crack, and frost boiling diseases were the highest among all regions, reaching 72, 25, and 22,
respectively. The Kaixinling Mountains had the lowest number of diseases, with only three
subgrade settlement diseases along the road. From the perspective of different disease
types, in addition to the main distribution of diseases in the Tanggula Mountains and
intermountain basins, the subgrade settlement diseases of the Qinghai-Tibet Highway
were mainly distributed in the Chumar River Plain, Kunlun Mountains, and Buqu River
Valley, and the number of diseases in these sections was more than 30. Longitudinal crack
was mainly distributed in the Chumar River Plain and Tongtianhe Basin, where the number
of diseases reached 10 or more, and in the Beiluhe Basin, there were also 8 longitudinal
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cracks. The number of frost boilings in the Chumar River Plain region was 9, and the
number of diseases in other regions was below 5.

80
- Settlement

- Frost boiling 72 275
70 m Longitudinal crack

Number of diseases

Figure 5. Statistics of subgrade disease types in each section.

3.3.2. Subgrade Disease Severity Analysis

According to the severity of subgrade diseases along the Qinghai-Tibet Highway, they
could be divided into severe (heavy), moderate (medium), and slight (light). A total of
467 subgrade diseases along the Qinghai-Tibet Highway were statistically analyzed under
conditions of roadside ponding and no roadside ponding, and the analysis results are
shown in Figure 6. As can be seen from Figure 6, the number of subgrade diseases along
the Qinghai-Tibet Highway was high, mainly presenting the disease forms of settlement
and longitudinal crack, and the severity of longitudinal crack produced by the subgrade
was overall high.
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Figure 6. Disease analysis results of the Qinghai-Tibet Highway.

In the case of the Qinghai-Tibet Highway with or without roadside ponding, the
disease rates were calculated respectively, and the relationship between disease rate and



Water 2024, 16, 954

8of 15

roadside ponding of different types of permafrost subgrade was obtained, as shown in
Figure 7. It can be seen from the figure that the disease rates of sections with roadside
ponding were significantly higher than those without water accumulation, indicating
that roadside ponding had a strong correlation with the generation and development of
permafrost subgrade diseases. Among the three types of Qinghai-Tibet Highway subgrade
diseases, roadside ponding had a significant impact on the incidence of road settlement.
In the case of roadside ponding, the rate of road settlement disease was about twice
that without roadside ponding. This was due to surface water seeping into the highway
foundation, reducing the bearing capacity of the foundation and the shear strength of
the foundation materials, resulting in subgrade settlement. Moreover, the permafrost
hydrothermal coupling process was affected and the subgrade was subjected to lateral
thermal erosion, leading to temperature rise and settlement.
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Figure 7. Disease rate of Qinghai-Tibet Highway with or without roadside ponding.
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In the case of roadside ponding along the Qinghai-Tibet Highway, the minimum
distance from the water accumulation point to the foot of the subgrade slope was calculated,
and its proportion to the total disease is shown in Figure 8. From the figure, it can be seen
that both the total proportion and the proportion of diseases with different severity levels
showed an increasing trend as the minimum distance from the roadside ponding point
to the foot of the subgrade slope decreased, and the trend became more obvious with
decreased distance. When the distance exceeded 30 m, the relationship between the
minimum distance of the roadside ponding point and its disease was not very obvious,
indicating that the distance between the roadside ponding and the permafrost subgrade
was about 30 m.

0.30

M <=10m
B2 10-20m
025} 7 077 20-30m
7 B2 30-50m
% /7] 50-100m
020} B2 ~>100m

Z

Proportion of disease severity/%
(=}
9

Figure 8. Proportion of different distances to total diseases in roadside ponding areas.

4. Discussion
4.1. The Influence of Ground Mean Annual Temperature

Due to global warming and climate change, the ground temperature in the Qinghai-
Tibet region showed an increasing trend. Statistics on surface water in different ground
mean annual temperature (GMAT) regions in the Qinghai-Tibet Engineering Corridor were
obtained, and the distribution characteristics of surface water sources along the route are
shown in Table 3. It can be seen from the table that the surface water source area in the high-
temperature extremely unstable permafrost area (—0.5 < GMAT < 0 °C) was the largest,
reaching 1.63 million m?. This was because the existence of the perennial permafrost layer
as a water insulation layer made the infiltration of surface water difficult, which created
the gathering of a large amount of surface water.

Table 3. Distribution characteristics of surface water sources in different GMAT.

Ground Mean Annual Surface Water Source Points Surface Water Source Area Permafrost Distribution
Temperature/°C Count Proportion (%)  Area (10* m?) Proportion (%) Length (km) Proportion (%)
P P g P
GMAT < —1.5 205 22.21 33.04 9.24 112 20.6
—-1.5 <GMAT < —-0.5 360 39.00 97.62 27.30 139 25.6
—0.5 < GMAT <0 187 20.26 163.07 45.61 149 275
Talik 171 18.53 63.84 17.85 142 26.2

Statistical analysis of the ground mean annual temperature area probability distribu-
tion of surface water along the Qinghai-Tibet Highway is shown in Figure 9. It can be seen



Water 2024, 16, 954

10 of 15

that in the high-temperature extremely unstable permafrost area (—0.5 < GMAT < 0 °C),
surface water exhibited the characteristics of fewer water source points but larger wa-
ter area. This was because compared to the high-temperature unstable permafrost area
(—1.5 < GMAT < —0.5 °C) and low-temperature stable and basically stable permafrost area
(GMAT < —1.5 °C), the active layer thickness of the high-temperature extremely unstable
permafrost area (—0.5 < GMAT < 0 °C) was larger and the impermeable layer was deeper,
resulting in small areas of water sources that easily infiltrated and dissipated, making it
difficult to maintain.

100,000
—/ - GMAT<-1.5°C
—0=— —1.5<GMAT<-0.5°C
—0— —0.5<GMAT<0°C
10,000f — - Talik A
,,///:)’A
g
[a]
Z 1000
24
1001 J
log;,(Y) - - - - - - - - - -
0 10 20 30 40 50 60 70 80 90 100

Cumulative probability (%)
Figure 9. Area probability distribution of ground mean annual temperature.

4.2. The Influence of Ice Content

According to the statistics of surface water in permafrost areas with different ice con-
tents in the Qinghai-Tibet Engineering Corridor, the distribution characteristics of surface
water sources are shown in Table 4. It can be seen from the table that with the increase
in ice content, the surface water volume increased. Among them, the ice-poor/icy soil
permafrost region accounted for more than 40% of the total section length, but the propor-
tion of surface water points along the route side was only 9.44% and its area proportion
was only 7.72%. It was considered that the roadside surface water of the section with less
ice content was obviously lower than that of the section with large ice content. Figure 10
shows the probability distribution of ice content in the permafrost area. From the unit area
distribution of surface water source points, ice content had no significant impact on the area
of water source points. The area of water source points with ice-poor/icy soil permafrost
was even higher than that of the area with ice layer with soil inclusions.

Table 4. Distribution characteristics of surface water sources in different ice content.

Type of Ice Content

Surface Water Source Points

Surface Water Source Area

Permafrost Distribution

Count Proportion (%)  Area (10* m?) Proportion Length (km) Proportion (%)
Ice-poor/Icy soil 87 9.44 21.38 7.72 164 41.04
Ice-rich/Ice-saturated 442 47.94 179.22 64.72 86 21.44
Ice layer with soil 233 25.27 763 27.56 150 37.52

inclusions
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Figure 10. Area probability distribution of ice content.

4.3. The Influence of Highway Construction

The distance and water source points between the roadside surface water and the foot
of the Qinghai-Tibet Highway slope were statistically analyzed, and the results are shown
in Figure 11. It can be seen that most of the water source points along the Qinghai-Tibet
Highway were close to the highway, and the number of roadside surface water source
points decreased sharply as the distance increased. This indicated that the construction of
the Qinghai-Tibet Highway had a significant promoting effect on the destruction of natural
surface water and the formation of roadside surface water. Consistent with the previous
analysis of the impact of ground mean annual temperature, as the ground temperature
increased, the proportion of surface water formed due to the influence of highway con-
struction correspondingly decreased, indicating that low-temperature permafrost areas
were more susceptible to the influence of highway construction and formation of roadside
surface water.
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Figure 11. Distribution of surface water distance and water source points.

Meanwhile, it can also be seen from Figure 11 that when the distance from the highway
exceeded 100 m, its impact basically disappeared. To further analyze the impact of different
distances between surface water and the highway, the probability distribution of surface
water source areas in different intervals with road distances of <30 m, 30-100 m, and >100 m
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was calculated, as shown in Figure 12. It can be seen that the probability distribution
of surface water source point areas was basically the same within 100 m, but the area
increased significantly after exceeding 100 m. It was considered that the impact of highways
disappeared after 100 m, and the area mainly consisted of naturally formed lakes and ponds,
and their average area increased accordingly.

100,000
—=<30m
—>=30-100 m
—/ - >100 m
10,0001
=
«
[0
2 1000
100f

logio(Y) 0 10 20 30 40 50 60 70 80 90 100
Cumulative probability (%)

Figure 12. Distribution of surface water distance from the highway and water source area.

In addition, statistical analysis was conducted on the distance between the surface
water morphology and the highway, and the probability distribution is shown in Figure 13.
It can be seen from the figure that the probability distribution of the distance from the
highway of the nearly circular or elliptical surface water was basically the same, with mean
values of 74.55 m and 75.18 m, respectively. The elongated morphology was obviously
closer to the highway, with a mean value of 38.04 m, and it was basically distributed near
the highway area, with 50% of surface water within 22 m and 80% of surface water within
50 m. The long axis direction of surface water was basically consistent with the direction
of the highway, which further indicated that the highway had a strong influence on the
formation of roadside surface water.
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Figure 13. Cumulative probability distribution of distance between different surface water morpholo-
gies and the Qinghai-Tibet Highway.
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5. Conclusions

The Qinghai-Tibet Plateau has high terrain and a cold climate, and changes in climate
and precipitation have an impact on the subgrade. Based on field survey and remote sensing
data along the Qinghai-Tibet Engineering Corridor, this paper analyzed the distribution
characteristics of surface water and its influencing factors and studied the impacts of
roadside ponding on subgrade diseases. The following conclusions can be drawn from the
study results:

(1) Surface water was widely distributed along the Qinghai-Tibet Highway, with the
Tuotuohe Basin and Buqu River Valley having the largest surface water areas of 977,612 m?
and 501,766 m?, respectively. In addition, the Chumar River Plain, Chiqu Valley, and Wuli
Basin also had abundant surface water sources.

(2) The subgrade diseases of the Qinghai-Tibet Highway can be divided into three
categories, settlement, longitudinal crack, and frost boiling, which accounted for 71.09%,
17.13%, and 11.78% of the total number of subgrade diseases, respectively. The disease rate
in the road section with roadside ponding was significantly higher than that in the section
without roadside ponding.

(3) The ground annual mean temperature, ice content, and road construction all had
an impact on the roadside surface water of the Qinghai-Tibet Highway. As the ground
annual mean temperature and ice content of the permafrost increased, the surface water
area showed an increasing trend. The construction of highways had a strong promoting
effect on the formation of roadside surface water.
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