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Abstract: Based on long-term monitoring data, the relationships between permafrost degradation and embankment deformation are 
analyzed along the Qinghai−Tibet Highway (QTH). Due to heat absorbing effect of asphalt pavement and climate warming, 
permafrost beneath asphalt pavement experienced significant warming and degradation. During the monitoring period, warming 
amplitude of the soil at depth of 5 m under asphalt ranged from 0.21 °C at the XD1 site to 0.5 °C at the KL1 site. And at depth of 10 
m, the increase amplitude of ground temperature ranged from 0.47 °C at the NA1 site to 0.07 °C at the XD1 site. Along with ground 
temperature increase, permafrost table beneath asphalt pavement decline considerably. Amplitude of permafrost table decline varied 
from 0.53 m at the KL1 site to 3.51 m at the NA1 site, with mean amplitude of 1.65 m for 8 monitoring sites during the monitoring 
period. Due to permafrost warming and degradation, the embankment deformation all performed as settlement at these sites. At 
present, those settlements still develop quickly and are expected to continue to increase in the future. The embankment deformations 
can be divided into homogeneous deformation and inhomogeneous deformation. Embankment longitudinal inhomogeneous 
deformation causes the wave deformations and has adverse effects on driving comfort and safety, while lateral inhomogeneous 
deformation causes longitudinal cracks and has an adverse effect on stability. Corresponding with permafrost degradation processes, 
embankment settlement can be divided into four stages. For QTH, embankment settlement is mainly comprised of thawing 
consolidation of ice-rich permafrost and creep of warming permafrost beneath permafrost table. 
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1 Introduction 
 

Permafrost change is a sensitive climate warming 
indicator [1]. In recent decades, permafrost warming has 
been measured in various boreholes in North America [2], 
Russia [3], Northern Europe [4] and China [5]. 
According to studies at the Qinghai−Tibet Plateau (QTP), 
surface ground temperatures have increased at an 
average rate of 0.6 °C per decade during the period from 
1980 to 2005 [6]. The continuously rising surface ground 
temperatures result in significant changes to the 
permafrost environment [7−8], causing great reductions 
in the QTP permafrost area [9−11]. 

Construction of infrastructure in permafrost regions 
also can induce permafrost environment changes [12]. 
For highway, embankments constructed above the 
permafrost inevitably modify the local conditions 

including micro relief, surface conditions (vegetation and 
snow covers and water bodies), and physical properties 
of shallow ground. As a result, imbalance of the surface 
energy between the atmosphere and the ground occurs, 
and consequently results in changes of underlying 
permafrost thermal regime [13]. Due to close 
relationship between permafrost physical and mechanical 
properties and its thermal regime, these changes can 
potentially undermine the long-term stability of highway 
embankment [14]. The Qinghai−Tibet Highway, of 
which the construction and reconstruction had lasted 
about half century, crossed about 750 km of permafrost 
regions [15]. After upgrading of asphalt pavement in 
1973, 60% of the underlying permafrost along the 
highway had experienced noticeable temperature 
increase, permafrost table decline, and subsequent talik 
formation [16−18]. As a consequence, some structural 
failures of the highway occurred progressively, which  
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severely lowered service ability of the highway. Among 
these failures, 83.4% of them were accounted for 
roadbed thaw settlement induced by underlying 
permafrost warming and thawing [19−21]. 

Many researchers studied the embankment stability 
of Qinghai−Tibet Highway, but these studies were 
mainly focused on embankment thermal stability, 
whereas the mechanical and deformation stability of the 
embankment has received less attention. In this work, the 
relationships between permafrost degradation and 
embankment deformation are analyzed based on 
long-term monitoring data of permafrost temperature and 
embankment deformation along the Highway. From 
these analyses, contributions of permafrost warming and 
degradation to embankment deformation and 
embankment diseases are discussed. Meanwhile, reliable 
long-term in-situ monitoring data are provided for future 
numerical simulation on embankment long-term stability. 
 
2 Data and monitoring methods 
 
2.1 Monitoring site description 

The Qinghai−Tibet Highway (QTH) runs 
approximately 1200 km from Golmud, in the Qinghai 
province to Lhasa. Approximately 550 km of the QTH 
runs through the permafrost region. In this work, 8 
selected monitoring sites along the QTH reach from 
Xidatan near the northern permafrost boundary to Anduo 
at the southern permafrost boundary. Overall, these 8 
sites span approximately 3.3 latitude degrees and 2.5 
longitude degrees on the eastern Plateau. Elevations of 
these sites vary from 4516 m at the Xidatan (XT1) site to 

5077 m at the Tanggula Mts. (TM1) site, with an average 
elevation greater than 4700 m. The observation periods 
at these 8 sites vary from 9 a to 14 a, from 1998 to 2011. 
Table 1 summarises the geographical locations, altitude, 
permafrost condition and observation period of these 
sites. 
 
2.2 Ground temperature monitoring method 

Four observation boreholes were established at each 
site to monitor ground temperature, including natural 
borehole, roadbed borehole, left road shoulder borehole 
and right road shoulder borehole (Fig. 1). Ground 
temperatures from all boreholes were measured at 0.5 to 
10 or 15 m. All measurements were taken using a string 
of thermistors with an increment of 0.5 m in depth. 
These thermistors were produced by the State Key 
Laboratory of Frozen Soil Engineering, China. The data 
were collected twice a month: once at the beginning and 
once at the middle of each month. 
 
2.3 Embankment deformation monitoring method 

Each embankment deformation monitoring site has 
four transverse sections, and five monitoring points were 
arranged on each transverse section. Thus, there are a 
total of 20 deformation-monitoring points at each 
embankment deformation site (Fig. 2). Serial numbers 
from 1 to 20 are given to the 20 monitoring points. The 
monitoring points associated with serial numbers 1, 6, 11 
and 16 are located on the right shoulder; serial numbers 2, 
7, 12 and 17 are located on the right carriageway; serial 
numbers 3, 8, 13 and 18 are located in the road centre; 
serial numbers 4, 9, 14 and 19 are located on the left 

 
Table 1 Geographical data and information of 8 monitoring sites on Qinghai−Tibet Plateau 

Site Area 
Location 

Altitude/m
Mean annual ground 

temperature/°C 
Observation period

Latitude Longitude 

XT1 Xidatan 35°43'05"N 94°04'29"E 4516 −0.51 2003−2011 

KL1 Kunlun Mts. 35°39'08"N 94°03'28"E 4724 −2.01 2003−2011 

TT1 Tuotuo River 33°52'48"N 92°13'48"E 4572 −0.03 2003−2011 

KM1 Kaixin Mts. 33°57'21"N 92°20'23"E 4627 −0.82 2003−2011 

TM1 Tanggula Mts. 32°42'30"N 91°52'16"E 4951 −1.20 2003−2011 

ZR1 Zhajiazangbu River 32°30'28"N 91°32'03"E 5002 −1.11 1998−2011 

TM2 Touerjiu Mts. 32°29'33"N 91°49'17"E 5077 −0.79 1998−2011 

NA1 Near Anduo 32°23'00"N 91°42'27"E 4800 −0.16 1998−2011 

 

 
Fig. 1 Boreholes arrangement for ground temperature measurement 
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Fig. 2 Measurement point arrangement for embankment deformation monitoring (Unit: cm) 

 
carriageway; serial numbers 5, 10, 15 and 20 are located 
on the left shoulder. The deformation data are obtained 
using a surveyor’s level and each section has a 
benchmark installed in the ground with a depth of 16 m. 
 

3 Permafrost warming and degradation 
beneath asphalt pavement 

 
3.1 Ground temperature beneath asphalt pavement 

Based on data for all observation sites, changes in 
the long-term mean annual soil temperatures under 
asphalt pavement are different in different permafrost 
regions. At a depth of 1.0 m, there were strong 
inter-annual variations in the ground temperatures. These 
temperatures varied from approximately 1.33 °C at the 
KL1 site to approximately 4.83 °C at the AD1 site, with 
an average of 3.12 °C. The average long-term mean 
annual ground temperature was 0.83 °C at a depth of 5.0 
m, varying from −0.85 °C at the KL1 site to 
approximately 1.64 °C at the AD1 site. The average 
ground temperature was −0.4 °C at a depth of 10.0 m and 
the temperatures varied from approximately −1.81 °C at 
the KL1 site to 0.12 °C at the AD1 site. From this, it can 
be deduced that the pattern of permafrost temperatures at 
depths of 5.0 m and 10.0 m are similar to the temperature 
pattern at depth of 1.0 m (Fig. 3). 
 

 
Fig. 3 Long-term mean annual temperatures at different depths 

under asphalt pavement 

3.2 Permafrost table decline beneath asphalt 
pavement 

Continuous ground temperature monitoring data 
from 8 sites indicated that permafrost table beneath 
asphalt pavement experienced significant decline during 
the period from 1998 to 2011 (Fig. 4). During the past  
14 a, the permafrost table changes in different permafrost 
regions have differed greatly. The declining amplitudes 
of these permafrost tables varied from 0.53 m at the KL1 
site to 3.51 m at the NA1 site, with a mean amplitude of 
1.65 m. The ALT increases are not only influenced by 
climate change but also by construction engineering 
disturbances. Particularly, the strong heat absorbing 
effect of asphalt pavement further decreases the depth of 
the permafrost table. 
 

 
Fig. 4 Changes of permafrost table during monitoring period 

 
3.3 Permafrost temperature increase beneath asphalt 

pavement 
Great heat absorption of asphalt pavement led to an 

increase in permafrost temperature beneath the 
embankment. Significant ground temperature changes in 
the upper permafrost under the asphalt pavement were 
observed from seven monitoring sites (see Figs. 5 and 6). 
The permafrost temperature trends over the recorded 
period for each site are analyzed (Figs. 5(a) and 6(a)), 
and linear least square correlations were created. An 
inversely changing trend over the period of records for 
the embankment was demonstrated (Figs. 5(b) and 6(b)). 
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Fig. 5 Mean annual permafrost temperature at 5.0 m beneath 

embankment (a) and annual increase rate of permafrost 

temperature (b) 

 
At depth of 5.0 m under the asphalt pavement, 

permafrost temperatures showed a clearly increasing 
trend at the XD1, KL1, TM1 and TM2 sites (Fig. 5). The 
increasing rates range from 0.21 °C/8a at the XD1 sites 
to 0.5 °C/8a at the KL1 sites. The permafrost 
temperatures show significant decreasing rates at the 
KM1 and NA1 sites. These rates were −0.24 °C/8a and 
−0.12 °C/8a, respectively. These decreasing permafrost 
temperature rates may be the result of an increase of the 
soil water content, which produces a larger thermal offset 
and weakens the thermal effect of asphalt pavement [22]. 
Changes in permafrost temperatures at depth of 10.0 m 
(Fig. 6) are different from those at depth of 5.0 m (Fig. 5). 
Permafrost temperatures show a significant increasing 
trend at all of the observed sites. At depth of 10.0 m 
below the asphalt pavement, the maximum increasing 
rate was 0.47 °C/8a at the NA1 site, and the minimum 
was 0.07 °C/8a at the XD1 site. 
 
4 Characteristics of long-term embankment 

deformation 
 
4.1 Characteristics of embankment settlement 

The stability of the QTH is not only influenced by 

 

  
Fig. 6 Mean annual permafrost temperature at 10.0 beneath 

embankment (a) and annual increase rate of permafrost 

temperature (b) 

 
climate warming, but also by construction engineering 
disturbation. Based on long-term monitoring data, all 
embankment deformations at these eight sites mainly 
perform as settlement deformation and most of the road 
sections have no obvious frost heave deformation (Fig. 7 
and Fig. 8). The QTH embankment settlement has 
continuously increased in the past nine years and is 
expected to continue to increase in the future with 
consideration of permafrost warming and degradation. 
Embankment deformation can be divided into 
homogeneous deformation and inhomogeneous 
deformation based on deformation differences at 
different embankment areas. In the Tuotuo River area, 
the settlement value is continuously increasing and the 
settlement rate is generally consistent at different 
embankment areas (Fig. 7). The average settlement rate 
is approximately 4.4 cm/a. This deformation is defined 
as homogeneous deformation. In the Zhajiazangbu River 
area, the settlement value is also continuously increasing, 
but the settlement rate is different (Fig. 8). The 
maximum settlement rate is 3.1 cm/a and the minimum 
rate is 1.1 cm/a. This deformation is defined as an 
inhomogeneous deformation. 
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Fig. 7 Long-term deformation of Qinghai−Tibet Highway in 

Tuotuo River section 

 

 
Fig. 8 Long-term deformation of Qinghai−Tibet Highway in 

Zhajiazangbu River section 

 
There are many reasons for embankment 

deformation, but temperature changes within underlying 
permafrost are the main factors. Embankment 
deformation changes have an even closer relationship 
with temperature fluctuations on ground surface (Fig. 9 
and Fig. 10). Rising temperatures lead to settlement 
deformation, and the falling temperatures lead to slight 
frost heave deformation. The embankment deformation 
process and the changes in temperature are consistent 
with one another. Thawing settlement deformation is 
predominant because of the warming and degradation of 
underlying permafrost. 
 

4.2 Characteristics of longitudinal deformation of 
embankment 
The deformation along the QTX embankment 

 

 
Fig. 9 Relationship between embankment deformation and 

temperature change in Tuotuo River section 

 

longitudinal causes significant road surface undulation 
because of the deformation differences at each cross 
section (Fig. 11). This embankment deformation is 
defined as longitudinal embankment deformation, and it 
can be further divided into homogeneous and 
inhomogeneous deformation according to the settlement 
difference values on each cross section in the same 
section of highway. On the XA1, KL1, KM1 and ZR1 
highway sections, the settlement values are significantly 
different from one another and reach 30 cm in some 
regions, but the maximum and minimum settlement 
difference values are lower than 5.0 cm. This 
deformation type is defined as longitudinal homogeneous 
deformation. On the TT1, TM1, TM2 and NA1 highway 
sections, the settlement values are larger and meanwhile 
the differences between the maximum and minimum 
settlement values are greater than 10.0 cm. For example, 
the difference values reach up to 20.0 cm at the TT1 site.  
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Fig. 10 Relationship between embankment deformation (a) and 

temperature change (b) in Zhajiazangbu River section 

 

 
Fig. 11 Longitudinal deformation of Qinghai−Tibet Highway 

embankment 

 

This deformation is defined as longitudinal 
inhomogeneous deformation. Longitudinal embankment 

deformation not only causes highway embankment 
waves deformation but also has an adverse effect on 
comfort and driving safety of the road. 
 

4.3 Characteristics of lateral embankment 
deformation 

Because settlements are different in each part of the 
embankment along the QTX lateral, the embankment 
tilts towards the side of severe deformation and 
adversely affects stability. Embankment lateral 
deformation can also be divided into lateral 
homogeneous deformation and lateral inhomogeneous 
deformation. Lateral homogeneous deformation indicates 
that a smaller deformation difference exists and local 
subsidence in the embankment is caused. Lateral 
inhomogeneous deformation brings about longitudinal 
cracks on embankment surface. At the XA1, KL1, TM1 
and TM2 sites, the mean annual deformation difference 
values are no more than 5.0 cm (Fig. 12). In these areas, 
lateral homogeneous deformation occurs. It causes the 
road surface to tilt and creates localised pits. However, 
the mean annual deformation difference values exceed 
10.0 cm, with the maximums up to 20.0 cm at the TT1, 
KM1, ZR1 and NA1 sites. Lateral inhomogeneous 
deformations occur in these areas. It causes embankment 
longitudinal cracks. 
 

 
Fig. 12 Lateral deformation of Qinghai−Tibet Highway 

embankment 

 
5 Discussion and conclusions 
 

Embankment settlements are closely related to 
permafrost warming and degradation [23]. Generally 
speaking, thawing settlement of ice-rich permafrost and 
creep of warming permafrost are main sources of 
embankment deformation [24]. Embankment 
deformation can be described by 
 
S=Ah1+αph1+α

εph2 
 
where S is the total embankment deformation (m); A is 
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permafrost thawing settlement coefficient; h1 is the 
melting layer thickness (m); h2 is the bearing layer 
thickness (m); p is the loading intensity (MPa); α is the 
melting soil compression coefficient (MPa−1); αε is the 
permafrost compression coefficient (MPa−1). 

According to permafrost degradation processes, 
embankment settlement generally occurs in the four 
stages [23]. In the initial permafrost degradation stage 
(Fig. 13), the embankment settlements occur mainly 
because of thawing of the upper ice-rich permafrost. 
During intensive permafrost degradation, the main 
source of settlements is likely because of permafrost 
thawing when the MAGT is lower than approximately 
−1.2 °C (Fig. 13). The embankment begins to settlement 
at a temperature of approximately −1.2 °C, which is 
caused by warm permafrost creep. The reasons are that 
the temperature rise rate and the coefficient of 
compressibility increase when the permafrost 
temperature exceeds approximately −1.0 °C [25]. In the 
vertical talik stage (Fig. 13), both thaw settlement and 
warm permafrost creep contribute to the total settlement. 
In the quasi-disappearance stage (not shown in Fig. 13), 
consolidation of thawed permafrost is the main source of 
settlement [26]. The QTH has been constructed for 
nearly 60 a and the permafrost temperatures at the 
research regions are higher than −1.2 °C (Table 1). Thus, 
the settlement of the QTH embankment is composed of 
thawing settlement and warm permafrost creep. Most of 
the sections of the QTH is in the vertical talik stage. 
 

 
Fig. 13 Mean settlement rates of embankment along QTH from 

1998 to 2000 [27] 

 
Because warm permafrost creep is a complicated 

and long process, its contribution to embankment 
deformation is difficult to measure. However, the 
relationships between embankment deformation and 
permafrost degradation were still determined. Based on 
the long-term monitoring data (Fig. 14), the rates of 
permafrost degradation and embankment deformation 
were differed significantly across different regions. There 
is also a positive correlation between permafrost 
degradation and embankment deformation. Greater 

permafrost degradation rates result in greater 
embankment deformation, but embankment deformation 
is caused by many factors, such as, warm permafrost 
creep, seismic action and vehicle load. It is difficult to 
use permafrost degradation to explain the causes of 
embankment deformation. By discussing the contribution 
of permafrost degradation to embankment deformation, 
the correlations between permafrost degradation and 
embankment deformation are analyzed (Fig. 15). The 
 

 
Fig. 14 Relationship between Qinghai−Tibet Highway 

embankment deformation (a) and permafrost table deformation 

(b) 

 

 
Fig. 15 Relationship between Qinghai−Tibet Highway 

embankment deformation and permafrost table deformation 
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regression equation indicates that permafrost degradation 
and embankment deformation do influence one another. 

The results of this work suggest that the main 
components of embankment deformation are thawing 
settlement deformation and creep deformation. In other 
words, the main reasons for embankment deformation 
are permafrost warming and thawing. 
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