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A crushed-rock revetment (CRR) with high permeability that can be paved on embankment slopes is widely used to cool and
protect the subgrade permafrost. In this study, a traditional CRR over warm permafrost was selected to investigate its cooling
characteristics based on the ground temperature observed from 2003 to 2014. A new mitigation structure (NMS) was designed to
improve the cooling capacity of the CRR and to counter the pore-filling of the rock layer. Numerical simulations were conducted
to evaluate the cooling performance and reinforcing capacity of the NMS based on a developed heat and mass transfer model. 'e
results indicate that the traditional CRR can improve the symmetry of the permafrost subgrade and decrease the ground
temperature of shallow permafrost. However, the CRR cannot generate strong enough cooling to influence the deep (below 10m
depth) and warm permafrost with a mean annual ground temperature above −1.0°C.'e wind-blown sand can further weaken the
cooling of the CRR and cause significant permafrost warming and thawing beneath the slopes, posing a severe threat to the long-
term safe operation of the embankment.'e proposed NMS can produce a significantly superior cooling performance to the CRR.
If the CRR is reinforced by the new structure, it can not only effectively cool the underlying warm permafrost but also elevate the
permafrost table. 'e new structure can also protect the rock layer on the slopes from sand-filling. 'e NMS can be used as an
effective method for roadbed design or maintenance over warm permafrost.

1. Introduction

Permafrost is soil or rock with ice that remains at or below
0°C for at least two consecutive years [1, 2]. Land in per-
mafrost zones is permanently frozen to a great depth, with
the surface seasonally thawing in the summer [1, 2]. Ap-
proximately, 25% of the land area in the Northern Hemi-
sphere is underlain by permafrost stratum [3], which is,
however, a type of unstable geological body and highly
sensitive to ground temperature changes due to the existence
of ground ice [4, 5]. Many critical transportation infra-
structures were constructed in the permafrost zones, in-
cluding the East-Siberian Railway in Russia, the Hudson Bay
Railway in Canada, the Alaska Highway in the USA, and the
Qinghai-Tibet Railway and Highway in China [6]. Roadway
construction in permafrost zones generally disturbs the

original ground surface and changes the ground-surface
energy balance, leading to the warming and melting of the
ice-rich permafrost underneath the embankment and the
subsequent uneven thaw settlement [7, 8]. 'is severely
affects the stability and integrity of transportation infra-
structures and threatens their long-term safe operation [9].
How to control the ground heat to meet the demand of
engineering foundation thermal stability is an important
issue in permafrost areas.

'e Qinghai-Tibet Plateau (QTP), with an average ele-
vation of over 4000m, is one of the highest plateaus in the
world and contains the largest area of permafrost at high
elevation on Earth [10]. Permafrost on the QTP is typically
warmer compared with other areas of the northern hemi-
sphere [10, 11] and thus more susceptible to temperature
perturbation. Climate warming on the QTP can accelerate
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permafrost warming and has caused permafrost degradation
in recent decades [6, 12].'is leads to the decrease of bearing-
capacity of the permafrost foundation and potentially causes
the large settlements or failures of the transportations tra-
versed the permafrost areas of theQTP, for example, Qinghai-
Tibet Railway, the Qinghai-Tibet Highway, Gongyu Ex-
pressway, and so on. Mitigation techniques have been de-
veloped based on the active cooling approach to cool the
subgrade foundation and to protect the underlying perma-
frost foundation on the QTP in recent decades [6]. 'e
crushed-rock embankment is a type of air convection em-
bankment by making the best use of cold air energy during
cold seasons and has been widely employed in roadbed en-
gineering over permafrost on the QTP [13].'e crushed-rock
embankment is constructed using poorly graded rocks with
high permeability that can allow air to flow through the rock
pores and augment heat extraction from the embankment
during winter [12, 14]. It has proven to be an economical and
effective technique to cool the permafrost stratum and
maintain the foundation stability of embankments [12, 15].

Crushed-rock revetment (CRR), paving the rocks on the
side slopes, is one of the typical construction methods of air
convection embankment [6, 16]. Although the CRR is prevalent
in practical engineering because of its convenient construction
and flexible reinforcement, it is facing problems that affect its
long-term effective cooling performances. It is particularly
concerning that the CRR generates insufficient cooling on the
underlying warm permafrost with a mean annual ground
temperature above −1.0°C [17, 18]. 'e limited cooling largely
lies in the hot wind that blows into the pore space of the open
crushed-rock layer in hot seasons, which can increase heat
absorption in the embankment slopes, and is adverse to per-
mafrost stability. 'e aeolian sands and wreathed rocks fre-
quently occurred on the QTP due to the strong wind and high
ultraviolet radiation [19, 20], as is shown in Figure 1, which can
block the pore of the rocks and further reduce its convection
cooling capacity, aggravating the long-term performance of the
CRR. How to optimize it to enhance its cooling performance to
counter permafrost degradation and climate warming has
become an urgent issue in complex circumstances.

In this study, we firstly investigated the cooling charac-
teristics of a selected CRR embankment in a warm permafrost
zone based on the ground temperature observed from 2004 to
2014. 'en, a mitigation structure was designed to improve
the cooling capacity of the CRR and to counter the sand-filling
of the porous rock layer. A coupled heat transfer model was
developed and series of numerical simulations were con-
ducted to evaluate the cooling effect and reinforcing per-
formance of the new structure considering climate warming.
It is hoped that this study could improve the utilization of cold
energy in cold regions and provide guidance for the design
and maintenance of embankment traversed warm or thaw-
sensitive permafrost zones.

2. Field Observations and Analysis

2.1. Slow Permafrost Warming under the CRR Embankment.
As shown in Figure 2, a CRR embankment built in Chuma’er
High Plain along the Qinghai-Tibet Railway was selected to

analyze its long-term cooling effect and characteristic, based
on the observed ground temperature data from 2003 to 2014.
Permafrost in this site is typically warm and ice-rich, with a
mean annual ground temperature of about –0.9°C. 'e
permafrost table ranges from 2.5m to 3.0m. 'us, this
region of the monitoring section located is representative of
the warm and ice-rich permafrost of the QTP. 'e thickness
of the crushed-rock layer on the sunny and shady slopes of
the embankments is 1.6m and 0.8m, respectively. Four
boreholes with a depth of 16m were drilled at the two
shoulders and the two slope toes of the railway embankment,
and one borehole with a depth of 16m was also drilled in the
undisturbed ground as a reference of permafrost thermal
status without disturbance, which is 10m away from the
embankment toe. 'e ground temperatures were measured
by thermistors cable with a precision of ±0.02°C, installed in
the embankment boreholes.'e data was collected manually
by a CR3000 data logger two times a month.

Figure 3 shows the ground temperature fields of the CRR
embankment in early October of the years 2003, 2005, 2010,
and 2014. 'e 0°C isotherm in the figure is defined as the
permafrost table because the maximum seasonal thaw depth
usually occurs in October on the QTP. As shown, the per-
mafrost table under the sunny side (left side) of the em-
bankment was slightly deeper than the shady side (right side)
and the natural ground in 2003 after the embankment was just
constructed. 'is was mainly due to thermal disturbance
caused by embankment construction, while, in 2005, the
permafrost table beneath the embankment was elevated ob-
viously, with amagnitude of approximately 2.0m, revealing the
cooling effect of the CRR on the underlying permafrost. Up to
2010, the cooling for the permafrost layer with a depth of −3.0
to −5.0m continued, which can be confirmed by the elevation
of the −0.5°C isotherm under the embankment. 'e symmetry
of the ground temperature field was also improved although
the embankment orientation is southeast-northwest direction,
which tends to cause different solar radiation on the sunny
slope and shady slope of the embankment [21]. It proved that
different thickness of the CRR on the two slopes performed
satisfactory effects in improving the symmetry of the ground
temperature distribution. In 2014, the symmetrical temperature
field was maintained and the permafrost table under the
embankment was further elevated. 'ese characteristics
revealed the good cooling of this structure on the shallow
permafrost. However, it should be noted that the deep per-
mafrost experienced a slow warming trend since constructed,
as shown by the disappearance of the −1.0°C isotherm.

For further investigation of dynamic variation of per-
mafrost temperatures, Figure 4 was drawn to show time
series of permafrost temperatures with depths of 2.0m,
4.0m, and 10m beneath the sunny shoulder of the CRR
embankment. 'e depths were measured from the original
ground surface, which represented the shallow and deep
permafrost. It can be clearly found that permafrost at the
depths of 2.0m and 4.0m experienced obvious cooling
processes after construction. Particularly after 2008, the
temperature amplitude increased, indicating that the heat
exchange process during cold seasons increased. In the
contrary, the deep permafrost temperature at depth of 11m
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under CRR embankment was rising slowly, with an increase
of nearly 0.22°C from 2003 to 2014. Although the warming
rate decreased after 2008, the warming trend continued.
'us, it is concluded that the cooling effect of the CRR was

relatively limited and could not effectively cool the deeper
permafrost.

'e long-term monitoring results revealed that the deep
permafrost beneath the CRR experienced a significant warming

(a) (b)

(c) (d)

Figure 1: Wind-blown sand and rock-weathering of CRR embankment along the Qinghai-Tibet Railway. (a) Sand-filling of porous rock
layer at the Honglianghe section; (b) close-view of sand-filling of the CRR; (c) prevalent sand prevention measure on the QTP; and (d) rock-
weathering of the CRR caused by a severe environment.
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Figure 2: Location of the monitored CRR embankment in the permafrost zone of the QTP. Permafrost data were from the China cold and
arid scientific data center (http://westdc.westgis.ac.cn/).

Advances in Materials Science and Engineering 3

http://westdc.westgis.ac.cn/


process, although the permafrost table beneath the embankment
was elevated and the shallow grounds were cooled. 'e con-
siderable warming of deep permafrost might generate com-
pression deformation, which will reduce the embankment
stability and potentially threaten the safe operation [22, 23]. 'e
insufficient and unsatisfied cooling will be challenging the
existing CRR to counteract the impact of climate warming in the
warm or thaw-sensitive permafrost regions. 'us, how to op-
timize this structure and propose a new countermeasure is urgent
to maintain the long-term thermal stability of embankment over
warm permafrost on the QTP.

3. Numerical Modeling

3.1. ,e New Structure. In this section, a new mitigation
measure (NMS) combined a CRR and a slope-warming

prevention measure was designed as a countermeasure to
improve the cooling capacity and to prevent wind-blown
sand. As shown in Figure 5, a soil layer with geotextile was
designed to pave on the CRR of the embankment slopes,
which aims to prevent the warm wind from entering the
rock layer during summer, to remove the solar radiation,
and to strengthen convective heat transfer in rock layer
during winter. A coupled heat transfer model was de-
veloped to evaluate the cooling effects and reinforcing
performances of the new structure. Based on the heat and
mass transfer theories, the air convection heat transfer in
the porous layer and heat conduction with a phase
transaction in the soil layers were considered in the model.
'e heat radiation of the rock layer was not considered in
the model. 'ree sets of simulations were conducted to
investigate the geothermal regimes evolution in different
scenarios, as shown in Table 1. 'e geometrical model of
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Figure 3: Temperature fields of the monitored CRR embankment on October 1 each year. (a) 2003; (b) 2005; (c) 2010; and (d) 2014.
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Figure 4: Variations of ground temperatures at depths of 2.0m, 4.0m, and 11.0m beneath the monitored CRR embankment.
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the three associated embankments (Figure 6) were re-
ferred to the embankment in the Tuotuohe section of the
Qinghai-Tibet Railway where the sand-filing damage is
widespread.

3.2. Governing Equations

3.2.1. Airflow outside the Porous Rock Layer. 'e airflow is
considered as a turbulent flow at the atmosphere [24]. 'e
air is assumed to be an incompressible fluid with constant
physical properties, and the influence of the air temper-
ature on the airflow velocity is negligible. We have the
following governing equations for the airflow’s turbulent
heat transfer process [25]:
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where vx and vy are air speed along x- and y-axis; ρa is air
density; p is air pressure; μa is dynamic viscosity, λa is air
thermal conductivity, and Ca is air specific heat capacity.

3.2.2. Convective Heat Transfer in the Porous Rock Layer.
'e CRR was considered to be a porous medium in the
model. Convection heat transfer of air in the porous layer is a
heat and mass transfer process, and it is assumed that only
the lacunal air movement is taken into consideration. 'e
governing equations can be expressed as follows [16, 26]:
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where |]| �
������
]2x + ]2y


, B is the inertial drag coefficient, k is

the permeability of the porous medium, and Ce and λe are
the effective volumetric heat capacity and effective thermal
conductivity, respectively.

Air density ρα can be expressed as a function of the
temperature T and the Boussinesq approximation is used to
simplify the computation:

ρα � ρ 1 − β T − T0(  , (7)

where T0 is the corresponding temperature of ρ and β is the
thermal expansion coefficient of air.

3.2.3. Conductive Heat Transfer for Soil Layers and Em-
bankment Filling. For soil layers and embankment fillings,
the heat transfer process was dominated by the heat con-
duction, and the phase change process of ice to water needs
to be considered when the freeze-thaw processes occur. 'e
heat transfer process can be described as follows [25, 26]:
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We assume that the phase change of the media occurs in a
range of temperatures (Tp ± ΔT). Based on the sensible heat
capacity method [27], Ce and λe can be calculated as follows:
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Figure 5: Schematic of the cooling of the proposed NMS.
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Table 1: Description of the designed scenarios with associated cases.

Cases Designed scenarios description
Case 1 Embankment with the CRR performs a service life of 30 years
Case 2 Embankment with CRR performs for 10 years and then suffers from sand-filling for 20 years
Case 3 Embankment with CRR performs for 10 years and then reinforced with the NMS for 20 years
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Figure 6: Geometrical model of the three associated embankments in three cases. (a) Case 1; (b) Case 2; and (c) Case 3.
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where the subscripts f and u represent the frozen and un-
frozen states, respectively; l is the latent heat per unit volume.

3.3. ,ermal Parameters and Boundary Conditions. At the
elevation of approximately 4500m on the QTP, the physical
parameters for air and crushed-rock layer in the simulations
are listed in Table 2. 'e mean particle size of the CRR is
approximately 0.2m (diameter range from 0.1 to 0.3m).
'ermal parameters needed for the soil layers and em-
bankment fill can be found in Table 3.

To simplify the boundary conditions, the temperature
boundaries are employed to the air and ground surfaces.
Based on the “adherent layer theory,” simplified thermal
boundaries are given in equation (10) and Table 4. 'e
geothermal heat flux at the bottom boundaries was assumed
to be 0.06W/m2. 'e lateral boundaries were assumed to be
adiabatic:

T � T0 + A sin
2π
8760

th +
π
2

  +
ΔT

365 × 24
th, (10)

where T0 is the annual average value, A is the amplitude, th is
the time, and ΔT is air temperature rising rate, which is taken
as 0.052°C/year on the QTP [26, 30].

'e ambient wind affects the convection process in the
rock layer. 'e wind boundary is applied at one side of the
model to simulate the prevailing wind direction of north and
northwest on the QTP. Based on the observed data for wind
on the QTP, wind speed ]h at the height of h in prevailing
north direction can be obtained as

vh � 4.6 + 1.52 sin
2π

365 × 24
t +

3π
2

  
h

10
 

0.16
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3.4. Model Validation. To verify the numerical model, we
simulated the thermal regime of a CRR embankment built
on Huashixia of the QTP. 'e simulated and observed
temperature profiles at the shady shoulder of the em-
bankment in 2014, one year after construction are shown in
Figure 7. It illustrates that the computed temperature curve
can fit well with the measured results for the permafrost
layer. A large difference between the measurement and
simulation was found for the active layer, which mainly

results from the simplified boundaries and geological con-
ditions in the model. In general, the numerical model is
reasonable for simulating the thermal regime of a crushed-
rock embankment in a permafrost region.

4. Numerical Results and Analyses

4.1. Predicted Temperature Fields. 'ree cases over a 30-year
period were simulated. Firstly, the thermal regimes of
embankment with CRR when maximum thawing depth
reaches in the 5th and 10th years after construction are shown
in Figure 8. It can be seen that the temperature field of the
CRR embankment is basically symmetrical after construc-
tion and the permafrost table under the embankment ele-
vates to near the original ground surface. Such
characteristics are similar to the monitored embankment
(Figure 3). 'e CRR begins to show the cooling effect on the
permafrost beneath the embankment slopes in the 5th year
and beneath the embankment in the 10th year, as indicated
by the cold temperature zone of −1.0°C, which gradually
expands, as shown in Figure 8. Figure 9 gives thermal re-
gimes of embankment in three cases when maximum
thawing depth reaches in the 15th year after construction.
'e cooling effect of the CRR weakens under the impact of
climate warming, as indicated by the shrink of the −1.0°C
and −0.8°C isotherms (Figure 9(a)). However, if the rock
layer near the toes begins to be filled with sands after the 10th
service year (Case 2), the cooling of the CRR will be further
weakened, causing obvious warming of the underlying
permafrost, as indicated by the rapid shrink of −0.8°C
isotherm in Figure 9(b).

In contrast, if the CRR is reinforced by the NMS in the 10th
service year, the cooling of the embankment will be improved
significantly (Case 3). As shown in Figure 9(c), the colder
regions of−1.5°C and even−1.8°C formunder the embankment
and the permafrost table beneath the embankment slopes is also
further elevated obviously after five years’ reinforcement. All of
these demonstrate the good cooling performance of the new
design.

Figure 10 reveals the thermal regimes of embankment in
three cases when maximum thawing depth reaches in the
20th year after construction. As shown in Figure 10(a), the
disappearance of −1.0°C beneath the embankment indicates
that the permafrost temperature obviously increases due to
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Table 2: Physical parameters of air and crushed-rock layer [24, 28, 29].

Physical parameters C (J·m−3·°C−1) λ (W·m−1·°C−1) Ρ (kg·m−3) μ (kg·m−1·s−1) K (m2) B (m−1)
Air 0.644×103 0.02 0.641 1.75×10−5 — —
Rock layer 1.016×106 0.442 — — 1.39×10−5 211.2

Table 3: 'ermal parameters of different media [24, 26, 30].

'ermal parameters Cfs (J·m−3·°C−1) λfs (W·m−1·°C−1) Cus (J·m−3·°C−1) λus (J·m−3·°C−1) l (J·m−3)
Embankment fill 1.913×106 1.980 2.232×106 1.919 2.01× 107

Sand 1.465×106 0.258 1.465×106 0.258 0
Gravel soil 1.863×106 2.610 2.401× 106 1.910 2.32×107

Weathered stone 2.122×106 1.824 2.413×106 1.474 3.81× 107

Ballast 1.006×106 0.346 1.006×106 0.346 0

Table 4: Temperature parameters in Equation (10).

Boundaries T0 (°C) A (°C)
Air −3.8 11.5
Natural ground surfaces −0.6 12.0
Top surface 0.3 14.0
Crushed-rock surface 1.4 15.2
Embankment slope surfaces 0.8 13.0
Sand surface 0.6 14.0
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Figure 7: Comparison of the measured and simulated ground temperatures of a CRR embankment on October 15.
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the weak cooling of the CRR structure. Warm permafrost
(>−1.0°C) is generated beneath the embankment and may
cause instability in the embankment because the deforma-
tion of the permafrost is promoted by the increase in
temperature. For Case 2 (Figure 10(b)), sand-filling seriously
affects the convection cooling of the rock layer, leading to
severe permafrost warming beneath the embankment,
particularly under the embankment slopes, indicated by the
downward of −0.5°C while for the embankment reinforced

by the NMS (Figure 10(c)), the −1.0°C and −1.5°C isotherms
still exist under the embankment, revealing the cold thermal
state of the permafrost.

As shown in Figure 11(a), in the 30th year after con-
struction, the permafrost temperature beneath the CRR
obviously increases because of climate warming.'is implies
that the sole CRR cannot produce strong enough cooling for
the underlying permafrost to maintain the foundation sta-
bility. 'e sand-filling causes not only the permafrost
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warming but also the severe permafrost thawing under the
slope toes, as indicated by the obvious decline of the per-
mafrost table, as shown in Figure 11(b). Such a process
might lead to structure failure of the embankment. 'e most
noticeable characteristic for the new design is the cold zone
of −1.0°C, as shown in Figure 11(c), which still covers most
regions beneath the embankment to ensure its thermal
stability under climate warming. Meanwhile, the permafrost
table especially under the embankment slopes rises further

into the embankment body, revealing the permafrost ag-
gradation under the effective and sufficient cooling of the
NMS.

4.2. Predicted Long-Term Ground Temperature Variations.
Figure 12 shows variations of the annual average ground
temperatures at a depth of 15m relative to the original
ground surface beneath the centerline of the embankment in
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three cases. It can be found that three stages including
thermal disturbance stage, cooling process, and warming
process occur in the studied cases. As shown, permafrost at
the 15m depth beneath the CRR experiences a short period
of cooling before the 10th year and then experiences a steady
warming trend, resulting in nearly 0.3°C temperature rising
in the 30th year. 'e sand-filling can further weaken the
convection cooling of the porous rock layer and causes rapid
permafrost warming of the foundation. In contrast, the
cooling of the NMS can significantly decrease the foundation
temperatures and causes obviously decreased temperature
than the CRR, which reveals a significant influence on the
thermal status of the underlying permafrost of the new
structure. Reinforced by the new structure, the permafrost
temperature at the depth of 15m beneath the centerline
obviously decreases and is lower than that under the CRR,
with a difference of nearly 0.4°C in the service year. It
demonstrates the superior cooling effect of the new design
and its good reinforced cooling performance.

'e new mitigation also plays a role in sand-filling
prevention. Although the sand may clog the slope toe and
then decrease forced convection cooling, most of the other
porous regions exist. Even if the toe is blocked with time, it is
not difficult to clean the sand in this small area. A layer of
hollow concrete brick with large pore space or a sand-
controlling net fence could be arranged close to the slope toe
of the new mitigation for further sand prevention.

5. Conclusions

In this study, a traditional CRR embankment over warm
permafrost was selected to investigate its cooling charac-
teristics based on the long-term ground temperature ob-
servations. An optimized structure was designed to improve
the cooling capacity of the CRR and to counter the pore-
filling of the rock layer. Numerical simulations were con-
ducted to evaluate the cooling performance and reinforcing
capacity of the new structure in sandy permafrost zones
based on a developed heat and mass transfer model. 'e
following conclusions can be drawn:

(1) 'e field results revealed that the traditional CRR
could improve the symmetry of the ground tem-
perature distribution, elevate the permafrost table,

and decrease the ground temperature of shallow
permafrost. However, the cooling capacity of this
structure was limited and it could not generate
strong enough cooling to influence the deep warm
permafrost, causing slow but steady warming of deep
permafrost after construction.

(2) 'e simulated results indicate that the CRR generates
an insufficient cooling effect on the warm permafrost
and thus cannot maintain the thermal stability of
embankment built on warm and thaw-sensitive
permafrost under climate warming. 'e wind-blown
sand can further weaken the cooling of the CRR and
cause significant permafrost warming and thawing
beneath the slopes, posing a severe threat to the long-
term safe operation of the embankment.

(3) 'e NMS can produce a significantly superior
cooling performance to the CRR. If the CRR is
reinforced by the new structure, it can not only
effectively cool the underlying warm permafrost but
also elevate the permafrost table. 'e new structure
can also protect the rock layer on the slopes from
sand-filling. 'erefore, the NMS can be used as an
effective method for roadbed design or maintenance
over warm permafrost.
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