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Calculation model of permafrost table of XPS insulated board

subgrade in warm permafrost regions
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Abstract: In order to reveal the decline laws of permafrost table of expressway subgrades in warm
frozen soil regions of Qinghai-Tibet Plateau, ensure the long-term thermal stability of subgrades in
warm permafrost regions and reduce subgrade diseases which caused by the degradation of artificial
permafrost table, firstly, the longitudinal and lateral distributions of ground temperature of XPS
insulated board subgrade and degradation characteristics of artificial permafrost table at early stage
of subgrade construction were analyzed. Secondly, the moisture-heat coupling differential equation
of permafrost was solved through unsaturated soil seepage and heat transfer theory, to realize the
unity coupling of moisture field and temperature field of frozen soils. The temperature field
simulated by moisture-heat model was compared with the measured temperature field to verify the
correctness of the model. Then, the degradation laws of artificial permafrost table of XPS
insulated board subgrade under five conditions (filling type, annual mean ground temperature,
height of subgrade, laying location of XPS thermal insulation board and climate warming) were
analyzed. Finally, main factors influencing the degradation of artificial permafrost table were
calculated by MATLAB, and the multivariate linear regression was carried out, so as to establish
the calculation model for artificial permafrost table of XPS insulated board subgrade in warm
permafrost regions. The results show that temperatures on the left side of XPS insulated board
subgrade is higher than that on the right side within a certain range. The artificial permafrost table
lifts 60 cm at the early stage of subgrade construction, then, decreases gradually with a speed of
10 cm per year. The change of permafrost table leads to a certain increase of temperature in deep
permafrost. Under the five conditions, the artificial permafrost table of XPS insulated board
subgrade in warm permafrost regions increases linearly with time. Filling type and climate
warming are two major factors affecting the decline of permafrost table. The model can provide
favorable references for prediction and prevention of long-term deformation of highway subgrades
in warm permafrost regions. 4 tabs, 10 figs, 25 refs.
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0 Introduction

According to the freezing time of soils and
rocks, the frozen soil can be divided into three cat-
egories. One of these categories is known as per-
mafrost soil which has been in a continuously fro-
zen state for more than two years. The second one
is called seasonal frozen ground, which means that
only the surface layer of the soil (up to several me-
ters below the ground surface) thaws in summer
and freezes in winter. The third one is called short-
term frozen soil whose existing time only extends
to a few hours, or a couple of days. Permafrost in
China is mainly distributed in Qinghai-Tibet Plat-
eau and Greater Khingan Mountains. Subgrades of
highways in these areas will be affected by dama-
ges such as thawing settlement and strength varia-
tion, which greatly influence the safety and com-
fort of driving. Building subgrade in these places
will mainly face to long-term thaw settlement,
which is mainly caused by the decline of permafrost
table. In order to prevent the decline of permafrost

table, many domestic and international scholars

ER AESESASS

have studied the application of XPS insulated board
subgrade to cool the foundation.

Tai, et al. analyzed the distribution features
of ground temperature of XPS insulation embank-
ment test section in Maduo site of Gonghe-Yushu
Expressway!. Based on the observed data of insu-
lation embankment test section in Beiluhe site of
Qinghai-Tibet Railway, Sheng, et al. analyzed the
dynamic process of underlying permafrost, and
temperature accumulation at both surfaces of insu-
lation layer. The results show that the insulation
embankment has the function of protecting perma-
frost; the heat entering insulation layer presents a
serious asymmetry; and the sunshiny side of em-
bankment absorbs much more heat than that of the
shade sidet™.

uniaxial compression test for the production of dif-

Wen, et al. carried out a series of

ferent manufacturers XPS insulated board, and the
elastic modulus and compressive strength of XPS
insulated board of different manufacturers were ob-
tained™!. Tt is recommended that the road with
XPS insulated board should also meet the following

two conditions: the elastic modulus should be
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greater than 45 MPa, and the compressive strength
should be not less than 500 kPa™'. Hou, et al.
used ABAQUS finite element software to simulate
the temperature field of expanded polystyrene
(EPS) thermal insulation roadbed in permafrost
region, and concluded that the thermal insulation
materials in roadbed had obvious protective effect
on the permafrost under the pavement, and EPS
was recommended to be laid at the bottom of the
embankment™™ . Based on the permafrost investiga-
tion and ground temperature monitoring data for
National Highway 214, engineering geological
model for evaluating permafrost conditions was es-
tablished by Chen, et al. , and found that evalua-
tion results based on the model for National High-
way 214 were similar to the field disease investiga-
tion, and the evaluation could effectively guide the
operation and maintenance of National Highway
214 and the construction of Gonghe-Yushu Expre-
ssway'®. In order to deal with the applicability and
limitation of embankment adjustment measure in
permafrost regions, reply to global warming and
meet the requirement of expressway construction,
six types of general embankment adjustment meas-
ures were systematically evaluated by Liu, et al. ,
and four new types of embankment structures were
presented by means of mechanism complementation
and optimizing design parameter and applied in en-

8] For the severe challenges of

tity engineering
global warming, Cheng, et al. put forward meas-
ures to actively protect the permafrost, which was
cooling the foundation to ensure the stability of the

projectt® 17,

Niu, et al. implemented long-term in-
situ temperature monitoring for ordinary embank-
ment, block stones embankment, embankment
with crushed-stone side-slope and U-type block
stones embankment, the monitoring results show
that these measures can effectively lift the upper
limit of permafrost, protect the stability of the em-
bankment"'. Zhang, et al. adopted the finite ele-
ment method to make a nonlinear analysis of tem-
perature field of the embankment with crushed-
rock revetment and insulation along the Qinghai-

Tibet Railway, and it was proposed that in warmer

permafrost regions, the insulation should be used
to increase the cooling effect of embankment with

t1%, Using the working

crushed-rock revetmen
principle of XPS insulated board subgrade, Ma,
et al. carried out on-site observations on the IBE
test subgrade of Qinghai-Tibet Railway and con-
cluded that the decrease of ground temperature in
lower part of the insulating material was served to
protect the permafrost table. Based on temperature
monitoring data of Qinghai-Tibet Highway in Kun-
lun Mountains insulation material test section, the
numerical results indicated that the embankment
with insulation and thermosyphon had advantages
of insulation and thermosyphon, for better protec-
tion of the permafrost™®, Liu, et al. implemented
numerical analysis for the ventilated embankment
with thermal insulation layer in Qinghai-Tibet

[18)  Tai, et al. applied 2D finite element

Railway
analysis to conduct XPS insulated board subgrade
on warm permafrost zone of Tibet. By changing
working conditions, a series of finite element simu-
lations were carried out. The simulated thermal
states of XPS insulated board subgrade for differ-
ent years were presented and discussed, and main
influencing factors were outlined™"™.
Gonghe-Yushu Expressway is the first expre-
ssway in Qinghai-Tibet Plateau permafrost re-
gions, and compared with the existing ordinary
highway, this expressway has a higher require-
ment on subgrade deformation and service life. In
order to predict the long-term thaw settlement of
the road subgrade, the main reference indexes
(degradation rate of permafrost table) leading to
the thaw settlement of subgrade need to be calcu-
lated exactly. Therefore, by making a comparison
between measured temperature field of the sub-
grade with XPS insulated board and simulated field
obtained through moisture-heat coupling model,
the paper verified the simulation correctness of the
model. Then calculated the changing features of
permafrost table of subgrade over time under dif-
ferent working conditions through the model. Be-
sides, with the application of entropy weight meth-

od, it was obtained that the filling type of subgrade
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and the climate warming are the two major factors
affecting the decline of permafrost table, which are
the basis for the establishment of calculation model
of permafrost table. The model would provide ref-
erences for a more exact prediction of long-term
thaw settlement of subgrade in permafrost regions
as well as for a better guidance of traffic depart-

ments to prevent subgrade diseases.

1 Calculating principle and model es-
tablishment

1.1 Control equation of temperature field

Water migration and redistribution in soils are
correlated with heat flow and temperature distribu-
tion. With consideration for moisture-thermal cou-
pling problems in the freeze-thaw process, a heat
conduction equation was established with the latent
heat of phase change as the inner heat sources™®!,
The equation is expressed as
%ZAVTZJFLPI aai/: @D

where p and pp are densities of soil and ice(kg/m’), re-

0C.

spectively; C,, and A are effective volumetric heat
capacity [ J/(kg « °C) ] and effective thermal con-
ductivity [W/(m + C)] of soils changing with
temperature; 6; is volumetric ice content (%) ; L is
the latent heat of phase change (335 kJ/kg); T is
temperature (°C); ¢ is time (s).

Taking into account that the water in soil is
composed of pore ice and pore water, volumetric
water content of frozen soil can be defined as

0:(9.,+‘0101/(0w (2)
where 0 is volumetric water content; 8, is volumet-
ric content of unfrozen water; p,, is water density.
1.2 Control equation of water field

Unfrozen water exists throughout the freeze-
thaw process. In accordance with the Richards
equation of the phase change™, as well as consid-
ering the ice resistance in the freezing process, the
water migration equation of unsaturated frozen soil

can be expressed by

aa—‘i“H(—D(a,)w,—kw>+;ﬂa—‘9]:o (3

w Ot

Water diffusivity equation in soil is defined as

D=IK/C 4)
where D and K are the water diffusivity (%) and
the permeability coefficient (m/s) of unsaturated
frozen soil, respectively; C is water capacity; k,q )
is the permeability coefficient (m/s) of unsaturated
soil in the direction of gravitational acceleration; I
is resistance coefficient, which indicates the effect
of ice on the water migration in frozen soil, it can
be calculated by the following formula

I=10"" (5)
1.3 Unfrozen water content

In the freezing process, the free water in soil be-
gins to freeze at a certain temperature below 0 °C,
which is called the initial freezing temperature.
Xu, et al. put forward the empirical formula of un-

frozen water content through laboratory tests""

%=(T1{)/ 6)

where w, is the initial moisture content (%) ; w, is
the unfrozen water content (%); T is the initial
freezing temperature (‘C); b is a parameter which
is related to salt content and soil type and can be
determined by either using the one-point method
mentioned by Xu et al. 7, or by using experience
value 0. 58 for silty sand and 0. 65 for sandy grav-
els, respectively.

Bai, et al. put forward the solid phase rate?"

Blzﬁzjl' 1(%)”—1. 1 T<T,

g lo T=T,

where the constant 1.1 refers to the density ratio

D

of water to ice in soil (p,/p1)s By is solid phase
rate, a single-valued function of temperature ac-
cording to Eq. (7).

To sum up, the coupled equations of water-
heat of frozen soil are proposed by using simultane-
ous temperature field differential Eq. (1), the wa-
ter field differential Eq. (2) and phase change dy-
namic equilibrium Eq. (7).

1. 4  Establishment of moisture-thermal coupling
model of frozen soils based on COMSOL

Eq. (1) and Eq. (3) are transformed into the

coefficient partial differential equations provided by
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2  Ground temperature measured and
model validation

2.1 Features of measured ground temperature
2.1.1 Descriptions of filed monitoring site

The Gonghe-Yushu Expressway, simply called
GYE, is the first expressway with a total length of
634. 8 km in Qinghai-Tibet Plateau, China. 227.7 km
of the expressway is laid on the permafrost, most
of which is high temperature unstable permafrost
whose annual average ground temperature is higher
than —1 °C. It starts at Gonghe County (100°33'E,
36°19'N) and ends at Yushu County (97°01'E,
33°08'38"N). It passes through, Heka Mountain,
Ela Mountain, Changshitou Mountain and Bayan
Har Mountain.

To investigate long-term stability of embank-
ment, a long-term monitoring system of ground
temperature was installed along the GYE in perma-
frost regions. The observation site at section K423+
500, lies between Changshitou Mountain to Maduo
County along the GYE on Qinghai-Tibet Plateau,
belonging to the alpine steppe climate. The height
is about 4 300 m above the sea level. The vegeta-
tion coverage is about 50%. The average annual air
temperature varies from about —3.3 C to —4.1 C.
The annual extreme high and low air temperatures
are 18 °C and —26.6 “C, respectively. The annual
precipitation is up to 310 mm. The maximum wind
speed is 34 m/s and the annual average wind speed
is 3.2 m/s. According to drilling survey, the per-
mafrost table is about 2. 3 m and the mean annual
ground temperature is 0. 98 “C. The type of perma-
frost is warm instable permafrost. The ground is main-
ly composed of sandstone, fine sand and silty sand.
2.1.2 Section and method for observation

Fig. 1 shows the monitoring sections of the
test subgrade with XPS insulated board. The em-

bankment height is 2. 2 m and the filling material is

sandy gravels. The width of subgrade surface is 10 m
and the slope ratio is 1 ¢ 1. 5. XPS insulated board
is laid below the subgrade surface at a distance of
80 cm. The longitudinal and horizontal tempera-
ture measurement sensors are installed at monito-
ring section. The longitudinal temperature meas-
urement sensors are embedded in shoulders, toes
of slope, subgrade center and natural ground with
a hole depth of 15 m, which are designed at the in-
tervals of 0.5 m (from 0 to 5 m), and of 1. 0 m
from 5 to 15 m. Horizontal temperature measure-
ment sensors are embedded on the top and under
surfaces of XPS insulated board, embedded at the
interval of 1 m along the subgrade section. The ob-
servation frequency is once at every 5 days. This
study adopted ground temperature data from July
2013 to July 2014, which included one whole freeze-

thaw cycle. The construction process of subgrade with

XPS insulated board is presented in Fig. 2.

YushLT

Permafrost table

z
%]

Fig. 1 Monitoring section of subgrade XPS insulated board subgrade
B 1 XPS {RiB R & £ &Y 15 i BT m

» (¢) Laying fillings

(d) constructed subgrade

Fig.2 Construction process of XPS insulated board subgrade
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2.1.3 Field ground temperature 10~
(1) Lateral distribution of ground temperature A/,k“* -+ *"A,.A
Fig. 3 indicates the lateral distribution of or %}:’(» e
ground temperature of subgrade with XPS insula- © o // % \A
R ‘\

ted board on July 21*, 2014, which is the highest
temperature period of the natural environment in
this region. Around the center of subgrade with
XPS insulated board, the temperature at the top of
the board is 13 °C higher than that on the bottom
while temperature on the bottom at the moment is
4 °C. Besides, temperature of the embankment in
time remains above 0 ‘C, which suggests that the
outside warm air has obviously thermal effects on
the fillings of subgrade, leading to unfavorably

conditions for subgrade in warm seasons.

20

7
=
Ll
i
i

A Ak
—%— Top surface of XPS insulated board
—A— Bottom surface of XPS insulated board

1 1 1 1 | 1 | J
0 2, 4 6 8 10 12 14 16 18
Width/m

Fig.3 Lateral temperature distribution curves of
subgrade (July 21%, 2014)
3 BEMEERESHHML(2014F£7 A211H)

Fig. 4 shows the lateral distribution of ground
temperature of subgrade with XPS insulated board
on January 16™, 2014, which corresponds to the
lowest temperature of natural environment in the
region. At the center of subgrade with XPS insula-
ted board, temperature on top of the board is about
5 °C lower than the bottom and temperature of the
bottom at the moment is — 2. 5 ‘C. Meanwhile,
temperature of the embankment is generally below
0 °C, indicating that the lower temperature inside
the subgrade in cold seasons has a cooling effect on
the underlying permafrost.

From Fig. 3 and Fig. 4, it can be concluded
that temperature on the left side of the subgrade
within a certain range is higher than that on the
right side, within the corresponding range both in
cold and warm seasons, which proves that after

building the embankment, ground temperature dis-

[/ —%— Top surface of XPS insulated board \
Z —4&— Bottom surface of XPS insulated board \K

—20 \ d

_300 2 4 6 8 10 12 14 16 18

Width/m
Fig. 4 Lateral temperature distribution curves of
subgrade (January 16", 2014)

B4 HEEDEESHHMEZ(20145£ 1A 16H)
tribution of the subgrade varies greatly between
the south-faced slope and the north-faced slope, as
a result of slope orientations and different bounda-
ry conditions, such as surface turbulence and solar
radiation.

(2) Vertical distribution of ground temperature

Fig. 5 shows that the inter-annual change fea-
tures of ground temperature of subgrade center at
different depths H. They are presented in cosine
curves with roughly the same cycle as ground tem-
perature. With the increase of depth, and the
change amplitude of the ground temperature de-
creases, and the phase of the ground temperature
is relatively delayed. In addition, annual tempera-
ture difference of each measuring point decreases
with the increase of depth, and the main reason is
the effect of external factors, such as solar radia-
tion, wind direction, wind force, ground snow,
etc. , on the temperature of subgrade, which decreases
gradually with the increase of depth. At a certain
depth, the annual change curve of ground temperature
will become closer to a straight line, which means that
the soil reaches a thermally stable state.

Fig. 6 presents the changes of permafrost table
at the subgrade center, in which the distribution of
ground temperatures over depths are counted from
the natural ground surface. Fig. 6 shows that the
permafrost table is lifted with the uplift amplitude
of about 0. 4 m at the early stage of the subgrade
completion while within a certain depth range be-
low the permafrost table, temperature of frozen
soils increases. In the second year after the sub-

grade is completed, the permafrost table declines
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Fig. 5 Changes of ground temperature with different
depths in subgrade center
Es5 BEPLARREMBHTL
with an amplitude of about 0. 07 m, but the tem-
perature of underlying permafrost continues to
show an increasing trend. To sum up, changes of
artificial permafrost table of subgrade will consume
the cold-storing quantities of underlying perma-

frost against the background of global warming.

T/C
—01.0 —0.5 0 0.5 1.0
_2 .
_4 -
£
|
2 ~6f
-
Q H
-8} fi — Subgrade centre (2013)
: Subgrade centre (2014)
: ----Natural ground (2013)
—10F |
1oLt

Fig. 6 Position of permafrost table
Ee6 FLrERMUE

2.2 Moisture-thermal coupling model validated
2.2.1 Geometric model and physical parameters

In order to verify the moisture-thermal cou-
pling model established in this paper, the following
section adopts a moisture-thermal coupling model
based on the secondary development of COMSOL

to simulate the changing features of temperature

field of XPS insulated board embankment test sec-
tion in Maduo site of Gonghe-Yushu Expressway.
Physical parameters of different soil layers of sub-
grade are summarized in Tab. 1. The numerical
model is established as shown in Fig. 7 and the spe-
cific geometrical dimensions are as follows: the
surface width of the subgrade is 10. 0 m; its bot-
tom width is 16. 6 m, with the height of 2. 2 m;
and the slope gradient is 1 ¢ 1. 5. XPS insulated board
is laid in the depth of 80 cm under the pavement, the
thickness of XPS insulated board is 8 cm.
2.2.2 Simulation process and model validation

In the background of global warming and the
temperature rising 2. 6 ‘C within 50 years, this pa-
per simulated the variation features of temperature
field of subgrade built 2 years later. The water
boundary of the subgrade is set as constant, there
is no external water supply. and water content of
the subgrade soil is the initial water content. The
thermal boundary conditions of the numerical sim-
ulation are as follows: according to field monito-
ring results, thermal boundary condition of the
bottom of the model is set as the temperature value
of —1 °C. The first thermal boundary condition is
adopted at the upper boundary of the model, ex-
pressed with a cosine function shown in Eq. (9).
The parameters in Eq. (9) is obtained by fitting
the measured ground temperature from 2013 to
2014. The fitting parameters are shown in Tab. 2

T=T,+0. 052t/365+Asin(2mﬁ/365+gmt) 9)
where T, is the mean annual temperature ('C); A
is the temperature amplitude; ¢ is the initial phase
temperature.

Firstly, with no subgrade having been built
yet, temperature field of the soil after 50 years was
calculated, and upper thermal boundary was set as

thermal boundary of the natural ground surface ac-

Tab. 1 Physical parameters in different soil layers

®1 TEALEHYESH

Parameters D/m o/ (kg *+ m ) |Ci/Jekg '« C H|C/Jekg te T DA/ (Wem e C DA/ (Wem e CH)
Sandy gravels 1 2.2~0 1 800 1024.6 1254.6 1.310 1.170
XPS board 1.4~1.32 30 1250.0 1 250.0 0.028 0.028
Sandy gravels 2 0~—1.8 1 800 1024.6 1254.6 1. 310 1. 170
Silty sand —1.8~—3.8 1 400 1275.5 1464.1 0. 790 0. 840
Sandy gravels 3| —3.8~—15 1 800 1024.6 1254.6 1. 310 1.170

Note: D is depth of soil layer.
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(a) October 16,2013

(b) March 16",2014
Unit:"C

Fig. 7 Distribution characteristics of subgrade temperature field
7 BERESN ST

Tab.2 Mean annual temperature and amplitude

®2 MUESEFHERE C
Position T, A @
Subgrade center 1. 38 4.09 1. 86
Left side slope 1.22 8. 00 2.33
Right side slope 0.19 7.84 2.32
Natural surface —0.65 6. 00 2.31

cording to Eq. (9) so that the stabilized ground

temperature field could be regarded as initial value
Then, with

consideration for subgrade filling, the initial ground

of natural foundation temperature.

temperature of subgrade was the mean annual ground
temperature of the foundation surface after 50 years.
Based on the established moisture-thermal
coupling model of frozen soils, ground temperature
distribution characteristics in October 16™ of the
second year and those in March 16™ of the third
year after the construction of roadbed are simula-
ted, and the distribution characteristic of subgrade
temperature field is shown in Fig. 8. The simula-
ted and measured values for the thawing depth of
the natural ground at different time are shown in
Fig. 9. It can be seen that the simulated thawing
depth is close to the measured value, and the error
between simulated values and measured values is
less than 0. 3 m. Additionally, these results can

prove the validity of the moisture-thermal coupling

—0.5F

—1.0f

— 1.3

Thawing depth/m

~2.0 _a— Measured values

—e—Simulated values

1 L )

20140704 20140902 20141101
Date

—2.5
20140505

Fig.8 Simulated and measured values for thawing depth of
natural ground at different dates

B8 R A E B R R R BE S

—1.01

—a—S8G —o— SC ——SSG

|
L
=

T

Location of PT/m
h
o

--- ---Fitting curve of SG
--—+--Fitting curve of SC
--=--Fitting curve of SSG 2
49 3 6 9 12 15
Time/d

Fig. 9 Change laws of permafrost table (PT) of subgrade with
different filling materials
B9 AEEMELTHELZL EROTUNRE

model.

3 Calculation model of permafrost table

3.1 Numerical calculation of permafrost table

Long-term deformation of subgrade in warm
frozen soil regions is mainly caused by thaw settle-
ment of frozen soils, while the main reason for
subgrade thaw settlement is the decline of artificial
permafrost table. In permafrost regions, the dete-
rioration rate of artificial permafrost table is gener-
ally regarded as a referential index of subgrade
thaw settlement. Therefore, by the moisture-heat
coupling model, the paper calculated the impact
degrees of different conditions on the decline of
permafrost table, including different filling types.,
annual mean ground temperature, height of sub-
grade, laying location of XPS insulated board and
climate warming. Tab. 3 shows the location of per-
mafrost table at the subgrade center under different
working conditions.

Taking the first working condition (different
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Tab.3 Change position of permafrost table of subgrade center under different working conditions with times

x3 FEIATHEROHEL EREMNEHNELLE

Permafrost table changes/m
Working condition year CWC

1 year 3 years | 5 years | 7 years | 9 years | 11 years | 13 years | 15 years
SG —1.60| —2.08 —2.30 —2.46 —2.62 —2.84 —3.05 —3.22
Filling type sC ~1.00| —1.52 | —1.80 | —1.98 | —2.18 | —2.36 | —2.54 | —2.76
SSG —2.00| —2.40 —2.70 —2.86 —3.08 —3.32 —3.56 —3.70
—0.5C —1.80| —2.09 —2.28 —2.45 —2.63 —2.90 —3.10 —3.30
Mean annual ground temperature —1.0C —1.60] —2.08 | —2.30 | —2.46 | —2.62 | —2.84 | —3.05 | —3.22
—1.5C —1.84] —2.1 —2.30 —2.44 —2.59 —2.78 2.99 —3.20
2.2 m —1.60| —2.08 —2.30 —2.46 —2.62 —2.84 —3.05 —3.22
Subgrade height 2.6 m —1.72| —2.12 —2.29 —2.45 —2.61 —2.80 —3.00 —3.13
3.0 m —1.84| —2.07 —2.26 —2.42 —2.63 —2.78 —2.89 —3.00
0.4 m —1.90| —2.22 —2.40 —2.56 —2.72 —2.96 —3.20 —3.43
XPS insulated board position 0.8 m —1.60| —2.08 | —2.30 | —2.46 | —2.62 | —2.84 | —3.05 | —3.22
1.2 m —1.28] —1.90 —2.20 —2.37 —2.56 —2.76 —2.95 —3.13
0 —1.55] —1.90 —2.00 —2.10 —2.15 —2.16 —2.22 —2.23

Climate warming rate
0.052 °C per year —1.60| —2.08 —2.30 —2.46 —2.62 —2.84 —3.05 —3.22

Note; CWC is stand for classification of each working condition; SSG is stand for silty soil with gravel; SG is stand for sandy gravels; SC is

stand for silty clay.
Tab. 4 Fitting formulas of permafrost table change of
subgrade with three different fillers

R4 ZHAREMHBEENFL EREAMEAK

Subgrade filling Fitting formula Correlation coefficient
SG(1-1) P=—1.666—0.107¢ 0.969
SC(1-2) P=—1.153—0.11z 0.978
SSG(1-3) P=—2.011—0.118¢ 0.982

Note: P is stand for position of permafrost table.
filling types) as an example, Fig. 9 indicates the
linear fit of changing laws of permafrost table of
subgrades with different fillings over time. The
fitting formulas of permafrost table of subgrades
with different fillings are shown in Tab. 4.
3.2 Establishment and verification of the calcula-
tion model

With the consideration of different impact de-
grees on permafrost table under different working
conditions, importance of the five indexes (filling
type, annual mean ground temperature, height of
subgrade, laying locations of XPS insulated board
and climate warming) was analyzed at first. The
paper applied the entropy weight method to calcu-
late the weight of the five indexes. The specific
calculating process is as follows:

(1) Standardizing treatment

The five given indexes X, (j=1, 2, +--, 5) shoud

be standardized, among which X; = {x, 22, 2, }.
The standardized values of the five indexes Y;
v — X, —min(X,)
7 max(X;) —min(X,)

(2) Information entropy of each index

(10)

According to the definition of information en-
tropy from the theory of information, the informa-

tion entropy ¢; of a data set data is

__ 1 N
e, = mmnzﬂm@” (1)

i=1

-V < (12)

- m
>y,
i=1

where p; (i=1, 2, +-+, m) is weight of individual

Py

index; Y is standardized values of individual index
of the five indexes.

(3) Weight of each index

In accordance with the calculation formula of
information entropy, the information entropy of
the five indexes is e; 5 €55+, e; and the avail value

of the index d;=1—e¢;,.

J

Weights w; of the five in-

dexes are calculated by information entropy

d,
24,
j=1

By using MATLAB software, weights of fill-

ing types, annual mean ground temperature,

w;, = (13)
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height of subgrade, laying locations of XPS insula-
ted board and climate warming, were calculated as
0.36, 0.01, 0.02, 0.04, 0.57, respectively. From
the data above, filling type and climate warming have a
significant effect on the decline of permafrost table.
Therefore, by considering the two most significant fac-
tors that affecting the decline of permafrost table as
well as on the basis of the conclusion that permafrost
table increases linearly with time under different work-
ing conditions, the fitting model of permafrost table is

p=X TA F+XLR+2:In(s) 14)
where p refers to permafrost table; F refers to
subgrade fillings; R refers to warming tempera-
tures which is 0. 052 °C per year; t, refers to time
(year); A, (k=0,1,2,3) is coefficient.

By adopting MATILLAB statistical tool, the multi-
variate linear regression is conducted on the two major
factors affecting the decline of permafrost table. The
calculation model of permafrost table is

p=—0.967—0.217F—0. 235R-+0. 509In(x) (15)

To verify the calculation model of the perma-
frost table of XPS insulated board subgrade, the
measured values of reference were used to compare
with the calculated values of the model®*%’. Fig. 10
shows that the measured and calculated values
have a higher degree of agreement, and the error
between measured and calculated values was kept
within 0. 06 m. Therefore, the calculation model
of permafrost table change can reflect the degrada-

tion trend and the magnitude of permafrost table.

2 Il Measured values
[ Calculated values
E
=2t
-9
Gy
(=]
o
=2
=
0
2001 2000 1999 1998 1997

Year

Fig. 10 Measured and calculated values of
PT of XPS insulated board subgrade
B 10 XPSIREBWBELSL FRMUENESITEE

4 Conclusions

(1) By comparing the simulated and the measured

temperature fields, it has been verified that the mois-
ture-heat coupling model is able to simulate exactly the
changing laws of temperature field of XPS insulated
board subgrade in warm permafrost regions.

(2) The temperature on the left side of subgrade
within a certain range is higher than that on the right
side within the corresponding range both in cold and
warm seasons, which proves that after building the
embankment, ground temperature distribution of sub-
grade varies greatly between the south-faced slope and
the north-faced slope as a result of slope orientations
and different boundary conditions.

(3) The artificial permafrost table is lifted with
value of 60 cm at the early stage of subgrade comple-
tion. Then, the artificial permafrost table decreases 10
cm per year, but the temperature of the underlying
permafrost has an increasing tendency year by year all
the time. This implies that the changes of artificial
permafrost table will consume the cold-storing quanti-
ties of underlying permafrost.

(4) The artificial permafrost table of subgrade
increases linearly with time under different condi-
tions. Moreover, filling type and climate warming
are two major factors affecting the decline of per-
mafrost table, and the calculation model of perma-
frost table is established. Conclusively. the calcu-
lation model in permafrost regions serves as a fa-
vorable reference for traffic departments to carry
out prediction on long-term life of XPS insulated
board subgrade in future.

(5) Ground temperature of XPS insulated
subgrade in warm permafrost regions should be
monitored continuously, and the calculation model
of permafrost table of XPS insulated board sub-
grade in warm permafrost regions should be fur-
ther improved by comparing the calculated values

with the measured values.
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