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Abstract The objective of this study was to investigate the
effects of diurnal temperature fluctuation amplitude (DTFA)
on the geothermal regime of the embankment on the
Qinghai–Tibet plateau. The investigation was simulated
by respectively denoting the diurnal temperatures at the
embankment surface, embankment slope, and natural
ground surface with sinusoidal waves. The amplitudes of
the waves were denoted by 0°C, 5°C, 8°C, and 12°C,
respectively. The numerical result shows that the DTFA
cannot vary the frequency of the seasonal temperature
fluctuation of the underlying soil, but can significantly
change the magnitude of the soil’s temperature. The
changes include: (1) The high DTFA, such as 12°C, can
significantly lead to the warming of the soil under the
embankment. (2) Interestingly, when the DTFA at ground
surface is 5°C, the underlying soil is in a cooler stage
compared to when such DTFA is 0°C, 8°C, or12°C. This
interesting result means that the documented model which
ignores the diurnal temperature rhythm overestimates the
warming of the underlying soil at the low DTFA region and
underestimates such warming at the high DTFA region. This
result also suggests that the soil under the embankment can
be cooled down if the DTFA on the ground surface was
maintained at or approximately at 5°C.

Keywords Geo-temperature . Diurnal temperature
fluctuation amplitude (DTFA) . Cold energy .Warm energy .

Thermal regime

Introduction

The geo-temperature under the embankment along the
Qinghai–Tibet Line, including the Qinghai–Tibet Railway
and Qinghai–Tibet Highway, is a crucial factor determining
the performance of the roadway (Cheng et al. 2008b; Ma et
al. 2008; Qin et al. 2010; Qin and Zheng 2010; Zhang et al.
2008). Numerical models used to simulate this geo-
temperature have been well documented (Li et al. 2009;
Zhang et al. 2005a). In these models, the temperatures
denoted on the boundary of the embankment slope surface,
embankment surface, and natural ground surface were
considered as a linear function (the effect of climate
warming) plus a sinusoidal wave (the seasonal rhythm).
The diurnal temperature fluctuation was not counted.

However, without considering the diurnal temperature
rhythm may lead to the underlying soil’s temperature being
incorrectly predicted because the ground surface temperature
in the Qinghai–Tibet Plateau fluctuates seasonally and
diurnally. This incorrect prediction of the upper boundary
conditions will definitely not guarantee the estimation for the
long-term thermal stability of the underlying permafrost. In
fact, when the diurnal temperature rhythm is considered, the
temperature near the ground surface is completely different.
The diurnal temperature rhythm forms a high nonlinear
temperature gradient near the ground surface (Armagahni et
al. 1987), potentially varying the geothermal regime under
the roadway embankment both in the short and long terms.
Considering such potential variation, a numerical model
based on approximately 9000 hours in situ temperature has
been done to estimate the geo-temperature under an
embankment along the Qinghai–Tibet Railway (Li et al.
2007; Quan et al. 2006). The result shows that the diurnal
temperature fluctuation amplitude (DTFA) does affect the
underlying thermal regime in the short term. However, since
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9000 hours in situ temperature is of short-term data, this
model was unable to capture the long-term effect of DTFA
on the geothermal regime. Therefore, it is of necessity to
investigate the effect of DTFA on the geothermal regime in
the cold region and estimate the geo-temperature under the
ground surface which experiences different DTFAs.

This study firstly used a numerical model which assumes
the roadway embankment services at regions within
different DTFAs to illustrate the geo-temperatures of the
soil under the embankment. In the upper boundary, the
DTFA at the embankment surface, embankment slope, and
natural ground surface are approximated as sinusoidal wave
according to the published literature (Andersland and
Ladanyi 1994). The DTFAs were denoted by 0°C, 5°C,
8°C, and 12°C, respectively. The numerical result shows
that the DTFA cannot vary the seasonal temperature
fluctuation characteristics of the underlying soil, but can
significantly change the magnitude of the geo-temperature.

This study secondly examined the mechanism of the
effect of DTFA on the geothermal regime. The thermal
conductivity of unfrozen soil is greater than that of frozen
soil because ice conductivity is approximately four times the
water conductivity. Therefore, when the DTFA is of lower
magnitude, during a given year, the absorbed cold energy is
greater than the absorbed warm energy. This net heat loss
leads to the underlying soil maintained at a cool state.
However, when in warm season, the DTFA is high enough to
partially thaw the underlying permafrost layer; during a
given year, the absorbed warm energy is greater than the
absorbed cold energy because the warmed energy is stored in
the permafrost layer. Therefore, the soil under high DTFA is
usually in a warmer state compared to that under low DTFA.

Numerical model

The dimension of the computational domain

To investigate the effect of diurnal temperature on the
geothermal regime was the purpose of this study. The effects
of the embankment height and the embankment strike on
geo-temperature under the embankment can be neglected.
With this purpose in mind, the geometry of the embankment is
not the crucial factor to be considered. Therefore, a numerical
simulation for the thermal conditions of the embankment
section located at the Beiluhe site can satisfy the investigation
purpose. The geological details for this site can be referred to
previous works (Ma et al. 2008; Yu et al. 2008).

To simplify the simulation, it is regarded that the
embankment is a symmetric geometry (Fig. 1) by neglecting
the so-called slope orientation effects, which has been well
documented (Chenji et al. 2006; Ya-ling et al. 2008). This
neglect is reasonable because the slope orientation effects are

mainly on both the annual mean temperature and seasonal
temperature variation of the embankment slope surface. A
simulation for the heat conduct process within both the
embankment and underlying soil is degraded to a two-
dimensional heat transfer model. In the model, the width and
height of the embankment are 3 and 8 m, respectively, and
the side slope of the embankment is 1:1.5. The selected
physical domain for computation was extended 20 m outward
from the embankment toe and −30 m deep downward from
the natural ground surface. The depth of the natural
permafrost table is −2 m. Underneath the embankment
underlies a 2-m thickness of the active layer, and beneath
the active layer contains 2-m-thick ice-rich permafrost layer
and then 26-m-thick ice-poor permafrost layer.

Material properties

The railway embankment at the Beiluhe site is usually filled
by gravel and soil (Zheng et al. 2010). The soil beneath the
embankment can be roughly divided into three layers: active
layer, consisting of fine sand and silty soil; ice-rich
permafrost layers, comprising ground ice and sub-clay; and
ice-poor permafrost layer, consisting of weathered mudstone
(Zheng et al. 2010). The soil’s thermal parameters of these
three layers, as well as those of the embankment fill, are
shown in Tables 1 and 2 (Zhang 2007).

1:1.5
20m

4m

26
m

2m
2m

Gravel soil layer

active layer (Gravel and sandy soil)

ice-poor permafrost layer (sand and 
mudstone)

ice-rich permafrost layer (sub-clay)

Fig. 1 Computational domain

Table 1 Thermal conductivity parameters of the medium

Stratum Dry bulk
density
(kg/m3)

Total
water
content
(%)

Thermal
conductivity
(J, mhK)

Frozen
soil

Thawing
soil

Fill (gravel soil
layer)

2,060 6 5,040 4,140

Active layer (gravel
and sandy soil)

1,880 15 8,692 6,613

Ice-rich permafrost
(sub-clay)

1,280 35 7,632 5,112

Ice-poor permafrost
(sand and mudstone)

1,800 15 6,552 5,760
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Boundary conditions

Temperature boundary conditions of the computational
domain are shown in Fig. 2. The temperature of the upper
boundary conditions fluctuates seasonally and diurnally and
is also affected by global warming. These boundary
conditions can be characterized by:

Ti ¼ T0 þ 0:02t þ Ai sin
2pt
8760

þ p
2

� �

þ Di sin
2pt
24

þ p
2

� �
ð1Þ

where Ti (°C) (i = 1,2) is the temperature boundaries for the
embankment surface (T2), slope surface T2, and the natural
ground surface (T1); T0 (°C) is the mean annual temperature
at the Beiluhe permafrost station; t (h) is the simulated time;
and Ai and Di are the seasonal and diurnal temperature
fluctuation amplitude, respectively. The first π/2 means the
simulation begins from the warmest day of the first year; the
second π/2 in the first and second sinusoidal expressions
signifies that the simulation begins from the warmest time of
the warmest day. It merits noting that in Eq. 1, the
temperature peak of a given day is at 12:00 P.M. because
the last term of this equation is a sinusoidal function with π/2
phase. If such peak at field appears at 1:00 P.M., 3:00 P.M., or
anytime between them, the phase of this term could change
from π/2 to a value such that the diurnal peak in Eq. 1 can
exactly match the site-specific condition.

All the parameters in Eq. 1 can be referred to Table 3.
According to a documented literature (Qin, 2002), the rate
of global warming in the Qinghai–Tibet plateau is given as
0.02°C/year. The mean annual temperature, T0, is −1.5°C
for the natural ground surface and −0.46°C for the surfaces
of the slope and embankment. The amplitude of seasonal
temperature fluctuation, Ai, is 11.5°C for the natural ground
and 14.5°C for the surfaces of the slope and embankment.
The diurnal temperature fluctuation amplitude Di is denoted
0°C, 5°C, 8°C, and 12°C, respectively. For the bilateral
boundary conditions, shown in Fig. 2, these boundaries are
adiabatic. For the boundary condition at the bottom of the
model, a temperature gradient of 0.03°C/m is usually
assumed when the geo-temperature in the Beiluhe region
was simulated (Ya-ling et al. 2009; Zhang et al. 2005b).

Initial condition

Proper initial temperatures have to be denoted for the soil
beneath the ground surface and for the embankment. The
initial temperature condition for the soil beneath ground
surface is obtained from a long-term (100 years) transient
heat transfer solution for the geo-temperatures of the natural
ground. This solution was achieved by neglecting the effect
of both global warming and diurnal temperature fluctuation
in Eq. 1 and by deleting the geometry of the embankment at
the computational domain shown in Fig. 1. A detailed
calculation for this initial temperature can be referred to the
work of Zhang et al. (2005b). The initial temperature for

Table 2 Heat capacity of the medium

Stratum Specific heat (J, kgK)

20.0–
0.0°C

0.0°C to
−0.2°C

−0.2°C to
−0.5°C

−0.5°C to
−1.0°C

−1.0°C to
2.0°C

−2.0°C to
−3.0°C

−3.0°C to
−5.0°C

−5.0 to
−10.0°C

−10.0°C to
−20.0°C

Fill 861.7 62,405 9,060 3,497 2,156 1,004 973.5 820.2 706.6

Active layer 1,100 91,594 18,245 8,631.8 3,737.5 1,799 1,367.3 1,032.4 851.8

Ice-rich
permafrost

1,608 130,278 35,903 11,864 6,678 6,640 2,702 1,737 1,222

Ice-poor
permafrost

1,272 1,267 39,562 16,080 6,160 3,658 2,364 1,476 981.8

  

 

 
  

 

Fig. 2 Boundary conditions of the computational domain

Table 3 Parameters for Eq. 1

i Natural ground (°C) Slope and embank. sur (°C) Di (°C)

T0 Ai T0 Ai

1 −1.5 11.5 −0.46 14.5 0

2 −1.5 11.5 −0.46 14.5 5

3 −1.5 11.5 −0.46 14.5 8

4 −1.5 11.5 −0.46 14.5 12
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the embankment fill is denoted as 2°C since the construc-
tion of the embankment completed in September, a month
with a mean monthly temperature of 2°C (Li et al. 2006).

Simulation information

The simulation was run using MSC. Marc2005. A 12-node
quadratic isoparametric element was used to accelerate the
convergent rate. The simulated time t is 10 years. The
increment of the time step is 3 h.

Result

Temperature series

The temperature characteristic of the soil under the
centerline of the embankment is an important factor
determining the stability of the embankment. Under this
centerline, the geo-temperatures of the active layer, of the
soil around the permafrost table, and of the ice-rich
permafrost layer are usually used to estimate the thermal
stability of the embankment. In the following, the geo-
temperatures at depths of 0.5, 2, and 4 m was recorded and
discussed (note that the depth is counted from the natural
ground surface rather than the embankment surface).

Under different DTFAs (0°C, 5°C, 8°C, and 12°C), the
temperature series of the soils at the same depth exhibit
different characteristics. Figures 3a, 4a, and 5a plot the geo-
temperatures at depths of 0.5, 2, and 4 m, respectively. These
figures show that under different DTFA, the frequency of
seasonal temperature fluctuation of the underlying soil is
similar but the geo-temperatures at the same depth exhibit
different trend. These differences are apparent in that:

1. The geo-temperature of the soil under the 12°C DTFA is
greatly larger than that under the 0°C, 5°C, and 8°CDTFAs.

2. The geo-temperature of the soil under the 8°C DTFA is
of the lowest temperature approximately in the first
4 years, but after that, this geo-temperature rises.

3. The geo-temperature of the soil under the 5°C DTFA,
although slightly higher than that of the soil under the
8°C DTFA at the first 4 years, is of the lowest
temperature approximately after the fourth year.

These differences can be more clearly seen from Figs. 3b,
4b, and 5b. The geo-temperatures of the soil under the 5°C,
8°C, and 12°C DTFAs are subtracted by those of the soil
under the 0°C DTFA. The subtraction results versus the
predicted years are plotted in Figs. 3b, 4b, and 5b, which
show that when the DTFA is 5°C, the underlying soil
continually cooled down. In contrast, the soil under the 12°C
DTFA is progressively warmed up during the predicted years.

Three conclusions can be drawn from a comprehensive
look at Figs. 3, 4, and 5. First, when the DTFA is
considered, the numerical result for the underlying thermal
regime is completely different from the result obtained
when ignoring the DTFA. Second, the ground surface
experiencing high DTFA, such as 12°C, leads to a warming
of the underlying soil. The ground surface experiencing
lower DTFA, e.g., 5°C or 8°C, results in a cooling of the
underlying soil. Third, in the short term, a ground surface
experiencing 8°C DTFA is helpful for the stability of the
underlying permafrost, but in the long term, the permafrost
under the embankment built in the region with 5°C DTFA
will obtain an excellent thermal stability.

Temperature profile of the soil under the centerline
of the embankment

When considering the effect of DTFA, the temperature
profile of the soil under the centerline of the embankment is
completely different. Figure 6 shows the temperature
profile in both the warmest and coldest days of the
predicted tenth year. The figure shows that:

1. The geo-temperatures under the surface experiencing
12°C DTFA are greatly warming.

2. The geo-temperatures under the ground surface under-
going 5°C DTFA are of the lowest magnitude.
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3. From the 0- to −4-m depth, in cold season, the geo-
temperatures under the surface experiencing 0°C and
8°C DTFAs are almost in the same magnitude, but in
warm season, the soil under 0°C DTFA is warmer than
that under 8°C DTFA.

4. A12°CDTFAcan lead to the underlying soil beingwarmed
downward to approximately −18-m depth, while 0°C, 5°C,
and 8°C DTFAs can only affect the geo-temperatures
downward to a depth of approximately −13m.

These four characteristics support the conclusion in
“Temperature series”. Two additional conclusions can be
drawn here. First, if the effect of DTFA on geothermal
regime is ignored and the DTFA is of a comparatively lower
value such as 5°C or 8°C, the warming of the underlying soil
is overestimated, especially in warm season. The warming of
the underlying soil is underestimated if the DTFA is of high
magnitude, such as 12°C. Second, the higher the DTFA, the
deeper is the geothermal regime affected.
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Daily temperature near the original permafrost table

Although the soil under −2-m depth (beneath the centerline of
the embankment) does not experience daily temperature
rhythm, the temperature at this depth is greatly different in
magnitude. Figure 7 shows that the temperature at the depth
of 2 m under the ground surface experiences 0°C, 5°C, 8°C,
and 12°C on the warmest and coldest days of the tenth
predicted year. First, this soil (−2-m depth) does not undergo
a daily fluctuation rhythm, even though the ground surface is
denoted with DTFA. Second, under individual DTFA, the
geo-temperatures at −2-m depth are greatly different in
magnitude. The soil under the surface experiencing 12°C
DTFA is of the warmest stage compared to that under the
ground surface undergoing 0°C, 5°C, and 8°C DTFAs.

Themechanismof the effect of theDTFAongeothermal regime

Lower DTFA

The temperature series, temperature profile, and daily
temperature for the soil under the embankment located at
regions with different DTFAs have been illustrated above.
It is found that the documented model which ignores the
diurnal temperature rhythm overestimates the warming of
the underlying soil at the low DTFA region and under-
estimates such warming at the high DTFA region. The
mechanism of the effect of the DTFA on the geothermal
regime is illustrated in the following.

To understand the mechanism regarding why the
underlying soil under the low DTFA is in a cooler state
than that under the high DTFA, we make the following
assumptions:

1. This low DTFA is low enough so that the diary
fluctuation cannot directly lead to the phase change of
the underlying permafrost; that is, the warm energy

from low DTFA heat transfer is not stored in the
permafrost layer.

2. The thermal gradient, gradT, near the ground surface
can be roughly calculated by dividing the difference
between the temperatures at ground surface, T (°C), and
at the depth of d (m), Td (°C), by d. That is,
gradT Tj ¼ T�Td

d . This calculation is schematically
shown in Fig. 8.

3. When the temperature at the ground surface changes to
T + f, the depth of d changes to d + ε. Here, ε>0, f>0.
That is, gradT jTþf ¼ Tþf�Tdþ"

dþ" . Setting d as the depth of
frost penetration, it is easy to find d»ε according to the
Berggren equation (Andersland and Ladanyi 1994). It
is known that the soil temperature changes slightly
underground compared to the temperature at the ground
surface; therefore, gradT jd�" ¼ Tþf�Td

dþ" :.

Heat flow difference between ignored and considered DTFA
in warm season

Because the period of seasonal temperature rhythm
(8760 hours) is two orders greater than that of diurnal
temperature (24 h), the temperature of a given day is
regarded as a constant if the DTFA is ignored. So when the
DTFA is ignored, the daily thermal gradient, gradT jTav , is

gradT jTav ¼
Tav � Td

d
ð2Þ

where Tav is the average daily temperature. When the DTFA
is considered, the ground temperature is always deviated
from the average daily temperature, Tav.

In warm season, set this deviation as f 0 � f � Dið Þ. It is
noted that f varies with time. Because of the anti-symmetry
of the sinusoidal wave on a given day, the temperature of
the ground surface is Tav − f at one specific time and Tav + f
at another specific time. For example, provided Tav = 10°C
and at T6:00a:m: ¼ 10� 3ð Þ°C, using Eq. 1 yields T6:00p:m: ¼
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10þ 3ð Þ°C. According to assumptions 2 and 3, the
summation of the thermal gradient at these two specific
times is:

gradT jTavþf þ gradT jTav�f ¼
Tav þ f � Td

d þ "
þ Tav � f � Td

d � "
:

ð3Þ
Therefore, for the time at “T = Tav” in warm season, the

heat flow difference, Δqwarm, between the ignored and
considered DTFA is

Δqwarm ¼ �kwarm � ½0:5� ðgradT jTavþf þ gradT jTav�f Þ � gradT jTav �
ð4Þ

where kwarm is the equivalent thermal conductivity of the
soil layer ranging from the ground surface to the depth of d.
Considering that d»ε, Eq. 4 becomes

Δqwarm ¼ kwarm � f "

d2
: ð5Þ

Equation 5 suggests that in warm season, considering the
effect of DTFA results in more warm energy being
penetrated to the underlying soil than ignoring that effect.

Heat flow difference between ignored and considered DTFA
in cold season

In cold season, the heat flow difference between the ignored and
the considered DTFA isΔqcold. To calculateΔqcold, three steps
need to be done. First, refer the time of T = Tav in warm
season to the time of T ¼ �Tav þ 2� T0 in cold season using
Eq. 1. It is noted that this reference is a one-by-one function
because of the anti-symmetric characteristics of seasonal
sinusoid function. For instance, in Fig. 8, point B is referred

to point A. Second, evaluate whether in Eq. 2 the parameter d
in point B is equal to that in point A. Set d in warm season as
dw and in cold season as dc. If the average annual temperature
T0 shown in Eq. 1 is exactly 0°C, then dw = dc. In permafrost
region T0<0; thereby, dc is theoretically greater than dw. In the
Qinghai–Tibet plateau −3.5<T0<0 (Wang and French 1994),
it thus has dw ≈ dc = d. Third, do the same process from
Eqs. 2, 3, 4, and 5 and note that the sign of ε in Eq. 3 has to be
changed from positive to negative and from negative to
positive. Having done these three steps, we have:

Δqcold ¼ �kcold � f "

d2
: ð6Þ

Equation 6 signifies that considering the effect of DTFA
results in more cold energy being transferred downward to the
underlying soil than ignoring that effect.

Thermal budget after considering the effect of DTFA

The net cold energy is positive when the DTFA effect on
geo-temperature is counted. The thermal conductivity of
unfrozen soil is greater than of frozen soil because ice
conductivity is approximately four times that of water
conductivity. In cold season, the free moisture in the soil
near the ground surface is partially frozen; the thermal
conductivity of this soil increases. Thus, it is true that
kcold > kwarm (Cheng et al. 2008a; French 2007).
Therefore, the different heat flow between the ignored
and the considered DTFA, Δq, during the two anti-
symmetric times (the special time in warm season B and
its referred time in cold season A) is:

Δq ¼ � kcold � kwarmð Þ f "
d2

< 0: ð7Þ

Fig. 8 Geo-temperature profile
used to calculate the thermal
gradient near ground surface
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Summating Eq. 7 in all the time of a given year yields the
annual thermal budget difference between the ignored and
the considered DTFA. This summation is of negative
magnitude, indicating that not considering the low DTFA
on geo-temperature overestimates the warming of the
underlying soil; that is, the existence of low DTFA can
maintain the underlying soil in a cool stage.

High DTFA

When the DTFA is of high magnitude, a residual warm energy
is stored in the underlying soil because the penetrated warm
energy partially thaws the shallow permafrost layer. In warm
season, a high DTFA results in a high positive thermal gradient
near the ground surface, facilitating the warm energy to
partially thaw the underlying permafrost and thus making the
warm energy stored. In cold season, the high negative thermal
gradient near the ground surface allows the cold energy to
penetrate to and through the permafrost layer because the
permafrost’s thermal conductivity in cold season is greater than
that in warm season. The store of cold energy is thus less than
of warm energy. In the high DTFA region, this unequal energy
store results in the underlying permafrost being warmed.

Discussion

Specific DTFA for different ground surfaces

The current model which does not take the DTFA into
consideration has overestimated the warming of the underly-
ing soil. In fact, the DTFA of the boundary condition T1 in
Fig. 2 is quite lower compared to the boundary condition T2
because the natural ground (T1) is covered by vegetation
while the embankment surface and slope (T2) are bald.

When the geothermal regime under asphalt or PCC
pavement is estimated, not considering the effect of DTFA
will underestimate the warming of the underlying permafrost.
The dark color of asphalt pavement and gray color PCC slab
absorb considerable solar heat at noon; the DTFA of these
pavement surfaces is therefore usually >12°C (Yu et al. 1998).

Maintaining the DTFA on the embankment surface and
slope at approximately 5°C is an alternative to ensure the
stability of the permafrost under roadway embankment. If the
DTFA on the embankment surface is 5°C (Figs. 3, 4, and 5),
the soil under the embankment can maintain in a cooler stage
in the long run compared with the embankment surface with
0°C, 8°C, or 12°C DTFAs.

Limitation of this study

To investigate the effects of DTFA on the geo-temperature
of the underlying soil in the permafrost region, the daily

temperature is assumed to approximate a sinusoidal wave.
This approximation makes sense if the daily weather does
not significantly vary (Armagahni et al. 1987). However,
when the daily weather significantly changes, for instance,
from sunny to rainy, using sinusoidal function to approx-
imate the real temperature leads to considerable error.

Conclusion

1. The DTFA cannot change the seasonal geo-temperature
fluctuation, but can significantly change the magnitude of
the geo-temperature. When the DTFA is ignored in the
computational model, the warming of the underlying soil
is overestimated if the DTFA is of comparatively low
magnitude such as 5°C or 8°C, but underestimated if the
DTFA is of a high magnitude such as 12°C.

2. The soil’s thermal conductivity in cold season is larger
than that in warm season, resulting in the absorbed cold
energy in cold season being larger than the absorbed
warm energy in warm season. Therefore, lower DTFA
can maintain the underlying permafrost in a cool state.

3. High DTFA results in that, in warm season, warm energy
partially thaws the underlying permafrost layer. This phase
change leads to warm energy being stored in the permafrost
layer. High DTFA is therefore deleterious to the stability of
the permafrost under the roadway embankment.
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