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4. Numerical Simulation

In the following we present some results from numerical model calculations which use the
measured ground surface temperature variations 7(z) at the Beiluhe test embankment as input
data. The model was set up with the commercial finite element software COMSOL Multiphysics,
Version 4.2. It is two-dimensional, i.e. the domain of computation is a vertical cross section, with
x being the lateral coordinate (across the embankment) and y being the vertical coordinate.
Dimensions and layering of the embankment and the natural ground have been chosen similar to
those used in previous papers by [Lai et al. 2004] and [Lai et al. 2006]. The extension of the
computational domain in lateral direction is 30 m in both directions from the road center, and the
depth extension is 30 m from the natural surface. The total road width is 8§ m and the
embankment slopes have an inclination of 33°. The total height of the embankment above ground
level is 4 m. The natural ground is assumed to consist of three layers with different thermo-
physical properties: (i) a 2 m thick surface layer composed of clay with moderate water content,
(i1) a 3 m thick ice-rich clay layer, and (ii1) a bottom layer composed of metamorphic rock with
low water content. The embankment material is assumed to consist of a mix of gravel and grit
with low water content. Water content and thermo-physical parameters of the different layers in
frozen and unfrozen condition are listed in Table 1. For the density, which is necessary to
calculate the volumetric heat capacity from the given heat capacity by weight, a value of
1800 kgm™ was used throughout. In addition the melting heat of ice Ouer = 3.33 x10° Jkg™ is
needed to run the model.

Table 1: Thermo-physical parameters of the materials used in the numerical simulation. The
index frefers to the frozen state, the index u to the unfrozen state. k£, C and w, are the thermal
conductivity, the heat capacity per unit mass, and the water content.

Material ky le ky C. W
[Wm'K"] [Jkg' K| [Wm'K"] [Jkg'K'] [%]
gravel&grit 1.98 1063 1.919 1237 34
clay 1.351 1309 1.125 1044 10.0
ice-rich clay 1.580 728 1.130 839 50.0
metamorphic rock 1.824 1026 1.474 1166 6.3

Next initial and boundary conditions have to be defined. As a starting condition for the
calculation the complete domain including the embankment is frozen at constant temperature
of -3°C, which is a typical temperature of the deep permafrost around the Beiluhe region
(although rather on the lower limit of the profiles measured in boreholes). This constant low
temperature is also used as the bottom boundary condition of the computational domain. At the
two side boundaries a zero heat flux condition is adopted. The surface boundary consists of
various parts, where temperature varies in different ways depending on the awning protection of
the side slopes, according to formula (1) given in the previous section. 4 is the yearly averaged
embankment slope surface temperature and B is the amplitude of the temperature variation
around this average over one year. These coefficients are different depending on the presence or
absence of the awning measure. On the natural ground to the left and right of the embankment
and on the road surface values as given in [Lai et al. 2004] are used. In Table 2 the values of the
coefficients 4 and B are listed.
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Table 2: Coefticients 4 and B for the temperature variations at the different parts of the surface.

Surface Al°C] B[°C]
Natural ground -0.40 +12.00
Road surface +2.60 +15.00
Embankment slope with awning -1.15 +7.72
Embankment slope without awning +1.96 +10.79

To include climatic warming into the simulation, Eq. (1) for the ground surface temperature 71?)
must be extended by an additional term, resulting in the expression

T(f) = A+ B sin2 © 1D+ 1/2) + C (t — t)/(t. — 1) )

with C being the temperature rise caused by global warming within the simulated time period.
This temperature rise is assumed to be linear in time, thus C is also a constant coefficient in the
simulation. In all the simulations presented below (#, — ¢,) = 50 years was used. In order to study
the influence of climatic warming on the variation of the melting/freezing depth, the climate
warming parameter was variedas C=0K, 1 K, 2 K, 3 K.

First, Figures 4 and 5 show the evolution of the temperature field and the melting/freezing
isotherm over a period of two years, for the case C = 0 K, i.e. without climatic warming. In these
runs the simulation was done over 50 years, following the solution from week to week. The
figures show the typical evolution of the temperature field (color plot) and the melting isotherm
(white contour) over a period of two years, in steps of three months. Figure 4 shows the case
without any awning protection, while in Figure 5 both side slopes are protected by the awning
measure. The sequence begins in early July, when the radiation is strongest and the
melting/freezing line should be at the deepest level. The influence of the awning measure can be
directly seen by comparing the corresponding panels in the two figures, because they represent
the same point in time.

One interesting feature that is found from these simulations is that the temperature pattern and the
profile of the melting/freezing line do not repeat every year in the same way. In some years the
soil does not fully freeze in winter time. Instead, there is a closed region below the road where
the soil remains unfrozen. However, there are also years where the whole domain becomes frozen
in winter time. Moreover, when making a video from the simulations with a one week resolution
observing the motion of the melting/freezing front, one can recognize that sometimes there exist
two melting/freezing fronts which merge in the course of the evolution and sometimes disappear
completely at wintertime. This behavior is associated with the thermal properties of the soil
layers and with the thermal skin depth. There is a superposition of the forced temperature
variation caused by the seasonal surface temperature change on the one hand and the inward
motion of the heating and cooling waves, which depends on the thermal parameters of the soil
layers and on the heat release and consumption caused by melting and freezing processes.
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Figure 4: Temperature field variation and melting/freezing isotherm (white line) for a two years
period (year 15 — year 17) in a numerical simulation performed over 50 years. In this simulation

it is assumed that there is no awning protection.
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Figure 5: Temperature field variation and melting/freezing isotherm (white line) for a two years
period (year 15 — year 17) in a numerical simulation performed over 50 years. In this simulation
it is assumed that both slopes are protected by the awning measure.
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Figure 6 illustrates the influence of the climatic warming trend. It shows the frost depth with and
without awning measure at the time of strongest solar irradiation (end June/begin July) and
compares the profiles of the melting isotherm with and without the awning measure. As can be
seen by comparing the red full and the blue dotted lines, The summer melting level under road
and embankment leads to a more shallow melting and thus to a better protection of the
permafrost. In the nominal case without climatic warming the summer melting line is around 6 m
below the natural ground and under the road it is almost 8 m below ground level without awning
measure, but only 3 m when the awning measure is applied. For the expected climatic warming
trend of 2 K within 50 years the summer melting line goes down to 12 m below natural ground,
but there is still a clear difference between awning and no awning case. For the more extreme
case of 3 K per 50 years the overall summer melting depth increases to more than 15 m, but there
is no longer a big difference between awning and no awning case.

Climate warming parameter: 0 K per 50 years Climate warming parameter. 1 K per 50 years
T T T T T T T T T T

y[m]

» I i i i L i
-40 -a0 =20 -10 0 10 20 a0 40
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Figure 6: Influence of the awning measure (assumed to be implemented on both side slopes) on
the position of the melting/freezing front in midsummer (i.e. when the net irradiation is at its
maximum). Red full lines: with awning; blue dotted lines: without awning.

5. Summary

In this paper we have presented new measurement results on the seasonal variation of the ground
surface temperature and net irradiation on the slopes of a test embankment situated on the
Tibetan High Plateau near the Beiluhe Research Station in 4500 m height above sea level. Data
were taken over a period of more than a year to cover a complete seasonal variation of ground
temperature and net radiation. Measurements were done in parallel at two positions along the
embankment slope: (i) at a position facing free sky and (ii) at a position shaded from solar
radiation by an awning board. In order to study the effectiveness of the awning for the protection
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of the underground permafrost, numerical simulations over a reasonably long time period were
made, using the measured surface temperature data as boundary conditions. The results show that
in the long term the awning protection has a clear effect on the melting depth of the ice during
summer time. Moreover, to some extent it is also able to counter the disastrous effect of the
global climate warming, which is particularly severe on the Qinghai-Tibet Plateau, because of the
higher solar irradiation due to its high altitude. In conclusion, the results of our measurements in
conjunction with the numerical simulations indicate that in the high altitude regions awning
measures along the embankments can significantly help to protect the permafrost.
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Numerical re-analysis of natural heat convection tests to assess the
intrinsic permeability of rock-fill

Dhyser Y., Coté J., Lebeau M. & Konrad J.M.

Civil Engineering Department, Laval University, Quebec, Canada

ABSTRACT: Generally, heat transfer in soils is governed by conduction. In rock-fill materials,
however, the pore sizes are large enough to promote heat convection from the motion of air under
pressure gradient (forced convection) or temperature gradient (natural convection). It has been
found that convection significantly influences the heat transfer in rock-fill embankments such as
railways, roadways and embankment dam in cold regions. The material characteristics that
influence the most the rate of convection heat transfer is the intrinsic permeability.

In a previous study, Coté et al. (2011a) developed a heat transfer cell where natural convection
conditions were applied to 1 m?® rock-fill samples in order to establish their intrinsic permeability.
They analysed the experimental data using an analytical relationship between the Nusselt number
(Nu) and the Rayleigh number (Ra). This theoretical relationship is valid for perfectly insulated
and impervious 2-dimensional square enclosure. As shown by the deviation from intrinsic
permeability models for porous materials, the use of the theoretical relationship as induces a bias
in the experimental intrinsic permeability values.

In this paper, the heat transfer within the actual experimental heat transfer cell is analysed using
numerical modelling of natural convection allowing to account for heat transfer in and out the
imperfectly insulated cubic cell. A new Nu-Ra relationship is developed for this experimental
setup. The previous experimental data are re-analysed according this Nu-Ra relationship in order
to establish more accurate intrinsic permeability for values for the studied rock-fill materials. The
results are compared to existing permeability models.

KEYWORDS: Porous media, natural convection, finite elements, numerical modelling, intrinsic
permeability.
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1. INTRODUCTION

Heat transfer in soils is generally governed by conduction. However, depending on the soil or
geomaterial characteristics, other heat transfer mechanisms may be involved. Johansen (1975)
established the domains of predominance of each type of heat transfer as a function of effective
particle diameter (d;o) and degree of saturation (Sr). Heat convection was found to be the main
heat transfer mechanism in gravels and coarser materials, especially in rock-fill materials used in
embankment construction (Goering and Kumar, 1996; Lebeau and Konrad, 2007 and 2009).

Natural convection occurs in rock-fill embankment when the temperature at the surface becomes
lower than that at the bottom. Air motion is initiated due to density gradients: the warm and
lighter fluid at the bottom flows upward while the cool and heavier fluid at the top flows
downward. The typical circular motion results in an increased heat transfer rate compared to pure
conduction found under similar gradient (cool bottom, warm top).

The material characteristic that influences natural convection is the intrinsic permeability (m?).
Coté et al. (2011a) used the analytical solution to convection heat transfer from Schubert and
Strauss (1979) to establish the intrinsic permeability from experimental heat transfer tests. This
solution was obtained for a perfectly insulated square enclosure. As the experimental cell used in
the Coté et al. (2011a) study is not perfectly insulated, the heat transfer rates for a given thermal
gradient may differ from that predicted by the analytical solution of Schubert and Strauss (1979).
In order to improve the assessment of the intrinsic permeability, a suitable numerical solution
taking into account the characteristics of the test cell needs to be developed.

The objectives of this paper are to: (i) present the numerical model of the heat transfer (and
especially natural convection) inside the cell test, (ii) develop a numerical solution to the
convection heat transfer occurring in the experimental test cell and (ii1) re-analyse the results
obtained by Coté et al. (2011a) and propose improved intrinsic permeability values for rock-fill
materials.

2. STUDY CONTEXT

Numerical studies have been carried out to model the natural convection in porous media.
Goering and Kumar (1995) have studied road embankments in cold climates to assess the impact
of permeability on the ground temperature and on the thermal equilibrium of permafrost.
Thawing of permafrost due to road construction is a major problem in cold regions. It was shown
the high permeability of embankment materials promotes higher heat extraction rates and may
ultimately prevent the frozen ground from thawing.

Another interesting study was carried out by Lebeau and Konrad (2007, 2009) to verify the
assumption made by Konrad (Konrad et al., 2006) on the potential effect of natural convection on
the freeze of the toe drain of a rock-fill embankment. It was shown that if permeability of the
rock-fill was set to 5.107 m2, convection could take place and lead to the freezing of the toe drain
even if the dam is located in a non permafrost area.

This is a preview. Click here to purchase the full publication.
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The challenge was then to assess the actual intrinsic permeability of rock-fill materials. The
preliminary study by Coté et al. (2011a) showed that the intrinsic permeability could be assessed
using natural convection testing. Four cobble materials with d;o ranging from 0.092 m to 0.15 m
were tested and analysed using the Schubert and Straus (1979) solution. The results are
summarized in table 1:

Table 1. Experimental results of heat convection tests (Coté et al., 201 1¢; Fillion et al., 2011).
Note: dyo: effective particle diameter; n: porosity; A.q: overall thermal conductivity; K: permeability.

materials dip n Aeq K
# m W/mK 10° m?
1 0.15 041 1.02 3.9
2 0.13 0.41 0.95 2.1
3 0.092 0.39 0.71 1.5
4 0.100 0.37 0.83 2.9

3. NUMERICAL MODEL

To develop the numerical model, we consider a fluid (e.g. the air) moving inside a porous
medium (e.g. the rock-fill). Natural convection is a very complex phenomenon because it
depends on many characteristics of the materials (the fluid and the porous media). In order to
model it and to obtain an efficient code, several assumptions were made.

The first is to neglect the moisture content of the fluid. It is considered dry and thus composed of
a single phase. It is also considered incompressible. Then the porous media is considered
homogeneous and isotropic since the porous media is formed with small blocks hand-placed in
the test cell, block by block with particular care for homogeneity. Also, local thermal equilibrium
is considered, so in all points of the interface between the fluid and the porous medium, the
temperature (T) of the fluid equals the one of the porous medium and only the fluid density
depends on temperature. All the others characteristics of the fluid and of the porous media are
constant. Finally, it is considered that Darcy’s Law is valid and that the test cell walls are
impervious. The numerical model is based on two of the equations of Navier-Stockes: the
conservation of the mass and the conservation of the energy.

Assuming steady-state and the previous assumptions, these equations are, respectively (Nield and
Bejan, 1999):

=0 [1]
VT = (p.cp) . B.VT 2]

>~ q

U
eq-

where ¥ and T are Darcy’s velocity and temperature; c,, p and A, represent respectively the
specific heat capacity of the fluid, the density of the fluid (function of the temperature) and the
overall thermal conductivity.
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