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Determination of the Frozen Penetration Depth of a Freezing Soil Medium
including a Pipeline in a Closed System
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Abstract

The study was focused on the development of computational scheme in three dimensional configurations by applying effective
heat capacity model to the numerical procedure in order to predict the temperature profiles of a buried pipeline and the frozen
penetration depth(FPD) of a freezing soil medium. To realize this, the investigator conducted the unsteady state heat transfer
analysis, using the commercial code ABAQUS, for the freezing granite soil medium including a pipeline in a closed system. The
proposed model took into consideration the phase change effect of in situ pore water in the frozen fringe. The comparison of
results obtained by the proposed model and the actual performances was valuable in establishing a level of confidence in the
application of introduced theory.

keywords : freezing granite soil medium, closed system, effective heat capacity model, frozen penetration depth
(FPD), phase change effect
1. INTRODUCTION rounding soil medium and underground struc-

Cold regions may be subdivided into three
temperature-defined climatic zones such as sea-
sonally frozen zone, discontinuous permafrost
and continuous permafrost zones. It is possible
that most regions of the South Korea can be de-
fined by the freezing index(FTJ :°C - days) classi-
fication as the seasonally frozen zone. The in-

vestigation of an interaction between a sur-

tures in seasonally frost as well as permafrost
zones necessitates the thermal transfer studies
in the closed or the open systems. The numer-
ical study in this paper, examined using the
commercial code ABAQUS, presented the analy-
sis schemes that are used to obtained the tem-
perature profiles of ground and pipeline. To re-
alize this, the effort of previous study by Song

et al.V was focused on determining the thermal
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properties of granite soils that are distributed

more than 70(%) in the South Korea.
Characteristics of a freezing multiphase body

such as soils are given considerable attention in

2), and

the literature. Anderson and Morgenstern
Tsytovich® have reviewed the characteristics of
unfrozen water in frozen soils. Clear evidence of
mass transport through an unfrozen zone un-
derneath an ice lens was given by Dirksen and
Miller”, and Hoekstra.” This led Miller® to
propose that an ice lens grows somewhere in the
freezing soil, slightly behind the frost front,
i.e., the warmest isotherm at which an ice can
exist in the soil pores. The frozen soil between
the frost front and the freezing front is called
the frozen fringe(see Fig. 1). Direct evidence for
the existence of the frozen fringe has been pub-
lished by Loch and Kay.” In addition to these
considerations, Hoekstra® , and Mageau and Mor-
gensterng) published experimental data indicat-
ing that an ice lens acts like a cutoff with re-

gard to water flow.

x . Frozen soil
EI Frozen fringe
‘ |:| Unfrozen soil
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Freezing front

Frost front
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Fig 1 Characteristics of a freezing soil medium

To conduct the thermal transfer analysis, three
mathematical models have been proposed. These
include: (1) effective heat capacity model: (2)
coupled heat and mass transfer model: (3) seg-
regation potential(SP) model. Zhang and Oster-

' determined the apparent thermal dif-

kamp10
fusivity of an active layer and the permafrost by

the effective heat capacity model using the fi-
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nite difference method. It was established on
the assumption that providedheat flow is con-
ductive and phase—-change does not occur in the
volume of interest. The finite difference method
has been also used by Nelson et al.!”, and
Outcult and Hinkel.'?'® The phase-change ef-
fect of in—situ pore water was proposed by Allen
and Maxwell.*¥

The transfer of heat and water during the
freezing of a soil medium is interrelated, and a
comprehensive analysis is necessary to deal
with the coupled heat and water movement. The
coupled heat and mass transfer model has been
developed by Nakano and Brown'®, Harlan'®,
Guyman and Luthin'”, Kinosita’® and Outcalt.’”
Outcalt incorporated heaving in this model by
expanding the soil matrix when ice contents ex-
ceeded a critical value.

Konrad and Morgenstern®” have developed the
SP model. It calls for the needs to define the
coupled equations of the heat transfer, the mass
transfer and the frost heave.

The water flow effect by the suction on the
heat movement within a granite soil medium is
not strong in the closed system. This is the rea-
son why the effective heat capacity model was
considered in order to simplify the soil-pipeline
interaction problem that incorporates the ther—
mal transfer analysis. The thermal transfer FE
analysis of this work within a freezing soil me-
dium, including a buried pipeline, was achieved
by appealing the thermo-mechanical findings in
previous studies mentioned above to the effec—
tive heat capacity concept. The physical phe-
nomenon of the proposed model is to assume
that the thermal transfer can be considered as
successive ‘thermal transfer’ and ‘phase trans-
formation” processes.

The pipeline designer requires two values for
the soil thermal conductivity and the ground or
ambient temperature surrounding a buried pipe-
line. The results obtained by the thermal trans-
fer analyses will be of use for the determination
of stress field on the pipe walls. This study will



contribute to better understanding of the soil-
pipeline interaction problem considering domes—

tic frozen soil properties.
2. BASIC ASSUMPTIONS

Before discussing the FE procedure in the nu-
merical analyses for the thermal transfer, it is
necessary to outline assumptions in order to ap-
ply the thermal characteristics of a freezing soil
medium to the proposed model. The thermal
transfer in porous multiphase material can be
induced by a variety of factors including the
heat convection, the heat radiation, the heat
conduction, the water movement by the suction
and the phase-change of in-situ pore water, etc.
Among them, only the effect of heat conduction
and the phase-change effect in the frozen fringe
wasere taken into account in the numerical
studies. The single ice lens with constant thick-
ness, advancing in the depth-direction of a
freezing soil medium, was considered. A great
part of the phase-change effect of in-situ pore
water took place in the ice lens to which the
temperature domain of -0.1~0(°C) was appli-
ed. It could be also assumed that the ground in
the dry season like the winter of the South
Korea is of characteristic to the closed system
because of the low ground water level. Finally,
the materials of soil and metallic pipe are iso-

tropic and homogeneous.
3. FINTE ELEMENT METHODS

The present work developed the three-dimen-
sional continuum approach that possesses com-
plex temperature nonlinear phenomena. If we
consider a system in the domain of the element
to be in the equilibrium, then the equilibrium
equation for the unsteady state thermal transfer

may be expressed as
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where:

T=N,T, (2)

N, is the shape function: Te(°C) is the nodal
temperature; k(W/m°C) is the thermal conduc-
tivity: C(J/m>°C) is the heat capacity: ¢ is the
heat generation per unit volume: x, y and z are
the Cartesian coordinates.

Substituting Eq. (2) into Eq. (1), we arrived
at the following set of equation to be solved for
Te

T
c,,,a—f+ K,.T, =R,
ot

th™ e

(3)

in which
Co=2 |, NICN,dV(e) (4)
Krh ZZ _[/(‘,)BIZZBde(e) (5)

Bs is the spatial derivative of the field varia-
bles and z is the matrix of thermal conduc-
tivity:

R" ZZ.[/r(»)N’T’qu(e) (6)

A soil medium was divided into three parts
(see Fig. 1) as the unfrozen zone(7a), the fro-
zen zone(7b) and the frozen fringe(7c) for re-
flecting the characteristics of the freezing soil
on the proposed mathematical model. The heat
capacities of soil in Eq.(1), corresponding to the
three zones mentioned above, are presented in
consideration of the phase change effect in the

frozen fringe as follows:

¥
c =224 016110,
sun oy 100 (7a)

y
c =24 0164052 ¢
£y, 100 (7b)
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where: Cow(J/m*°C), CfJ/m?°C). Cig(J/m*C)
and Cu.(J/m*C) are the heat capacities of un-
frozen zone, frozen zone, frozen fringe of soil
and water, respectively: rsa(kg/m’) and rw(kg
/m°) are the maximum dry unit weight of soil
and the unit weight of water, respectively; w
(%) is the in situ pore water content: L.(J/m")
is the volumetric latent heat of water: pielkg
/m®) and pw(kg/m>) are the densities of an ice
and water, respectively: W, is the unfrozen wa-

ter content and 7(°C) is temperature.
4. LABORATORY TESTS OF SOILS
4.1 Determination of Thermal Properties

A reasonable prediction for the temperature
change in the ground can be made for a given
location if climatic data are available, and the
thermal properties of a soil medium are known.
Unfortunately. the lack of experimental data of
frozen granite soils of the South Korea has lim-
ited the numerical studies. The soil samples
were obtained in the late May 2000 in Pasoo
City. The basic thermomechanical properties for
the granite soil were determined in the previous
studies by Song et al.{(2004). The studies in-
cluded the change of the unfrozen water content
and the thermal conductivities observed in the
cylindrical soil specimen test at various subzero
temperatures. The basic soil propertiesl ob-
tained by the laboratory tests are given in Table
1. Fig. 2 shows the particle size analyses.

Table 1 Characteristics of the granite soil

PI Cs,u Cs,c Gs Tsd Ws.o Uscs

N.P 34.55 3.44 | 2.67 | 1920 13.2 SM

where: PI is the plasticity index of soil; Csu

is the uniformity coefficient of soil; Cs¢ is the
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coefficient of gradation of soil: Gs is the specific
gravity of soils ws(%) is the optimum water

content of soil.
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Fig. 2 Particle size distribution curve
4.2 Temperature Measurements

The temperature measurements of freezing
granite soil were achieved under the controlled
condition of the freezing chamber in the labo-
ratory(Song et al., 2004). The curves with the
initial in-situ pore water contents at the per-
centage level of 10, 15 and 20, respectively, com-
pare the temperatures measured in the labo-
ratory test with the numerical ones for the freez-
ing soil medium in the closed system. The results
of the previous study showed that the thermal
properties of a freezing soil medium are valid and
the findings are effectively supported by the ex-
perimental data. In present study. the thermal
properties of the granite soil were used to obtain
the temperature profiles of a soil medium includ-

ing a buried pipeline on the field.

5. UNDERGROUND TEMPERATURE DISTRIBUTION

A thermal transfer FE analysis for the freezing
ground, subjected to the ground surface temper-
ature, was conducted in order to determined the
temperature profiles along a buried pipeline and
the frozen penetration depth(FPD:m).

5.1 FE Mesh for Modeling

The symmetry of geometry for the structure



and boundary condition permitted the quarter
model(see Fig. 3) with 13,158 node numbers for
a surrounding soil medium and a buried pipeline
in the analyses. We used 8-node 11,126 solid el-
ements for the soil medium, the metallic pipeline
and the concrete box. The far field of a soil me-
dium consisted of the infinite elements. The
ground temperature profile should be reflected by
heat flow from the interior of the Earth. In this
work, we applied the isothermal surface of 10(°C)
that is the annual average atmospheric temper-
ature below the center regions of the Korean
Peninsula to the thermal boundary of a soil me-
dium at 10 (m) from the ground surface accord-
ing to the knowledge of geology.

Concrete Box
EREN 1‘(-'
X

Fig 3 FE mesh

5.2 Underground Temperature Profiles

Pipelines can be broadly classified into two
categories, namely, high energy and low energy
input cases. For high energy input pipelines,
the thermal regimes in a soil medium around
the pipeline are strongly dominated by the tem-
peratures imposed by the pipeline itself. Gas
pipelines will result in the flowing gas equili-
brating at some temperature lower than one of a
surrounding soil medium. Low energy input pi-
pelines, on the other hand, adapt relatively
quickly to the surrounding soil temperatures.
The latter are known as “ambient temperature’
pipeline. The buried pipelines in this study, be-
ing constructed as geotechnical facilities that
are used to transport and water, belong to the
latter cases. All underground high energy input

as well as low energy input pipelines will even-
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tually approach equilibrium with a surrounding

soil medium at some temperature.
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Fig. 4 Temperature line diagram for the underground
temperature field

Fig. 4 illustrates the temperature profile of
thermal equilibrium state for the freezing soil
medium including a pipeline and a concrete box.
As shown in this figure, the FPD of a granite
soil medium was determined at about 1.03(m).
The temperature profile on inner surface for a
half of the buried pipeline length is also shown
in Fig. 5. The maximum temperature difference
between the top and the bottom of the pipeline
was about 3.6(°C).

Fig. b Temperature profile on the pipe wall

The temperatures profiles in Figs. 4~5 were
obtained under the pipe diameter of 2.0(m), the
pipe thickness of 0.015(m), the pipeline length
of 200(m), the backfill height of 2.4 (m), the
initial in situ pore water content of 10(%) and
the ground surface temperature of -12(°C) main-
tained for 24hours.

Hong and Kim?" proposed the equation to pre-
dict the maximum FPD on the field. The func-
tional relation, considering the maximum dry
unit weight and the in situ pore water content
of soil, between the maximum FPD of ground

and the FI was recommended as follows:

FERHMTREBESE =28 M7 HM45(2004.12) 455
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Fig. 6 Temperatures of Seoul City

Fig. 6 presents the changes of average ambi-
ent air temperatures a day and ground surface
temperatures, observed from Korea Meteorologi—
cal Administration, at AM 3:00 hours for the
1999~2000 season. Fig. 7 shows the variation
of FPD obtained by the propose model in Seoul
City for this period.

By varying the input in-situ pore water content,
the maximum values of FPD shown in table 2 could
be calculated for the 1999~2000 season. In these
cases, we used the FI which was calculated by the
average ambient air temperature curve for the
Hong & Kim's formula. formula. The maximum rel-
ative error between the depths by proposed model
and estimated by Hong & Kim's formula. formula.
was within 12.3(%) for Seoul City.

6. CONCLUSIONS

This investigation was restricted within narrow
selection of soil samples. But, in view of the pri-
mary objectives, this study was sufficient to illus-
trate the methodologies for predicting the temper-
ature profiles of ground and the FPD. The results
may give consequence to this work as the preced-
ing investigation for an interaction problem be-
tween a soil medium that experienced frost heave

and a buried pipeline. The comparison between

Date (y/m/d) the experimental and the numerical results in-
1999/11/26  1998/12/22 2000/1/17 2000/2/12 2000/3/9 . ) . . .
0.0 . - 2w om— o . - dicated that the FE calculation with the idealized
L
0.2 ) assumptions was able to provide an acceptable
estimation of the thermal properties, from an en-
0.4 . . . . .
g gineering stand point, on the freezing granite
E 0.6 ¢ soil. The prediction for the development of under-
" o ground temperature fields was made within the
1.0 d range of the practicability by this investigation.
hs (1) The eoffective heat ity model f
. . . . e effective heat capaci model for a
Fig. 7 Variation of the FPD in Seoul City P Y
Table 2 Comparison between the maximum values of FPDoroposed and the FPDrong & kim's
Measuring locations Max. FPD (m)
Fl w=10(%) w=15 (%) w=20(%)
No Cii East North
v long?:u de lat?tu de (C- days) ngir:i';& Proposzled é{elati:/e ngﬁﬁ,f Proposed élelati;e ngﬁlgl';& Propgsid é{elati;e
formula mode rror (%) formula model (Error (%) formula | ™ode rror (%)
1 | Chuncheon | 37°54’ 127° 44’ 274.4 1.080 0.979 10.3 0.992 0.903 9.8 0.929 0.840 10.6
2 Seoul 37° 34’ 126° 58’ 148.3 0.944 1.060 109 0.856 0.976 12.3 0.793 0.905 12.3
3 Sokcho 38° 15’ 128° 34’ 126.8 0.910 0.834 9.1 0.822 0.771 6.6 0.759 0.721 53
4 Chungju 36° 38’ 127° 27 125.0 0.907 0.858 5.7 0.819 0.794 3.1 0.756 0.741 2.1
5 Inchon 37°28’ 126° 38’ 113.3 0.885 0.858 3.2 0.797 0.794 0.4 0.735 0.741 0.8
6 Taegu 35°53' 128° 37’ 72.5 0.789 0.744 6.0 0.700 0.689 17 0.638 0.646 1.2
7 | Gangneung | 35° 10’ 126° 54’ 67.5 0.773 0.755 2.4 0.685 0.697 1.7 0.622 0.653 4.7
FPD,_ = FPDp ¢ s
¥ Relative error = proposed Hore ¢ K100
FPD, e
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freezing granite soil medium in the closed
system was introduced into the study in
consideration of the phase-change effect in
the frozen fringe. The findings showed that
a great part of the phase-change of in situ
pore water within the freezing granite soil
medium medium was made over the temper-

ature range, -0.1~0 (°C), of frozen fringe.

(2) The maximum values of FPD in ground, ob-

tained by the proposed model and the Hong's
formula, were compared. The comparative re-
sults between them illustrated the potential
applications of proposed model on the field.
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