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In severely cold regions of Japan, a conventional countermeasure against frost heav-
ing is to replace the silt and loam layers with a non-frost material. The depth for replace-
ment is determined by the frost penetration depth obtained from one-dimensional analy-
sis using only the freezing index based on the annual average air temperature. This means
that the thermal characteristics of the materials comprising the railway track-bed are not
taken into consideration. This paper examines the applicability of advanced Berggren’s
method as a new technique to determine the freezing penetration depth. This method makes
it possible to take into account the thermal characteristics of multilayer materials. We
also introduce experiments for the determination of thermal characteristics.

Keywords: freezing penetration depth, advanced Berggren’s method, multilayer materials

1. Introduction

Countermeasures against frost heaving are impor-
tant in the construction of railway track-bed in cold re-
gions. Frost heaving occurs according to a complex set
of conditions, including meteorological phenomena, air
temperature, geography, geology, the heat characteris-
tics of the track-bed and subgrade materials, and the
groundwater level. In the current design standard for
railway earth structures V), the countermeasure against
frost heaving involves replacing the clay and loam layer
with a non-frost material (such as mechanically stabi-
lized crushed stone) to a freezing penetration depth cal-
culated by the following equation:

X=CJF (1)

where X is the freezing penetration depth (¢cm) and F is
the freezing index ("C+day). Cis a constant number from
3 to 5, but in general has a value of 4.

This method has following problems:

(1) Parameter C in Equation (1) is constant number,
so the freezing penetration depth is determined
only from the freezing index without considering
the heat characteristics and structural organiza-
tion of the track-bed.

(2) Economical design is difficult, as it is not pos-
sible to take into account the effects of counter-
measures such as replacing materials.

As an example, a frost heaving countermeasure

evaluation is shown using Equation (1). Figure 1 illus-
trates the countermeasures executed experimentally by
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the Railway Technical Research Institute of the then JNR
on the Chitose Line ?3, The experiment was conducted
for four countermeasures, including insulation material
and replacement, in the section between Eniwa Station
and Osatsu Station from December 1979 to March 1980.
From Equation (1), the frost penetration depth is calcu-
lated as 95.0 cm with the condition of C=4, using a freez-
ing index of 563.4 (“C-day) as observed at Eniwa Weather
Station, the nearest station to the experimental site.
Here, the freezing penetration depth represents the dis-
tance between the ballast surface and a 0-degree line in
the ground, so the frost penetration depth in the
subgrade is 52.5 cm in (a), (b) and (c), and 10 cm in (d).
In this experiment, frost heaving was observed only in
the ballast-mat method (a). The results indicate that this
calculation method may lead to excessive countermea-
sures because of difficulties in evaluating the thermal
characteristics of materials. As shown in this example,
appropriate calculation of the frost penetration depth
may be difficult depending on the on-site soil conditions
and countermeasure materials, making economical de-
sign of countermeasures impossible.

In this paper, we discuss the applicability of a cal-
culation technique based on advanced Berggren’s
method to evaluate the frost penetration depth in or-
der to overcome the problems outlined above. It is clear
that this method enables calculation of the frost pen-
etration depth in consideration of the thermal charac-
teristics of track-bed materials and the effects of the
countermeasure applied. In this method, evaluation
of the thermal characteristics of track-bed materials
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Fig. 1 Cross-sections of on-site countermeasure tests

is very important, but not many techniques enabling
such measurement have been proposed. We therefore
also propose a laboratory test method to determine the
parameters required for design.

2. Application of advanced Berggren’s method
Advanced Berggren’s method#?® is a one-dimensional

calculation, but is capable of taking into account the ther-
mal conduction of multilayer materials. In this

section shape and the thermal characteristics of the track-
bed and subgrade materials.

In calculating the frost penetration depth, it is nec-
essary to presume the value of X, and each parameter is
then calculated. If the frost penetration depth X’ obtained
coincides with the assumed depth X, the calculation is
complete. Otherwise, the calculation is repeated until
X’ agrees with X. The frost penetration depth is thus
obtained from convergent calculation.

2.3 Example

To evaluate the suitability of this method for rail-
way track-bed, we applied the calculation technique
based on advanced Berggren’s method to the counter-
measure experiments described above. Table 1 shows
the thermal characteristics of the track-bed, subgrade
and countermeasure materials®. Based on the data ob-
served at the nearest weather station, the freezing in-
dex, freezing period and annual average temperature
are set at 563.4 (C-day), 114 (days), 6.7 (C).

Table 2 shows the calculation results, namely the frost
penetration depth from the surface of the track-bed, and
Fig. 3 shows the frost penetration depth of the subgrade.
In addition to the results obtained from advanced
Berggren’s method, the results from Equation (1) in the
conditions with C=4 are also shown in Table 2 and Fig. 3.
Though the experimental results were reported qualita-
tively rather than quantitatively, the results of calcula-
tion based on the advanced Berggren’s method coincide
with the tendency of countermeasure effects different from
those obtained by Equation (1). This demonstrates the

chapter, we discuss the application of this method | Input data START
to evaluating frost heaving in railway track-bed. i Meteorological conditions. v .
F (C - day) : Freezing index —{ Presume the frost penetration depth X |<—
3 t (day) : Frozen days ¥
2.1 Advanced Berggr en’s method T (C) : Annual-average Calculate the weighted-average value
temperature 0,, and L , (n : number of layers)

The frost penetration depth based on ad- i Parameters of track-bed 0;=1%04 1 -1%14
vaniced B ) T Equia- d, (cm) : Thickness of layer X3 =
erggren’s method is expressed by Eq s, (glom® : Dry density 7

tion (2). Though the framework of this equation
is the same as that of Equation (1), parameter C

k, (callem+sec-°C) : Thermal conductivity
0, (cal/em?®-°C) : Heat capacity

Calculate the temperature ratio r and
the parameter p
T

is determined by the thermal characteristics of |4 (calem?) : Latent heat of fusion r=L p=Lal
each material. This method is therefore a little i 7 Lt
more complex than Equation (1). I Calculate 1
A=B2in
x =3 172800 F (2) Calzulatle (e Ld* w8 Ldd, exp(-p*) _ exp(=p*) 5
Lik Z=F[§Q"’fz—@+ 237% } GB) 1-GB)

where A 1is a non-dimensional number related G(ﬁ‘):%_[:exp(—zz )dz

to cubic heat capacity, k is the thermal conduc- id v

tivity (cal/cm+s-°C) and L is the latent heat of
fusion (cal/cm3). k and L represent the average
values of each material weighted by layer thick-
ness.

2.2 Method of calculating frost penetration
depth

Figure 2 shows the flow of the frost penetra-
tion depth calculation using the advanced
Berggren’s method. This technique requires the
meteorological conditions at the site, the cross-
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Calculate frost penetration depth X”
based on advanced Berggren method

172800\/F
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Fig. 2 Flow of frost penetration depth calculation method for

railway track-bed based on advanced Berggren’s method
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Table 1 Thermal characteristics

Parameter Symbol Unit ng::d Sand ;15::2:10 2 rI:::::lr?:lo g Clay
Dry density Pa g/cm? 1.5 1.6 0.040 0.036 1.4
Water content w % 2 15 0 0 50
Thermal conductivity k cal/em - sec - °C| 0.00131 | 0.00492 | 8.33 X 10* | 6.39 X 10~ | 0.00544
Heat capacity cal/em® + °C 0.278 0.452 0.0051 0.0061 0.763
Latent heat of fusion L cal/cm? 2.4 19.2 0 0 56

Table 2 Calculation results (frost penetration depth from the
surface of the track-bed)

Countermeasure Advanced Berggren's | Conventional method
method method (cm) (cm)
Ballast-mat method 60 95
Insulation method A 49 95
Insulation method B 48 95
Replacgmem method 23 05
using sand

I Frost heavingJ |7 No frost heaving J

3.1 Test method

In laboratory testing, we also used a thermal probe
to measure the thermal characteristics of soil. Several
metallic wires are installed in the thermal probe with
paraffin. In order to apply the probe to densely compacted
soil such as that found in railway track-bed, the probe
and test materials need to be tamped, but this may re-
sult in damage due to the fineness of the probe. We there-
fore attempted to strengthen the probe by using thick
metallic wire, but this method does not satisfy the as-
sumption of the analysis that the probe has a zero diam-
eter. In this paper, we attempt to measure the thermal

60 ¢ : j : T conductivity of crushed stone and subgrade materials by

50 . o—o0——Q ) sandwiching a probe and a thermo couple between two

£ T c 525 525 52.5 specimens as shown in Fig. 4. The merit of this method

.§ 8. 40 A Advanbed Bergareds | is that it dogs not add any load due to the compacting 9f

&% B method \ the test specimen to the probe and thermo couple. A pair

o 30pH° Conventional method |- of molds is used for the specimen, 160 mm in length and

% 'gb F é \ width, and 80 mm in depth, based on a value of 160 mm,

fnl-] 20 rerrE B Y or 4 times 40 mm, which is the maximum diameter of

2 3 r LKS ;

S F { the crushed stone. The procedure for making the speci-
= o 10 [ 10 . ; . p

L N men is as follows: First, a spacer for sensing elements is

0 made on the undersurface of each mold, and the upper

Ballast-mat Insulation Insulation Replacement surface is capped after compaction. Then, the cap on the

method ~ method A method B method using side of the spacer is removed, and the sensors are set

sand within the two molds. In the probe method, the contact

Fig. 3 Frost penetration depth for each countermeasure conditions of the sensors and soil are important because

method

possibility of evaluating the frost penetration depth in
consideration of the thermal characteristics of the
subgrade and the countermeasure material used.

3. Laboratory test for evaluating thermal conductivity ®®

With advanced Berggren’s method, it is possible to
take into account the thermal characteristics of multi-
layer materials, but it is necessary to determine the ther-
mal characteristics of each material appropriately. Al-
though the thermal characteristics of soil materials can
be measured using a thermal probe at the site, no spe-
cific measuring method has been established for labora-
tory tests, which means that determining the thermal
characteristics for design is not easy. The thermal char-
acteristics of subgrade materials including loam and clay,
as well as the crushed stone used for replacement, are
very sensitive to water content and density, so it is im-
portant to determine the characteristics with due con-
sideration of on-site conditions.
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thermal diffusion occurs in all directions. We therefore
checked the contact conditions of the probe and test
material by inserting pressure-sensitive film.

We used the single-probe method for measurement of
thermal conductivity and the comparative method for data
analysis. In the single-probe method, it is assumed that
the probe is zero in diameter and infinite in length. The

.

Fig. Mold for large-density material
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probe consists of a metal pipe of 1.3 mm in diameter and
15 cm in length with a heater and a heat gauge. The
thermal conductivity is calculated from the relationship
between the temperature rise and the heating time, and
a given amount of heat. However, the value obtained by
the single-probe method needs correction because of the
individual differences caused by the structure. In this
paper we use the comparative method, whose accuracy
is equivalent to the couple probe method (i.e. the most
accurate one) ¥. The base thermal conductivity used in
the comparative method is 0.00134cal/cm/sec/°C for wa-
ter and 0.00526cal/cm/sec/’C for ice 10,

3.2 Test case

Through the proposed laboratory test, we conducted
experiments targeting the site of a new Shinkansen line.
Mechanically stabilized crushed stone is expected to be
used for the railway track-bed, and the adopted size of
its pieces is less than 31.5 mm according to the speci-
men size. From compaction testing (using the E-b
method) and density testing of soil particles, the maxi-
mum dry density Pumay is 2.09 g/em3, w,, is 6.2 %, and
the particle density G, is 2.72. The thermal conductivity
depends on the density, water content and temperature,
so the experimental conditions were determined as shown
in Table 3. Five specimens were measured with differ-
ent water content and density in an unfrozen state (20
°C) and in a frozen state (-10°C) (only specimen No.5 was
measured in an unfrozen state).For the loam and clay,
we used materials obtained from a site in the Shichinohe
area of Aomori Prefecture. The specimens were made from
disturbed materials to satisfy the conditions of on-site dry
density and water content. The dry density and water
content is 1.09 g/cm? and 52% for the loam and 0.82 g/
cm?® and 82% for the clay, as measured from a 100-cc
sample of the materials. Table 4 shows the test case. Tak-
ing into consideration the materials used, two specimens
are tested under the same conditions.

Table 3 Test case (crushed stone)

D=95%, w=6.2% e AT 14
1o} G20  ---e- Initial temp.
interval 120 min Heated temp. =
1 o - 122 §
] ; 120 2
= 05k | i &
Ea H e J % ° g
Heating ® : e % {13 £
< & 2 o
L ] é}n @* %{} * 2! H
, Samplig o St g
0.0+ period - SN 116
, 05s : i :
0 500 1000 1500
Sampling line No.

Fig. 5 Example of measuring thermal conductivity

increase during measurement of the thermal conductiv-
ity and the decrease after heating was stopped. The hori-
zontal axis represents the number of days of sampling,
the right vertical axis shows the temperature and the
left vertical axis gives the temperature difference AT. AT
(@), with values measured every 0.5 s, shows three waves
representing three measurements. In order to allow the
temperature of the specimen to return to normal, an in-
terval of about 120 minutes was left between stopping
heating and the next measurement in all cases.

Figure 6 shows the measurement results (—, —) and
the averages (@: 20°C, A: -10°C) in each case. In Cases

2.0

—@ Unfrozen state (20°C)
— A Frozen state (-10°C)

l.& .|
L

Thermal conductivity
(x10%) [cal/em+s+C]

0.5

0.0 i -
1 2 3 4 5 specimen

4+—>»  D=9%

<+—>

D=95% w=62% w=4.7% D=90% w=6.2%

(a) Thermal conductivity of crushed stone

Bl
Pt

Thermal conductivity
(x10™ [cal/em-s-°C]
N

—@ Unfrozen state (20°C)

Case D (%) w (%) Temperature conditions
1 95 6.2 20C, -10C
2 95 6.2 20C, -10C
3 95 4.7 20°C, -10C
4 90 6.2 20C, -10C
5 90 6.2 20C

Table 4 Test case (loam and clay)
Case Material | Temperature conditions
6 Loam 20°C, -10C
7 Loam 20°C, -10C
8 Clay 20°C, -10C
9 Clay 20°C, -10C

3.3 Test results

Each measurement was taken three times at 20°C and
-10°C. Figure 5 shows an example of the temperature
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Frozen state (-10°C)
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loam
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(b) Thermal conductivity of loam and clay
Fig. 6 Measurement results of thermal conductivity
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1, 2 and 3 using crushed stone with a 95% degree of com-
paction (D), the thermal conductivity in a frozen state
was greater than that in an unfrozen state. The main rea-
sons for this were considered to be an increase in ther-
mal conductivity due to the conversion of water into ice
by freezing, and an increased continuity in the medium
due to ice bridges in the soil particles. On the other hand,
in Cases 4 and 5 using crushed stone of D=90%, the ther-
mal conductivity in a frozen state was less than that in
an unfrozen state, which is the opposite of that for D=95%.
From the compaction characteristics, a value of D=90%
means that the samples are not well compacted. As shown
by the results of Cases 1, 2 and 3, the water content did
not affect the thermal conductivity.

For loam and clay, the thermal conductivity was steady
in an unfrozen state, but varied in a frozen state. In this
paper, we conduct experiments on frozen specimens at -10
°C to avoid the transition region from +5 to -5°C. However,
the temperature in the experiment was not steady, so the
void water might be in a different state in each case.

In this experiment, the thermal conductivity of the
loam and clay did not vary, and was steady except when
in a frozen state. Using this conductivity, two-dimensional
finite element analysis was conducted to examine the tem-
perature behavior on the experimental track-bed in the
Shichinohe area V. The results obtained from this simu-
lation show a close correlation with the experimental re-
sults, demonstrating that this thermal conductivity can
be considered appropriate 12.

4. Example of calculating the frost penetration depth

We conducted frost penetration depth calculation
aimed at the slab track on the earth structure of a new
Shinkansen line, and compared the results with those
obtained from Equation (1). Figure 7 shows a cross-sec-
tion of the railway track structure used in this calcula-
tion. Usually, the concrete thickness of a slab track is 30
cm, but at the center of separated slab track used for
storing snow and at the pole part, the frost penetration
may vary due to the difference in the thickness of the
concrete. We therefore conducted the calculation on three
cross-sections with a concrete thickness of 10 cm, 30 cm
and 70 cm respectively. The layer under the concrete con-
sists of crushed stone of 30 cm in thickness and subgrade
soil. We calculated the frost penetration depth of three
cross-sections in cases where the subgrade soil is clay or
loam.

Table 5 shows the meteorological conditions used in
this calculation. Based on the freezing index at three
locations in Aomori Prefecture, the probabilistic freezing

Thickness of concrete

(a) 10cm (b) 30cm (¢) 70cm
10 '
7 30 Concrete
30
70 Concrete
Clay or loam 30
Clay or loam
30
Canisem) Clay or loam
Fig. 7 Cross-sections of the track structure used in this
calculation
Table 5 Meteorological conditions
Ases Freezing index Frozen days Annual average
(°C - day) (days) temperature (‘C)
Hachinohe 324.4 110 10
Misawa 360.7 114 9.9
Towada 495.0 125 9.4

index was analyzed with a return period of 100 years.
The three locations used were Hachinohe, Misawa and
Towada, with the freezing index increasing and the an-
nual average temperature decreasing according to this
sequence. The thermal conductivity is based on the ex-
perimental results described in Chapter 3. Table 6 shows
the input parameters determined. The thermal conduc-
tivity should be changed depending on the state (i.e. fro-
zen or unfrozen) because it differs between the two states.
However, changing the conductivity according to the state
is not realistic since the calculation becomes more com-
plex due to the increase of convergent calculation. The
thermal conductivity of the crushed stone is determined
as the average of the values in the frozen and unfrozen
states for D=95% (in cases 1 and 2) taking into consider-
ation the probability of freezing, and the conductivity of
the subgrade soil was taken as the value in the unfrozen
state. It is difficult to measure the heat capacity Q and
latent heat of fusion L, so these values were determined
from Equations (3) and (4) 1.

0=(0.17+0.0075w)- p, (3)

L=08wp, (4)

where w represents the water content (%) and p, is the
dry density (g/cm?).

Table 7 shows the calculation results. This table shows
the results in the case where the subgrade soil was loam
or clay for each meteorological condition, and the results

Table 6 Thermal characteristics

Parameter Symbol Unit Concrete | Crushed stone Loam Clay

Dry density Pa g/em? 2.35 1.98 1.09 0.82

Water content w % — 6.2 52.0 82.0
Thermal conductivity k cal/cm + sec + ‘C| 0.00611 0.00123 0.00109 | 0.00160

Heat capacity 0 cal/cm’® + C 0.6 0.430 0.605 0.644

Latent heat of fusion L cal/cm? 0 9.82 45.34 53.79
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Table 7 Results of frost penetration depth

Advanced Berggren's method
(a) 10 cm | (b) 30 cm | (¢) 70 cm
44.0 60.3
43.6 60.3
454 61.4
44.8 61.2
50.6 66.0
49.8 65.4

cJF

(C=4)

Area Subgrade soil

Loam
Clay
Loam
Clay
Loam

Clay

Hachinohe 80.2

72.0

Misawa 84.0 76.0

Towada 97.7 89.0

0.30

.

—0— (a) 10cm
025

T T

—A— (b)30cm |

0.20

T T

0.15

T T

0.10

0.05

s

0.00 "
Loam Clay Loam Clay Loam Clay

Hachinohe Misawa Towada

T T

Ratio of frost penetration depth of subgrade soil
(Advanved Berggren's method,” Conventional method)

(Small) «———Freezing index —» (Large)

Fig. 8 Ratio of frost penetration depth of subgrade soil

obtained from Equation (1) were also shown in the condi-
tion of C=4. In the results of calculation adopting the
advanced Berggren’s method, the frost penetration depth
could be calculated with due consideration not only of the
meteorological conditions but also of the subgrade soil.
Here, the frost penetration depth was the depth distance
between the surface of the concrete and the 0-degree line
in the ground. This means that the subgrade soil would
be frozen at a frost penetration depth of 40 cm for (a), 60
cm for (b) and 100 em for (c). In case (c), it is shown that
the subgrade soil was not frozen, so the frost penetration
depth was the same for both kinds of subgrade soil. Fur-
thermore, the frost penetration depth of only the subgrade
soil was calculated from the results as shown in Table 7,
and the ratio of the depth obtained from the advanced
method to the depth from the conventional method was
as shown in Fig. 8. The results of case (¢) (with a concrete
thickness of 70 ¢cm) were not considered in this figure.
The figure indicates that the frost penetration depth was
much less than with the conventional method, depending
on the meteorological conditions and the cross-section of
the track structures. The advanced Berggren’s method
would therefore enable provision of a more economical
countermeasure method against frost heaving.

5. Conclusions

In calculating the frost penetration depth necessary

for working out a countermeasure against frost heaving, .

QR of RTRI, Vol. 48, No. 3, Aug. 2007

we studied an advanced Berggren’s method and evalu-
ated its merits, such as enabling quantitive consideration
of the thermal characteristics of the soil and the effects
of the countermeasure method. Furthermore, we proposed
laboratory testing to measure the thermal characteris-
tics of soil, and showed the values to be used as param-
eters for design. From the trial calculation, it was found
that the proposed method would enable provision of a
more economical countermeasure method. In the future,
we plan to evaluate countermeasure methods other than
replacement, such as insulation techniques and cement
soil stabilization.
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