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Abstract

This article deals with the susceptibility of the materials used in the Finnish rail network to convective
heat transfer. Previous studies have found that convection clearly influences the thermal conductivity
of coarse aggregates in certain conditions. The occurrence of convection may cause subsoil frost
heave. This study investigated the susceptibility of three sub-ballast materials, which were made of
different crushed rock aggregates, to convection: railway ballast (31.5/63 mm), sub-ballast layers of
crushed rock, and 5/16 mm crushed rock. Convection was found to increase the thermal conductivity
of railway ballast several-fold, while the thermal conductivity of the currently used sub-ballast
material was also noted to increase clearly when the moving medium contained water. No significant
increase in thermal conductivity was, however, found in the case of the 5/16 mm crushed rock. Based
on these results, it is clear that it is not possible to use tremendously coarse materials in thick structure

layers in the Northern area. The results of this study were one of the most important factors when the
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grading recommendation for sub-ballast material used in Finland was changed to include more fines,

which clearly reduces the possibility of the onset of convection.
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Introduction

Modern track flatness requirements are high (EN13848-6:2014), and even minor unevenness due to
frost heave disturbs rail traffic. Finnish track structures are typically designed, so as to prevent
seasonal frost from causing frost heave under tracks. This means that extremely thick structure layers
are needed in Northern area and their dimensioning must be correct. Nowadays, crushed rock
aggregate is the most commonly used material in sub-ballast in Finland, because of its price and
availability. The heat properties of coarse crushed rock aggregates are different than in natural graded
materials, and this issue was addressed briefly by Nurmikolu (2004), which led to an increase of 15%
in layer thicknesses when the sub-ballast is made of crushed rock. The increase was based primarily
on the differences of the materials with respect to dry bulk density and water content, whose impact

on thermal conductivity was assessed based on Kersten’s (1949) equations.

The traditional assumption in frost dimensioning has been that heat transfers in soil mainly through
conduction, but international research (e.g. by Johansen 1975 and Goering et al. 2000) show that heat
may also transfer by convection in coarse-grained aggregates. Johansen (1975), on the other hand,
found that, in crushed aggregate of grain size 20/80 mm (notation means that the grainsize of used
materials varies mainly from 20 to 80 mm in diameter), natural convection increases the sample’s
thermal conductivity by up to 2.5 fold compared to a situation where heat transfers by conduction and
radiation. The risk of higher than assumed thermal conductivity is not merely theoretical, since the
so-called Sprengestein blasted rock material used in Norway in the 1990°s caused major frost heave
problems as the convective heat transfer made possible by the material had not been considered in
determining the material’s thermal conductivity (Jernbaneverket 1999). The importance of effective

thermal conductivity leads to the following research questions:

1) Is the crushed rock aggregate used in Finnish railways adequately coarse to provide suitable

conditions to natural convection?
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2) How the moisture content of aggregate affects to of natural convection and heat transfer
properties?

3) What the temperature gradients are in in-situ targets?

The sub-ballast material used for Finnish railways differs from materials tested elsewhere with respect
to grading, meaning in that the results of such tests are not directly usable in this context. Coarse
crushed rock materials have many advantageous options, e.g., good load resistance options and low
moisture sorb properties considering track drainage. However, the restrictions of use for these kinds
of material should be clarified. The results of this study are important for all countries where seasonal
frost occurs. Based on the above factors, it was decided to study the possibility of the occurrence of

convection with the help of test apparatus.

The differences between the thermal performance of tracks laid on gravel and crushed rock aggregate
in the test site have also been studied in Finland. The Hippi field investigation site is located in
Western Finland. Two different materials were used in the railway embankments at the site. The
northern embankment used a conventional substructure of gravel, topped with a 0.3 m sub-ballast
layer of crushed rock aggregate and a 0.55 m railway ballast layer. Apart from the gravel layer being
substituted by crushed rock aggregate (Kalliainen et al. 2011), the structure of the southern site is
otherwise similar. In the monitoring period 2011-2013, a thermal gradient of about 9 °C/m was
measured on the crushed rock embankment. However, the gradient fluctuated between measuring
points, and greater thermal gradients were achieved by choosing points near the track surface. A more
accurate description of Hippi’s field target and the results of monitoring are going to be presented in

future papers. In this paper, the thermal gradient was the most essential part of monitoring.



73

74

75

76

7

78

79

80

81

82

83

84
85
86
87
88
89
90
91
92
93
94
95

96

97

98

Theoretical framework

The basic concepts of natural convection

In order to be able to assess the susceptibility of materials to convection, it is necessary to provide a
general definition of the Rayleigh and Nusselt numbers. The Rayleigh number is based on analytical
studies and describes the relationship between the forces caused by buoyancy and opposing forces,
which allows using it to assess the possibility of the occurrence of convection or its magnitude.
Equation 1 is derived from the doctoral dissertation of Johansen (1975), except that the kinematic
viscosity element has been expressed in terms of dynamic viscosity and density of the moving

medium (conversion formula of Mills 1993).

2
Ra ATaghKp“c (1)
Al
where
Ra = Rayleigh number, [-]
AT = temperature difference, [°C]
h = layer thickness, [m]
g = acceleration of gravity, constant, [m/s?]
a = coefficient of thermal expansion of medium, [1/K]
VI = dynamic viscosity of medium, [kg/ms]
p = density of medium, [kg/m3]
c = specific heat capacity of medium [J/Kg K]
A = thermal conductivity excluding convection, [W/mK]
K = intrinsic permeability, [m?]

The critical Rayleigh number is also often used in studies. When the number reaches some critical
value, the onset of convection is considered possible. The critical Rayleigh number depends on the
boundary conditions, and Lapwood (1948) has calculated the following critical values for a liquid-

containing, porous material in different conditions: If the material is surrounded by two impermeable
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heat-conducting surfaces, Racr =40, and if the lower surface is impermeable and the upper one open,

the critical number is 27.

Another important variable to consider is the Nusselt number, which is commonly used in convection
studies, since it allows assessing the actual impacts of convection. It expresses the relationship of
effective thermal conductivity (including convection) and thermal conductivity, excluding
convection. It is derived from equation 2 using the critical Rayleigh number that depends on the
boundary conditions. It should be noted that at large Rayleigh values, the Nusselt number no longer

increases completely linearly (Johansen 1975; C6té et al. 2011).

Ra
. ()
Racr
where
Nu = Nusselt number, [-]
Ra = Rayleigh number, [-]
Racr = Critical Rayleigh number beyond which onset of convection is

computationally possible, [-]

Impact of convection on thermal conductivity of different materials

The susceptibility of different materials to convection has been studied by various test apparatuses
across the world. The apparatuses operate on the basis of the physical properties of natural convection.
When a material is heated from below and cooled from above, warm air or some other medium starts
to rise due to differences in density. Consequently, heat transfers with the air or other medium, i.e.,
heat transfers by conduction from one contact surface to another by radiation and convection. If a
sample is heated from above and cooled from below, the medium does not move since the densest

medium (air) is on the cold side of the sample at the lowest possible point.

One of the most relevant studies was conducted by Johansen (1975), who studied convective heat

transfer using 20/80 mm crushed rock with a bulk density of about 1500 kg/m® The thermal



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

conduction of a material, excluding convection (top-heating), was about 0.45 W/mK when the
average sample temperature was about 3 °C. The possibility of natural air convection was examined
by using open and closed upper surface of sample, because of the different critical Rayleigh numbers.
With an open upper surface and sample height of 0.48 m, the critical temperature difference was
measured to be 7.8 °C and the closed surface temperature measured to be 11.6 "C. Above these
temperatures, the natural air convection started and increased the effective heat conduction. With the
open upper surface, Johansen achieved 1.13 W/mK effective heat conduction, which corresponds to
Nusselt number of 2.5 with a temperature difference of 19.0 °C. It’ is obvious that the natural air
convection increased the heat conductivity significantly. Johansen had also calculated the critical
temperature differences for the material in question, which were 7.8 °C and 11.6 °C. The critical
Rayleigh numbers calculated on the basis of measurements were 26 and 41, which are very close to

the theoretical values calculated by Lapwood.

Goering et al. (2000) studied convection in a laboratory with a somewhat similar arrangement as
Johansen. The material tested by Goering et al. was mixed 20/63 mm crushed rock. The grading curve
of the tested material differs from that of the Finnish railway ballast, whose minimum diameter is
31.5 mm, with regard to its smallest grain size. In analyzing the results, Goering’s research team
aimed at modeling the pore air flow by a calculational method. The performance of the calculation
model was tested, and it was discovered that pore air does not flow in the area below the critical
Rayleigh number. The unidimensional temperature profile that formed was in line with the heat
conduction theory. According to the model, at Rayleigh values above 39.48 the movement of pore air
increased gradually. Based on these tests, Goering et al. considered that the model performs well. The
thermal conductivity of the material with top heating was 0.79 W/mK and the temperature profile of
the sensors in the sample was very linear. With bottom heating, the conductivity increased

significantly and temperature profile was not linear anymore.
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Natural convection in structure layers is not always an unwanted phenomenon. Goering (1998)
studied exploitation of convection in a permafrost area in Alaska. The idea behind the study was that
an embankment releases a lot of heat into outdoor air in winter by convective heat transfer, whereby
the embankment remains cooler in summer. This is possible mainly in permafrost areas. Clear
convective heat transfer was detected in a test embankment composed of 50/80 mm crushed rock.
The utilization of natural convection in permafrost regions is still a valid research topic. For example,
the Qinghai-Tibet railway is located partly in the permafrost region. A number of studies have been
carried out on this topic, mainly in China. For example, Wang & Ma (2012) investigated the most
important convection-related factors in planning in relation to crushed rock embankments. Mu et al.
(2012) monitored the results from different convection related substructures at Qinghai-Tibet railway
and Fujun et al. (2015) continued monitoring long-term temperature profiles. Qian et al. (2012) have
also made research on highway substructures. The same principles can be applied in railway
structures. In short, many studies have valid evidence that the convection substructures are working

well, like a thermal semiconductor in permafrost regions.

Materials and methods

Test Materials

Three crushed rock materials with different grain size distribution were tested in the laboratory. The
first material tested with the built apparatus was railway ballast (CrAl), which is the coarsest of the
studied materials. It was assumed and corroborated by the testing that this material was coarse enough
to produce natural convection. Railway ballast is used in the track support layer and its d/D grain size
is 31.5/63 mm. Railway ballast contains very few fines: in the case of ballast containing class B fines,
the maximum allowed percentage passing the 0.063 sieve is 1.0. In practice, there are fines mainly

on top of the ballast, hardly anywhere else (EN13450:2002 & SFS-EN 13450 Aggregates for railway
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ballast, national guidelines). The grading of the examined railway ballast was also checked by sieving,
and the results are presented in figure 1. The limits for the sub-ballast material made of crushed rock
are also drawn in the figure for comparison, with all three materials’ grain size curves. The continuous
black lines are absolute limits for individual samples, and 90% of the results fall within the area
limited by dotted lines. The densities of materials in the apparatus, bulk densities, and calculated

porosities are presented in Table 1.

The other tested material (CrA2) was 5/16 mm crushed rock, whose commercial names include
“drainage ballast” and “capillary break ballast”. The material was chosen for testing because its grain
size is clearly smaller than that of railway ballast, yet it contains no fines. 5/16 mm crushed rock is
not used as such in embankments; it is also quite homogeneous, since its grain size range is quite
narrow (Fig. 1). The continuous empty spaces left between the particles are smaller compared to

railway ballast, but there are more of them.

The most interesting tested material from the viewpoint of convective heat transfer in the
embankment was the combined sub-ballast material (CrA3), which is used nowadays in crushed rock-
based track structures. The grain size distribution of the material is clearly wider compared to the two
previous test materials, which usually means that it is more compact. The sieving results are presented
in figure 1. Tested CrA3 material grain size distribution was close to coarse side limits of sub-ballast
materials and that is relevant for this convection study. Materials of this type proved to be highly

susceptible to segregation during preparation.

General structure of test apparatus
The test apparatus of 1m?3sample size was built for this study. A large sample size makes it possible
to test materials as big as 63 mm particles. Coté et al. (2011) also selected an apparatus of

corresponding size for their research on materials of 75/202 mm grain size. The general structure of
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test apparatus and it dimensions are presented in figure 2. The insulation of sample space walls are

made of 100 mm XPS.

The concrete heat transfer slabs above and beneath the sample are among the key components of the
convection measuring apparatus. The slabs measure 1020 mm x 1000 mm x 100 mm and weigh
250kg. Both slabs are built so that they can either cool down or heat up the sample in order to avoid
changing their places during testing. A tray of 3mm thick aluminum with 50 mm high sides is built
on top of the bottom heat transfer slab. The tray is intended to distribute the heat from the slab
uniformly, which enables the possibility to add water to the test sample. The underside of the top heat
transfer slab also has a 2mm aluminum sheet. The top or bottom slab is cooled by fluid circulation.
For this purpose, a cooling coil of 10 mm copper piping is installed inside the slabs, with the in-slab

portion being about 10 m long. The slabs are heated by heating cables cast within the slabs.

The operation of the convection measuring apparatus is based on a computer-controlled measurement
system. The control systems maintain the temperature of both slabs in constant temperature. While
the apparatus is able to heat either the full slab or half of the slab, all of the heating tests in this project
involved heating the entire slab to a constant temperature. The maximum heating power is 140-150
W. Cooling is achieved by external fluid circulation cooling equipment. The cooling power was also

measured but was not used for calculations.

All thermocouples used in measurements are of type T and accurate at the temperatures used. Each
sample contains 30 thermocouples, as shown in Figure 3. Five sensors each are installed in six layers.
The sensors in the sample indicate the distribution of temperatures in different heating situations.
Both slabs incorporate comprehensive temperature measurement, with10 LM335 sensors and five
type T thermocouples. The bottom heat transfer slab involves an array of five heat flux sensors, which

indicate the amount heat flowing through the bottom slab to the sample. Hukseflux HFP1 heat flux



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

sensors are rated to be accurate by the manufacturer within £5% under normal conditions. The heat
conductivity is calculated from thermal energy passing through the sample and the temperature
difference of the top and the bottom slab. The measured heat flux is calculated as an average of five
heat flux sensors on the bottom slab. The slabs temperatures are obtained as an average of 15
temperature sensors on each slab. The used aluminum plates on the bottom and on the top of the
sample, was planned to spread the heat flux uniformly from the slab to the sample. The acquired
thermal conductivity is the average of the entire sample in the testing apparatus. All measurements
were taken from steady state situation. The system was considered to have reached the equilibrium,
when there were not significant changes in the heat flux and in the temperatures of the sample. That
certainly made the test runs more time consuming — the shortest test run was 7 days and for many of

the tests it took much longer time to stabilize.

The performance of apparatus was tested with bottom and top heating. The test was run out with
CrAl-material. Figure 4 shows the temperature distributions in the railway ballast sample in the top
heating test. Some approximations were made in plotting the left figure, because there were no
temperature sensors at the edges of the sample (see Fig. 3). The left side of figure shows a cross-
section of the apparatus 150 mm from the side wall towards the center. The temperature sensors in
the middle of the apparatus also appear to be on the same level, but are actually 350 mm deeper
viewed from the side. The temperatures measured from the sample as a function of height are shown
on the right. The curve is almost straight and the readings of sensors at the same height are very close
to each other. The figure clearly shows how the isotherms settle evenly and horizontally in a top

heating situation, which indicates that no flows occur in the sample.

With bottom heating the situation is different, as shown in Figure 5. Then, the shape of the isotherms

deviates from horizontal and thermal distribution is not linear. This indicates the convection medium
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is flowing in the sample. The heat rose in the right side of the sample to the cold top heating slab and
descended downwards with the left side of the sample. There were clear differences in temperatures
across the sample. The test showed that the apparatus was functional and how the convection
phenomenon was possible to recognize in the test. This observation is also supported by other studies,

e.g., Goering (1998) who found uneven heat distribution caused by convection cells.

Heat loss

Although the sample space of the apparatus is insulated, heat transfers either out or in through the
walls. At the start of the tests, the intention was to match the mean temperature of the sample inside
with the outdoor temperature, whereby heat losses in a heat conduction situation would offset one
another. However, in a convection situation, the temperature distribution deviated from linear,
causing heat loss in the apparatus. Ambient temperature did not remain absolutely constant during
the tests either. This difference between the ambient temperature and the mean temperature of the

sample is perceivable in test parametric tables 1, 2 and 3.

Heat loss that should be accounted for in the test apparatus occurs mainly through the insulated sides,
because the top and bottom slabs were maintained at a constant temperature and heat flux was
measured between the sample and the bottom slab. The amount of thermal energy transferring through
the sides can be calculated in principle when the thermal conductivities of wall materials and the
temperature within and without the apparatus are known. An attempt was made to calculate heat loss
with the help of outdoor air temperature and temperature sensors inside the sample. The method
proved quite inaccurate and, therefore, absolute, unrevised values were used to arrive at the research
results. The major factor of uncertainty in the heat loss calculation was probably due to the difficulty
of determining actual effective conduction area between the walls and the porous material. The
precise calculations of heat loss should also consider temperature change rates and the specific heat

capacities of apparatus materials. Another way to approximate the heat loss was to deviate sample
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mean temperature from ambient temperature. That kind of arrangement was tested with a 5/16 mm
crushed rock sample (CrA2). The change of mean temperature by 4.5 °C caused the thermal
conductivity to drop to 0.25 W/mK from the average of 0.37 W/mK (differential test results are in
table 3). Based on this test, the effect of one-degree sample mean temperature deviation from the
ambient temperature caused an error of 0.027 W/mK to heat conductivity at the most. On the second
differential test, the effect of changing the mean temperature by 2.0 °C from ambient temperature

was negligible to the thermal conductivity.

The differences between the ambient and mean temperature of the samples were mainly below 3 °C
which means a maximum error of 0,081 W/mK to samples heat conductivity. This means that in some
instances, heat loss calculations indicated that small differences in thermal conductivities are not

necessarily significant.

Test Results

The first material tested was CrA1l railway ballast aggregate, the second was CrA2 with smaller
average grain size, and the third one was the most interesting material, CrA3. The most tests were
conducted on railway ballast, because our aim was to also study the performance of the apparatus and
how a possible occurrence of convection is evident in the results. The railway ballast sample was also
tested in a situation where the top heat transfer slab was lifted 50 mm above the sample, leaving a
clear air gap between the sample and the top slab. The purpose of this test was to determine the
differences between open and closed space convection. The temperature differences tested were
generally greater than in the real world, because a closed test apparatus caused a larger critical
Rayleigh number. With greater temperature differences, the purpose was to start natural convection,

if the material thermal conductivity did not otherwise grow.

The results of top heating tests of CrAl material are in table 2 and figure 6; CrA2 material results are

presented in table 3 and in figure 7; and CrA3 results are shown in table 4 and figure 8. The thermal
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conductivity in the top heating tests was almost the same for all materials, between 0.34-0.41 W/mK.
A slightly larger value was achieved from the first test of CrAl material, 0.52 W/mK, but that was
probably caused by the remaining moisture in the heating and cooling slabs. This value was neglected
in the average results as well as offset run with CrA2 material. With CrA2, greater temperature
differences were also used to avoid errors from tests’ arrangement. Only one top heating test was
conducted for CrA3 material because the achieved thermal conductivity was similar with the other

materials and Johansen’s (1978) test results.

The results of bottom heating were much more interesting than top heating tests. All the results can
be found in the previously mentioned figures and tables. The bottom heating caused thermal
conductivity to increase in all tested materials that were dry. However, there were significant
differences in the growth of thermal conductivity. The thermal conductivity growth in CrA2 materials
was only a little above 0.1W/mk with large temperature differences. Similar behavior was noticeable
in CrA3 material in which the thermal conductivity increased from 0.4 W/mk value to 0.6 W/mK.
With the coarsest material, CrAl thermal conductivity with bottom heating was 0.89 W/mk, which
was tested with the lowest temperature difference. That measured value was more than twice
compared to top heating and, in addition, the thermal conductivity increased with increasing

temperature difference.

Based on the results, it can be said that CrAl material was the only one in which natural convection
clearly happened. The results of CrA2 material also support this observation, because the thermal
conductivity remained almost the same, although the temperature difference was doubled. The
interesting detail in dry sample tests was the effect of the test order. It seemed that when the medium
started moving, the convection appeared to be stronger with lower temperature differences as well.
The great differences between different tests in CrAl material also leaded to only one CrA3 dry
bottom heating test, because it was obvious that the achieved thermal conductivity difference,

0.2W/mK, was not so significant even when the temperature difference was as great as 29.6 °C
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In its natural state, a material always contains some moisture, so it was decided to also test wet
material samples. In the wet test, water was led into the aggregate by a thin pipe through the side of
the apparatus, from which it flowed to an aluminium tray underneath the sample. Adding water to the

sample increased the thermal conductivity of all tested samples.

The smallest changes were detected in CrA2-material, where the thermal conductivity increased to
0.8-1.0 W/mK, which was almost twice that of the dry top heating result. The increase of thermal
conductivity was moderate, although the temperature gradients used were high. With CrA3-mterial,
which was the most interesting, the thermal conductivity increased to 1.2—-1.4 W/mK with the moist
sample. These results are about three times higher than those obtained in the dry top. The coarsest
material CrAl achieved values between 1.5-3.0 W/mK, which were many times higher compared to
the ones resulting from top heating tests. After the moisture tests, the top of the samples were wet,
which indicated the water flow in the sample by natural convection or diffusion. It seems probable
that there is rain like phenomenon in apparatus, where the water evaporates at the bottom, rises up,

condensates on top, and rains down.

The CrA1 material sample was also tested in a situation where the top heat transfer slab was lifted 50
mm above the sample, leaving a clear air gap between the sample and the top slab. The results of this
test with moist railway ballast material are presented in table 2. The test at a temperature difference
of 5.6 °C was the most uncertain in terms of results, because the readings of the heat flux sensors had
stabilized, although small changes were still indicated by the temperature sensors in the sample. This
not only suggests that, at small temperature differences, heat transfer is slow, in accordance with
Fourier’s law, but also that stabilization takes a lot of time. It is also possible that convection cells are
not a stable process at all. The results may also be affected by the temperature of the test environment.
The results from an open top surface also seem to fall mainly on the curve of a wet sample to

complement missing points. This probably suggests that a slab removed 50 mm from the top surface
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of the sample does not constitute the type of open top surface situation met in critical Rayleigh number

analysis.

Discussion

Computational analysis based on the theory of convection

In a computational analysis, the test results were compared to values calculated with Rayleigh
Equation 1 and the Nusselt number. The intrinsic permeability included in the formula was a
problematic quantity, because it is difficult to determine for highly water permeable coarse materials.
Intrinsic permeability can, however, be calculated from water permeability with the Kozeny-Carman
formula (Johansen 1975). The intrinsic permeability of a material can also be assessed by other
methods. Goering et al. (2000) chose to use the Fair & Hatch method (1933) presented by Bear (1972).
In this method, intrinsic permeability is assessed on the basis of porosity, particle shape parameter,

share of the studied fraction in the material, and average geometric grain size.

In this study, the water permeability of CrA2 (5/16 mm) crushed rock aggregate was measured in an
aggregate laboratory to establish the intrinsic permeability of the material. However, the material
proved so coarse that, even at a low pressure difference, the amount of water flowing through the
material exceeded the capacity of the test apparatus. For this reason, no attempts were made to
measure the water permeability of the coarser sub-ballast material and railway ballast. The intrinsic

permeability determined by the measurements, 1.38-10® m? (calculated with a water permeability

value of 1.04-101 m/s), was also proven too small by the computational analysis.

Dry state computational analysis was used to seek a suitable magnitude of intrinsic permeability for
the materials on the basis of literature. Then, the built calculation model was matched to the achieved
test results. In the dry state tests, it went reasonably well. On the basis of literature, railway ballast

was assigned an intrinsic permeability of 8-10”" m?, which, judging by the results, was quite close to
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the correct value. Based on the calculated Rayleigh number, no convection should occur, for instance,
in CrA2 material, but thermal conductivity did increase somewhat in the tests. With the CrA2
material, the results matched best when intrinsic permeability was 3.5 -107 m2. This value is slightly

higher than the value calculated with the water permeability value.

The assessment of the intrinsic permeability of CrA2 and CrA3 materials involves a lot of uncertainty,
because determining the quantities necessary for calculating the Rayleigh number in the wet state
tests is difficult. The medium in the sample was unsaturated water vapor, whose degree of saturation
varied somewhat within the sample. Determining the parameters of this mix proved to be impossible
in practice. Evaporation and condensation of water also occurred in the wet state tests, leading to the

transfer of a lot of temperature energy during change of state.

During the study, some doubt arose as to whether addition of water to the sample could cause
diffusion of water vapor. Water vapor diffusion is a well-known phenomenon in building physics.
For example, according to Hagentoft (2001), the ratio between water content and partial pressure of

water can be determined on the basis of the general gas law with Formula 3.

p, = 4614 (T +273,15) x v (3)

, Where

pv= partial pressure of water vapour [Pa]

T=temperature in centigrade

v= air water content [kg/mq]
Moreover, according to Hagentoft (2001), it must also be taken into account that air temperature
affects maximum water content. For example, air can contain a maximum of about 5 g/m? of humidity
at 0 °C, but at 20 °C, as much as 17 g/m®. The respective partial pressures of water vapor are about

630 Pa and 2300 Pa, which means that water vapor flows by diffusion from hot to cold, according to

Fick’s law. This may partly explain the results of the CrA2 material and the higher thermal
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conductivity in the wet state. The density of the moving medium must also be considered, since humid
air is lighter than dry air (Rogers & Yau 1989), whereby the differences in density due to water vapor
may also increase the effect of convection. However, it is difficult to include these effects in a

computational analysis.

Table 5 shows estimates of critical temperature differences based on the test results and computational
analysis. The critical Rayleigh number affects critical temperature differences, since the boundary
surfaces of the material samples were practically closed in the test. When the top surface is open,
convection is possible at a smaller Rayleigh number. In dry weather, the critical temperature
differences are about 7% lesser than those in the table, if the mean temperature is 0 °C instead of 20
°C. Ambient temperature has a marked impact on the parameters in wet state analyses and may cause
wide variation in results. The results also reveal the dependence of the critical temperature difference
on the test run, since the Nusselt number did not usually increase in direct proportion to temperature
difference. However, when interpreting the results, it should be borne in mind that field measurements
at the Hippi test site detected a temperature gradient of about 9 °C/m during the observation period.
In nature, the size of the temperature gradient depends largely on the observation point, since the
temperature gradient near the surface may also be clearly higher when temperature sinks rapidly. The
calculations with the 2.6m thick layer, which is highly used in Northern Finland to insulate the subsoil

from frost, leaded to very low critical temperature differences.

The new grading curves for sub-ballast material
Based on this study and partly compaction analysis of crushed rock aggregates (Kalliainen et al.
2011), the Finnish Transport Agency now uses new grading limits that are presented in the Figure 9.

New grading curves are cutting the coarse side granularity of material and allowing more 0.063...4
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mm particles. This kind of grading would result to denser structures, which eliminates the possibility

of medium flowing.

Conclusion

The results of the laboratory tests prove that natural convection can significantly alter the thermal
conductivity of coarse material. Railway ballast (CrAl) proved susceptible to convection, even at
small temperature differences, with dry air as the medium, but this phenomenon was not observed
with the 5/16 mm crushed rock aggregate (CrA2) and sub-ballast material (CrA3). The moving
medium was found to be of great importance, since the addition of water changed the thermal
behavior of materials. Water vapor had the greatest impact on railway ballast, but distinct convective
heat transfer also started to occur in sub-ballast material when water was added. Besides convection,
water vapor diffusion is also likely to be a significant factor, since temperature differences causes a
vapor pressure gradient in the sample and moving water vapor carries heat away. The transfer of heat
in connection with diffusion may also be increased by a possible change of state of water (Farouki
1986, Kane et al. 2001). The ambient temperature also has a great influence on the moving of water

vapor (Jabro 2009).

The laboratory tests of this study do not fully correspond to the actual situation in the field, since a 1
m? closed box has several boundary surfaces that do not exist in a railway embankment. These
boundary surfaces may change the behavior of convection. Most laboratory tests were carried out
while the sample was closed within the airtight test apparatus. Even the situation where the top slab
was lifted 50 mm corresponded to a closed situation in the light of the results. In nature, the top
surface is completely open and exposed to winds. The test results also suggest that when the medium

starts circulating in the material, it will also continue to circulate at smaller temperature differences.
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This is only logical, because the forces resisting movement are greater when a material is at rest. It is

also probable that trains moving at high speed also promote the flow of medium near the surface.

Based on this study, the following main results can be pointed out:

The increase of effective thermal conductivity caused by natural convection is a true and
significant phenomenon.

The railway ballast material (CrAl) permits significant convective heat transfer. With small
temperature gradients, the thermal conductivity was more than twice compared to conduction-
only situation. This kind of material cannot be used in railway substructure in cold regions if
the subsoil is frost-susceptible material.

The critical temperature differences for 1m and 2.6 m thick layers was also calculated. The
calculated values for the thicker layer were low compared to the measured gradients from
Hippi’s test site. This indicates that there is potential for natural convection.

In environments like in Finland, it is not reasonable to use coarser sub-ballast material, and
the height of substructure should not be increased with coarse materials, as it runs the risk of
natural convection. The coarse side limits of grading sub-ballast material are now quite near
for possible natural convection. The segregation during material placement in sites can also
lead to some risks. The presented new grading limits (in discussion) are reducing the
possibility of natural convection.

The water in structures have a great influence on material heat transfer properties, because of

natural convection and diffusion. The importance of drainage should be regarded.

Data Availability statement
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flux measurements during tests. The most important data and parameters has been published in this

paper.
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Figure 1. Gradings of tested materials. CrA1 (Railway ballast) was the most coarse-grained material
and the CrA2 (5/16 mm crushed rock) the most fine-grained. The sub-ballast material (CrA3) fell
between the two with regard to grading. The black solid lines in the figure represent the ranges of
individual grading results for sub-ballast. Of the results, 90% must fall within the area bound by

dashed lines.”
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544  Figure 2. The picture a) shows the general structure and dimensions of apparatus and b) the
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547  Figure 3. Positions of thermocouple temperature sensors in the samples. Side cross-section (a) and

548  plan view from above (b).
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Figure 4. Temperatures occurring in railway ballast (CrAl) in a top heating situation. A cross-section
at a temperature difference of 27 °C is shown on the figure a). Temperatures of the sample as a
function of height are shown on the figure b). Both figures indicate that the change is rather linear

and even throughout the sample.
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Figure 5. The railway ballast sample CrAl in a convection situation. A cross-section of a wet sample
with bottom heating is shown on the figure a). Temperature difference was about 23 °C. Temperatures
of the sample as a function of height are shown on the figure b). The figures clearly indicate how

warm air rises up on one side, cools down, and descends again.
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567  Figure 9. New and old grading curves of sub-ballast material. The new curves limit the amount of

568 coarse fractions in the sub-ballast material.
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Table 1. Test material densities and aggregate bulk densities.

Material

Density [kg/m?]

Bulk density [kg/m?]

Porosity [%]

CrA1l Railway ballast
CrA2 5/16 mm
CrA3 Sub-ballast

1490
1490
1670

2690
2690
2690

45 %
45 %
38 %
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Table 2. Test results and parameters for CrA1 material (railway ballast).

CrAl Temperature | Thermal Mean Average Temperature | Temperature | Test run
Railway difference conductivity temperature temperature of top slab | of  bottom | duration
ballast [°C] [W/mK] of sample [°C] | of test | [°C] slab [°C] [d]
environment
[°C]

Dry sample, top heating
Test Al 10,1 0,522 21,4 24,3 26,8 16,8 11
Test A2 27,1 0,36 20,1 20,4 36,7 9,7 14
Test A3 19,4 0,32 18,5 18,5 30,7 11,3 30
Test Ad 9,2 0,37 17,7 21,5° 22,7 13,6 42
Test A5 31,8 0,37 19,5 19,5 38,7 6,9 17

Mean 0,36

Dry sample, bottom heating
Test B1 10,0 0,81 22,1 22,8 16,9 26,9 13
Test B2 19,4 1,12 21,4 23,6 12,3 31,7 8
Test B3 14,9 0,99 21,6 24,0 14,3 29,3 7
Test B4 7,1 0,89 22,6 22,2° 19,2 26,3 13

Wet sample, bottom heating
Test C1 12,3 1,69 14,9 19,7 9,4 21,8 10
Test C2 23,3 3,16 19,7 21,3 11,3 34,6 7
Test C3 13,6 2,44 20,6 22,0 15,6 29,2 8
Test C4 11,1 2,04 20,0 21,2 15,6 26,7 14
Test C5 57 1,52 21,6 23,0 19,1 24,8 13

Wet sambple, bottom heating, open top surface
Test D1 5,6 1,46 21,9 24,9 19,3 24,8 12
Test D2 11,4 1,84 23,0 25,2 16,9 34,6 8
Test D3 17,7 2,61 22,2 24,6 18,3 29,7 7

Dry sample,convection startup speed test
Test E1 12,9 16,1 19,4 8,9 21,9 12

2The result was not used in calculating the mean because it probably contains an error.

b Test environment temperature varied considerably during the test, so the mean does not indicate the
success of the test reliably.
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579  Table 3. Test results and parameters for Cr2 material (5/16 mm crushed rock aggregate).

CrA25/16 mm Temperature  Thermal Mean Average Temperature Temperature Test run
difference conductivity temperature of temperature of of top slab of bottom duration
[°C] [W/mK] sample [°C] test [°C] slab [°C] [d]
environment
[°C]
Dry sample, top heating
Test Al 38,8 0,40 24,1 26,3 44,6 5,8 10
TestA 2. 50,1 0,34 23,6 25,0 51,7 1,6 10
Differential® 53,3 0,25 31,1 26,6 64,7 11,4 21
Differential® 62,4 0,37 25,3 23,3 64,8 2,4 7
Average 0,372
Dry sample, bottom heating
Test B1. 29,6 0,54 25,0 24,3¢ 10,0 39,6 14
Test B2. 39,7 0,55 24,7 24,2 4,9 44,6 8
Test B3. 17,9 0,49 25,8 27,6 16,8 34,7 8
Wet sample, bottom heating
Test C1. 38,9 0,86 31,1 26,6 5,6 44,5 21
Test C2. 28,9 0,99 25,3 23,3 10,7 39,6 7

580 2 The mean of upper heating thermal conductivity is based on two first tests only.

581 P In the offset run, the mean temperature of the sample was deliberately made to deviate from the
582  mean temperature of the test environment.

583 © Test environment temperature varied considerably, so the mean does not represent real test
584  conditions accurately.

585



586  Table 4. Test results and parameters for CrA3 material (sub-ballast)

CrA3 Temperature ~ Thermal Mean Average Temperature Temperature Test run
difference conductivity temperature  temperature of test of top slab of bottom duration
[°C] [W/mK] of sample environment [°C] slab [°C] [d]
[°C] [°C]
Dry sample, top heating
Test 1. 38,6 0,41 19,9 21,3 42,7 4,1 25
Dry sample, bottom heating
Test 1. 29,6 0,58 21,3 22,6° 5,0 34,6 20
Wet sample, bottom heating
Test 1. 34,6 1,35 24,0 21,8 4,9 35,6 26
Test 2. 17,4 1,13 23,0 19,9 13,3 30,7 21
Test 3. 7,6 1,17 21,3 20,2 17,2 24,8

587 2 Since the hall temperature varied considerably, the mean does not represent real test conditions

588 accurately.

589



590

591 Table 5. Critical temperature differences estimated by computational analysis for 1 m and 2.6 m thick
592 layers.

Material Closed/open Dry/moist Test run Nu[-] Teit 1 m [°C] Terit 2,6 m[°C]
AT [°C]
Railway ballast closed dry 10 1,6 6 2.3
Railway ballast closed moist 6 3 2 0.8
Railway ballast open dry 10 1.6 4 1.5
Railway ballast open moist 6 3 1.3 0.5
Sub-ballast closed moist 15 1.7 9 35
Sub-ballast open moist 15 1.7 6 2.3
Sub-ballast open moist 35 2.1 12 4.6
593
594

595



