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Abstract: Full-scale thawing experiments, performed on three types of homogenous, initially frozen soils, were carried out during late
winter 2011 and repeated in 2012. An auxiliary heat source (hydronic heating) was employed to initiate and expedite the thawing process.
The corresponding phase change, soil temperature increase, and variations in bound and unbound water content were monitored during
the experiments. The resulting thermal response have been published in an earlier paper by the authors. In the current paper, the remain-
ing results are presented. This includes spatial and temporal soil moisture variations and resulting thaw rates. Results from both exper-
iments show similar trends. Generally, frost-susceptible soils, such as silty sand, contain more water and thaw slower relative to coarser
soils, such as gravelly sand. Very porous soils (uniform gravel) with low water content thaw comparatively slower. Thaw rates compiled
from soil moisture records correspond well with similar based on soil temperature. The degree of water redistribution and migration is
higher in silty sand compared with coarser soils. These processes are more prominent in the uppermost layer for all soils examined.
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Introduction

Frozen ground engineering has developed rapidly in the past sev-
eral decades under the pressure of necessity. As frozen soils-
related problems have broadened in scope, the inadequacy of
earlier methods for dealing with them have become increasingly
apparent (Andersland and Ladanyi 2004). This is evident when
observing how artificial thawing techniques and soil monitoring
methods have evolved over the years. Artificial thawing is a prereq-
uisite to frozen ground engineering in regions experiencing seasonal
frost or permafrost. Esch (2004) gives examples of various methods
in a historical perspective, such as steam thawing, hot- and cold-
water thawing, and electric thawing, all of which came with the
mechanization of mine workings in the early 1900s. While some
of these methods saw some development over the years, none of
them were widely used. That changed with the introduction of de-
frosting systems based on hydronic or water-borne heat two decades
ago. Since then, the applicability and efficiency of the method have
been further improved, promoting widespread use in cold regions
(Heatwork 2016a; Wacker Neuson 2016).

As opposed to traditional techniques, hydronic thawing utilizes
conduction as the main heat transfer mechanism. Flexible hot-water
pipes are laid out on the frozen ground surface in order to rapidly
thaw the underlying soil, as shown in Fig. 1. During operation,
the pipes are covered with combined vapor and insulation blankets.

As reported in an earlier paper by the authors (Sveen et al. 2016),
this method is capable of thawing 1 m of gravelly sand in approxi-
mately 3.5 days, silty sand in about four days, and uniform gravel
in approximately 11.5 days. The results reported in the present
paper is a continuation of the data obtained from Sveen et al.
(2016). The thaw rates generally decrease with increasing depth or
distance to the heat source, varying from 22–37 cm/day after one
day to 12–24 cm/day after six days of continuous thawing. The
trend is similar for natural thawing, but then at considerably lower
thaw rates. Obviously, the increased thaw efficiency is primarily re-
lated to the additional thermal energy provided by the defrosting sys-
tem. Another important difference is that natural thawing typically
affects large areas, which allows for lateral water transport (Guan
et al. 2010a, b; Kurylyk et al. 2014), whereas artificial thawing is lim-
ited to small areas where excess water becomes trapped, thus pro-
moting the thawing process (Baladi et al. 1981).

It is commonly known that the type of soil and quantity of ice or
water greatly influence on the rate and depth of thaw. An early
field study in Point Barrow, Alaska, by Drew et al. (1958) found
that Arctic brown soil thawed earlier in the spring, to a greater
depth, and froze earlier in the autumn compared with adjacent
poorly drained areas. In a review of fundamental analytical and nu-
merical solutions for heat transfer in thawing soils by Nixon and
McRoberts (1973), they showed that the total quantity of water
that changes phase is one of the dominant factors affecting the
thawing of frozen soils. This is supported by a number of more re-
cent studies based on laboratory and field experiments (Simonsen
and Isacsson 1999; Bäckström 2000; Nassar et al. 2000; Yang
et al. 2003; Xu and Spitler 2014).

In comparison to abundant studies on frost penetration and arti-
ficial freezing, investigations of the opposite phenomena are scarce.
Considering the recent development within hydronic thawing and
efforts made to further improve the method, there is a need for

1Associate Professor, UiT-Norwegian Arctic Univ., Faculty of Engi-
neering Science and Technology, Institute of Building, Energy and Mate-
rial Technology, P.O. Box 385, N-8505 Narvik, Norway (corresponding
author). ORCID: https://orcid.org/0000-0001-9158-1653. Email: svein
-erik.sveen@uit.no

2Associate Professor, UiT-Norwegian Arctic Univ., Faculty of Engi-
neering Science and Technology, Institute of Building, Energy and Mate-
rial Technology, P.O. Box 385, N-8505 Narvik, Norway. Email: hung
.thanh.nguyen@uit.no

3Professor, UiT-Norwegian Arctic Univ., Faculty of Engineering
Science and Technology, Institute of Building, Energy and Material
Technology, P.O. Box 385, N-8505 Narvik, Norway. Email: bjorn.r
.sorensen@uit.no

Note. This manuscript was submitted on February 5, 2017; approved
on July 6, 2020; published online on September 10, 2020. Discussion pe-
riod open until February 10, 2021; separate discussions must be submitted
for individual papers. This paper is part of the Journal of Cold Regions En-
gineering, © ASCE, ISSN 0887-381X.

© ASCE 04020025-1 J. Cold Reg. Eng.

 J. Cold Reg. Eng., 2020, 34(4): 04020025 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

C
A

SA
 I

ns
tit

ut
io

n 
Id

en
tit

y 
on

 0
2/

23
/2

1.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

https://doi.org/10.1061/(ASCE)CR.1943-5495.0000231
https://orcid.org/0000-0001-9158-1653
https://orcid.org/0000-0001-9158-1653
https://orcid.org/0000-0001-9158-1653
https://orcid.org/0000-0001-9158-1653
https://orcid.org/0000-0001-9158-1653
https://orcid.org/0000-0001-9158-1653
https://orcid.org/0000-0001-9158-1653
https://orcid.org/0000-0001-9158-1653
https://orcid.org/0000-0001-9158-1653
mailto:svein-erik.sveen@uit.no
mailto:svein-erik.sveen@uit.no
mailto:svein-erik.sveen@uit.no
mailto:svein-erik.sveen@uit.no
mailto:hung.thanh.nguyen@uit.no
mailto:hung.thanh.nguyen@uit.no
mailto:hung.thanh.nguyen@uit.no
mailto:hung.thanh.nguyen@uit.no
mailto:bjorn.r.sorensen@uit.no
mailto:bjorn.r.sorensen@uit.no
mailto:bjorn.r.sorensen@uit.no
mailto:bjorn.r.sorensen@uit.no
http://crossmark.crossref.org/dialog/?doi=10.1061%2F%28ASCE%29CR.1943-5495.0000231&domain=pdf&date_stamp=2020-09-10


more performance data. That was part of the motivation for estab-
lishing an outdoors Frost in Ground laboratory (FiG-lab) in 2007.
The first full-scale thawing experiments on various types of homog-
enous soils were performed in March the same year, with prelimi-
nary results published in 2010 (Myhre 2010; Sveen and Sørensen
2010). During 2009–2010, the FiG-lab was relocated and upgraded
with soil moisture monitoring capabilities among other improve-
ments. The present study is the first to benefit from access to the
new lab facilities (Sveen and Sørensen 2013). Thawing experi-
ments on three types of soils were carried out during the winter
of 2011 and repeated in 2012. In particular, the investigation was
designed to evaluate performance characteristics of the hydronic
method used for thawing of frozen ground. A defrosting system
based on this principle was used to provide the heat necessary
for artificial thawing. The resulting phase change, soil temperature
increase, and variation in water content for each soil type were
monitored during the process.

The thermal response and associated thaw rates from both exper-
iments have been published in a previous paper (Sveen et al. 2016),
together with a description of the hydronic thawing method. The re-
sults from both winter seasons showed similar trends, with compara-
ble and considerable higher thaw rates for well-graded sand and silty
sand compared with crushed gravel. In the current paper, the remain-
ing results are presented. Specifically, this includes soil moisture var-
iations with depth and time occurring in three types of initially frozen
soils, and resulting thaw rates based on soil moisture records. Max-
imum levels of soil water content during thawing are compared with
levels occurring after a period of continuous thawing. The results
from both winter seasons are compared. In addition, basic informa-
tion about the FiG-lab and instrumentation are presented.

Methodology

This study is based on two separate, full-scale experiments per-
formed in April 2011 and March 2012 at the FiG-lab (N68°
26′55′′, E17°31′16′′), located about 6 km east-northeast of
Narvik, Norway. Three types of soils were exposed to the ele-
ments, and thus allowed to freeze naturally during late autumn
and winter, before being artificially thawed. An external heat source
based on hydronic heat was employed to initiate and expedite the
process. Relevant operation parameters of the heat source, as well
as soil temperatures and soil moisture levels, were monitored during
the experiments. The preparations made, procedures followed, and

defrosting systems used were identical for both experiments.
While a full description of the new lab facilities and supplementary
information is given in Sveen and Sørensen (2013), key points are
repeated in the following sections for clarity.

Heat Load

The main components and principle of operation are described in
detail in Sveen et al. (2016). An oil burner provided heat to the
water–glycol mixture contained in the boiler. A pump ensured cir-
culation of the hot fluid through flexible rubber pipes connected to a
distribution manifold attached to the boiler. The manifold divided
the flow evenly between up to three pipes, thus allowing for single-,
dual-, or triple-pipe operation. During thawing, the pipes were cov-
ered with combined vapor barrier and insulation blankets to reduce
heat losses from radiation and convection. Typical horizontal spac-
ing between pipes was 5–40 cm.

The unit used in this study was a 50-L boiler heated by an oil
burner of 103 kW gross capacity (Ẇ gross). Three distribution pipes
were available, each 210 m in length, outer diameter of 24 mm,
and holding approximately 42 L of fluid. The boiler temperature
was set manually up to 100°C by a thermostat. During startup,
the burner ran at full capacity (continuously) until the desired set-
temperature was reached.

Accounting for the fuel flow rate (8.30 L/h), net calorific value
of the type of fuel was used (9.96 kW·h/L) and the theoretical max-
imum burner efficiency (0.94) (Heatwork 2016b), the maximum
heat transfer rate to the boiler (Ẇmax) became 77.7 kW. As the tem-
perature of the frozen ground surface increased and the thawing
progressed, the temperature difference between the fluid supplied
by the boiler and the fluid returning began to decline. From there
on, the burner began running intermittently, resulting in a gradually
lower fuel consumption with time. In practical terms, this implies
that the system delivered a transient heat load. In this study, seen
over a period of 12 days of thawing using all three pipes, the
mean heat transfer rate (Ẇmean) was approximately 33 kW.

Test Arrangement

The FiG-lab is situated at a flat area, approximately 140 m above
sea level on the northern slope of a hillside, about 3 km northwest

Fig. 2. Overview of the Frost in Ground laboratory soil-bin arrange-
ment. (Reprinted from Sveen et al. 2016, © ASCE.)

Fig. 1. (Color) An overview showing hot-water pipes laid out on fro-
zen gravel, before being covered with insulation blankets, February 29,
2012. In this particular case, the pipes covers an area of approximately
3.5 × 4.5 m. (Image by Svein-Erik Sveen.)

© ASCE 04020025-2 J. Cold Reg. Eng.
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of the mountain Rombakstøtta (1,230 m). The secluded location
makes it less exposed to solar radiation. The uppermost 3 m at
the site was replaced with moraine gravel. Within an area extending
18 × 18 m, four 6 × 6 m soil-bins were established in a quadratic
pattern, as shown in Fig. 2. Meltwater during spring thaw is lead
outside or under the prepared area through buried pipelines.

The existing soil of each bin was exchanged with homogenous
soil samples: gravelly sand, silty sand, and 8–22 mm uniform,
crushed gravel. The additional sand (control) bin was included
to ensure the integrity of the bins actually being thawed during
the experiments. There was no physical barrier separating the
soil samples from the adjacent soil, except for a thin, permeable
membrane in the gravel bin.

All four bins were fitted with an identical array of soil temper-
ature and soil moisture sensors, located at the center of each bin.
The sensors extended to 1.8 m depth along four vertical axes, cov-
ering a 1 × 1 m horizontal area. During the two-week thawing ex-
periments in April 2011 and March 2012, soil temperature and
water content in all bins were recorded every hour using thermo-
couples, thermistor strings, resistance blocks, and capacitance
moisture probes. In addition, fuel consumption, pipe-flow rates,
and fluid temperatures of the hydronic defrosting system were mon-
itored at similar intervals.

The vertical alignment of the various sensors was ensured by
mounting them to a custom-made frame. The vertical spacing be-
tween the thermocouples was 0.1 m, starting at the ground surface
level and ending at 1.5 m depth, with an additional thermocouple at
1.8 m. The remaining groups of sensors (including soil moisture)
were placed at 0.2 m intervals, starting from 0.1 m below ground
surface and ending at 1.8 m depth. Consequently, they were aligned
with every second thermocouple. The sensor frames extended
2.16 m vertically and covered a 1 × 1 m horizontal area at the center
of each soil bin. Signal cables leading from the bins were collected
at a central hub, from where the cables were led to a cabin shelter-
ing the monitoring systems.

After both experiments (during autumn), soil samples were col-
lected from each bin for determination of grain-size distribution,
porosity, initial moisture content, and dry density. Ambient air con-
ditions and precipitation were gathered from a nearby meteorolog-
ical station maintained by the Norwegian Meteorological Institute
(NMI) during both winter seasons.

Soil Moisture Monitoring

Soil moisture content was monitored using Sentek EnviroSCAN
capacitance-based sensors (Sentek Environmental Technologies,
Kent Town, South Australia) installed in customized access tubes,
and by Watermark 200SS electrical resistance sensors embedded
in the soil (Irrometer Co., Inc., Riverside, California). The former
is an electromagnetic sensor that indirectly measures volumetric
water content (θv) based on the relative permittivity or apparent di-
electric constant (Ka) of the various constituents of the surrounding
soil, shown in Fig. 3(b). The latter measures soil water tension or
suction, based on the resistance across two electrodes inside a
resistance-block embedded in the soil, as shown in Fig. 3(a).

Capacitance-based monitoring is commonly referred to as
frequency-domain reflectometry (FDR) because it applies an oscil-
lating voltage to measure the capacitance and thus the dielectric
permittivity of the surrounding medium. The soil medium can be
represented as a four-component dielectric mixture of air, solids,
bound water, and free water, all of which have different dielectric
constants. A substance’s Ka is defined as the ratio of its dielectric
permittivity to that of free space, and is not constant, but varies
with the frequency of the sensor (Rudnick et al. 2015). At radio

frequencies, the dielectric constant of pure water at 20°C and atmo-
spheric pressure is about 80, that of soil solids is 3–5, and that of air
is 1 (Evett and Steiner 1995). Consequently, the overall dielectric
constant of the soil is largely dependent on the soil’s water content.

The normalized capacitance sensor output (scaled frequency) is
converted to θv (vol%) using a default calibration equation represen-
tative for a range of different soils. The sensor oscillation frequency
is set sufficiently high (∼100 MHz) to avoid interference from sa-
line soil water. Temperature effects are negligible for soil tempera-
tures ranging from 10°C to 30°C (Paltineanu and Starr 1997). The
axial range of influence is 100% within 5 cm above and below
the center of the sensor, as indicated in Fig. 3(b). The overall radial
range of influence extends 18 cm from the access pipe surface, but
where almost all (99%) of the sensor’s response is obtained within
the first 10 cm.

Electrical resistance-blocks are commonly used for estimation of
soil moisture status and irrigation scheduling (Spaans and Baker
1992). The underlying principle is that the electrical resistance of
the matrix changes as the water content of the block changes.

Since it exchanges water with the surrounding soil, the block’s
output can be attributed to soil moisture status. Given a known rela-
tionship between electrical resistance and water potential of the ma-
trix, the soil’s matrix potential (Ψm) can be determined. The sensor
consists of two electrodes, a resistance-block and membrane, held
in place by a perforated stainless-steel shell that prevents the reference
material from dissolving over time and protects against commonly
found soil water salinity levels. The output voltage is proportional
to the resistance in the porous matrix and is converted to Ψm (kPa)
by a default calibration equation (Shock et al. 1998), ranging from
−10 to −75 kPa. The results are temperature compensated.

According to the manufacturers, both sensors are capable of op-
erating under frozen ground conditions. In such circumstances, the
Sentek sensor only reacts to bound soil water, that is, the unfrozen
water film bound to the surfaces of the solids. It will not respond to
frozen pore water, since the dielectric properties of ice is different
from unbound (free) water. The Watermark sensor interprets frozen
soil as regular soil being completely dry. Consequently, the result-
ing resistance will be very high compared with that in thawed soil
where it is close to zero.

(a) (b)

Fig. 3. Illustration showing the two types of soil moisture sensors used
and their vertical spacing near the ground surface: (a) Watermark
model 200SS electrical resistance-blocks; and (b) Sentek EnviroSCAN
capacitance sensors.

© ASCE 04020025-3 J. Cold Reg. Eng.
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Results

The following sections present details about the soils tested,
weather conditions, and soil moisture records from the experiments
performed in 2012 and 2011. To ensure conformity and make it
easier to compare with the temperature records presented in
Sveen et al. (2016), the soil moisture datasets from 2012 are pre-
sented before those from 2011, instead of chronologically.

Soils Tested

According to the Unified Soil Classification System (Andersland
and Ladanyi 2004), the materials used in the experiments are char-
acterized as coarse-grained soils and grouped as gravelly sand (SP),
sand–silt mixture (SP–SM), and poorly graded gravel (GP), as pre-
sented in Table 1. In context, coarse-grained means that more than
half of the material (by weight) is finer than 75 mm and larger than
0.075 mm. The listed dry densities are the average of three soil
samples per bin.

Fig. 4 shows the grain-size distribution curves (GSDs) for the
soils used, together with the effective diameter (D10), the coefficient
of uniformity (Cu), and the coefficient of curvature (Cc) for sand. In
order for the sand to be classified as well graded (SW), less than 5%
of the material must be smaller than 0.075 mm (fines), Cu must be
greater than 6, and Cc must be between 1 and 3. Since sand only
meets two of three criteria, it is classified as poorly graded (SP).
Similarly, in order for silty sand to be classified purely as SM
(sand–silt mixture), it must have more than 12% fines. Since it

has less than that, but still more than 5%, it is classified as a border-
line case, designated SP–SM.

Gravel is classified as poorly graded (GP) as the material is pre-
dominantly within 8–22 mm. In the following it is termed as “uni-
form” or “uniform, crushed” gravel since it is supplied from a local
quarry where the manufacturer uses heavy machinery to crush bed-
rock and portion it out into commonly used fractions.

Initial values for water and ice content do not exist, as frozen
soil cores were not collected prior to thawing owing to lack of ac-
cess to suitable sampling equipment.

Weather Conditions

Records of daily mean, high, and low air temperature and precipitation
prior to and during the experiments are collected from an official
weather station maintained by the NMI. The station is located at
Straumsnes, about 5.5 km east of the FiG-lab, 200 m above sea
level. Referring to NMI’s long-term climate normal (30-year average),
mean annual air temperature, frost index, and precipitation for a nor-
mal year in Narvik is 3.8°C, roughly 9,000 h°C (degree hours), and
855 mm, respectively. The cold season for the region is five months,
lasting from the beginning of November to the end of March.

According to public records from NMI covering January–
February 2012, the weather conditions were characterized by
slightly higher air temperatures and less precipitation compared
with the previous year. There was almost no precipitation, and con-
sequently moderate snow cover (<25 cm), until February 10. The
snow cover stayed the same until the last week of February, during

Fig. 4. (Color) Grain-size distribution curves (group classification in parenthesis) for the types of soils used in the experiments. The effective diameter
(D10), coefficient of uniformity (Cu), and coefficient of curvature (Cc) applies only to sand (SP).

Table 1. Soil classification, dry density, and volumetric water content

Soil bin

Unified soil classification

Dry density (kg/m3)

Volumetric water content (vol%)

Group Description 2012 2011

Aa SP Gravelly sand (33.4% gravel, 62.9% sand, 3.7% fines) 1,790 6.4b 18.4c

B 11.0 11.1
C SP-SM Sand-silt mixture (16.3% gravel, 76.6% sand, 7.1% fines) 1,727 10.6 11.3
D GP Poorly graded gravel (98.9% gravel, 0.7% sand, 0.4% fines) 1,446 2.7 2.9

Note: Volumetric water content are the average of nine soil moisture sensors per bin (0.1–1.8 m depth) 12 days into each thawing experiment, March 20, 2012,
and April 21, 2011, respectively.
aControl bin, monitored, but not affected by thawing.
bAverage reading in frozen soil.
cAverage reading in naturally thawed soil.

© ASCE 04020025-4 J. Cold Reg. Eng.
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which it increased to about 60 cm. At that time, it was removed as a
part of the preparations for the fieldwork.

Detailed charts of weather conditions during the experiments are
shown in Sveen et al. (2016). Mean air temperature during the pe-
riod of artificial thawing (March 8–23) was 0.1°C. Daily average
precipitation was 3.8 mm, mainly as snow. According to thermo-
couple records for silty sand, the frost depth was 1.4–1.5 m. For
gravelly sand, it was between 1.5 and 1.8 m, and for uniform gravel
more than 1.8 m.

Similarly, NMI records covering January–March 2011 show
slightly lower air temperatures and more precipitation in general
compared with the same period in 2012. There was no snow
cover until January 27, increasing to about 70 cm in mid-February.
It varied between 50 and 80 cm up to one week prior to the exper-
iments, when it was removed as part of the preparations. As op-
posed to 2012, there were several warm spells in the month
leading up to the fieldwork, combined with precipitation in the
form of rain or sleet.

According to thermocouple records for silty sand from 2011, the
ground was frozen at 1.1–1.2 m depth. For gravelly sand and

uniform gravel, the frost depth was about 1.5 m. Mean air temper-
ature during the experiments (April 9–21) was 2.8°C and average
precipitation 4.8 mm per day, mainly as rain and sleet.

Soil Moisture Profiles

The following two sections contain records of volumetric water
content (Figs. 5 and 6) and soil matrix potential (Figs. 7 and 8)
from both thawing experiments. The latter are determined from
the measurements of electrical resistance. Datasets from 2012 are
presented before those from 2011 for easy comparison to the previ-
ous paper (Sveen et al. 2016). The soil temperature records in the
previous paper cover the time period from 2 PM March 8 to 2
PM March 21, 2012, and 10 AM April 9 to 6 PM April 21,
2011, respectively. Temperature data is missing for the initial
17 h from the experiment in 2011. These periods correspond to
the time where artificial thawing was occurring, that is, when the
defroster was running. However, the soil moisture records pre-
sented in the current paper from the same time periods cover the
full day (24 h) at the start and end dates.

(a)

(b)

(c)

Fig. 5. (Color) Volumetric water content based on Sentek EnviroSCAN capacitance sensors in homogenous: (a) gravelly sand; (b) silty sand; and
(c) 8–22 mm uniform, crushed gravel, March 2012.

© ASCE 04020025-5 J. Cold Reg. Eng.
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Fig. 5 shows variations in volumetric soil water content for the pe-
riod March 8–21, 2012, for three types of homogenous soils being
thawed simultaneously. They are based on hourly readings from
nine Sentek EnviroSCAN capacitance sensors. The sensor locations
correspond to every second thermocouple, covering a 1.8 m soil col-
umn. Initially, before the heat load was applied and the soil started to
thaw, the sensors reacted only to bound water, ranging from approx-
imately 4–11 volume percent (vol%) in gravelly and silty sand to less
than 5 vol% in uniform gravel. After the defroster was turned on,
there was a short delay before the uppermost sensor (0.1 m) began re-
sponding to an increase in unbound water as pore ice started to melt.
The rise in water content continued until a maximum level was
reached, where all pore ice within the sensor’s influence area had
melted. As the thawing progressed further, excess water migrated
downward with the thaw front, resulting in a sharp decrease in
water content in the upper soil layer. The decline was more distinct
for the sensors near the surface. In silty and gravelly sand, observed
maximum levels down to 1.1 m were generally declining with in-
creasing depth. From there and downward, maximum levels were ei-
ther greater or equal to similar levels observed above 1.1 m depth.

The increase in unbound water at various depths down to 1.5 m
in gravelly sand [Fig. 5(a)] occurred slightly earlier on the time axis
compared with silty sand [Fig. 5(b)]. The time delay between re-
sponses at one depth compared with the next was nonlinear, that
is, increased with depth. The exception was at 1.8 m, where the re-
sponses appeared to be occur at more or less the same time.

Soil water content in uniform gravel [Fig. 5(c)] was generally
lower relative to gravelly and silty sand. The same sharp de-
crease after maximum level was reached was seen only at
0.1 m depth. The remaining sensors showed the water content
stayed at maximum levels for gradually longer time periods be-
fore decreasing. For example, at 0.3 m depth, it stayed constant
above 5 vol% for nearly 24 h, whereas at 0.7 m depth it remained
at about 6 vol% for close to 6.5 days. The nonlinear increase in
time between responses was considerably higher compared with
the other soils.

The time needed for the sensors at 1.1 m depth to report having
reached maximum water content after thawing was initiated is 89 h
(3.7 days) in gravelly sand, 105 h (4.4 days) in silty sand, and 73 h
(∼3 days) in uniform gravel.

(a)

(b)

(c)

Fig. 6. (Color) Volumetric water content based on Sentek EnviroSCAN capacitance sensors in homogenous: (a) gravelly sand; (b) silty sand; and
(c) 8–22 mm uniform, crushed gravel, April 2011.
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Similarly, Fig. 6 shows volumetric soil water records from
April 9 to April 22, 2011 in the same soils, based on the same
type of sensors and methodology as in 2012. As opposed to
the temperature records, where data was missing for the initial
17 h, the soil moisture records are complete since they were col-
lected by a separate data logging system. Generally, the soil
moisture profiles differ from those in 2012. For example, when
comparing the trends at 0.1–0.7 m depth in gravelly sand
[Figs. 6(a) versus 5(a)] and at 0.5–1.8 m in silty sand [Figs. 6(b) ver-
sus 5(b)], the water content appeared to increase more or less simul-
taneously at the respective depths. There were also similarities, for
example, initial water content and the levels after 12 days of thaw-
ing and onward were comparable.

In uniform gravel [Fig. 6(c)], initial water content down to about
0.9 m depth differed from similar content in 2012 [Fig. 5(c)]. Fur-
thermore, maximum levels at 0.1 and 0.3 m depth were noticeably
higher compared with 2011. Plus, the trends were markedly dif-
ferent. Those from 2011 were erratic throughout the experiment,
alternately increasing and decreasing. Taken together with the
near-simultaneous increase in water content at certain depths in

gravelly and silty sand, this suggests that natural thawing had
some influence on the experiments in 2011.

The time needed for the sensors at 1.1 m depth to reach max-
imum water content was 102 h (4.25 days) in gravelly sand,
107 h (∼4.5 days) in silty sand, and 48 h (2 days) in uniform
gravel. The latter refers to the first appearing maximum peak,
while the actual maximum level for the whole time period ap-
peared after 156 h (6.5 days).

Soil Matrix Potential

Figs. 7 and 8 show soil matrix potential (Ψm) based on electrical re-
sistance records from March 8–21, 2012, and from April 10–22,
2011, respectively. The records are based on hourly readings from
nine Watermark 200SS electrical resistance sensors at depths corre-
sponding to the capacitance sensors. The manufacturers default cal-
ibration equation was used to determine Ψm, yielding results
ranging from approximately −10 (wet) to more than −80 kPa
(dry). In the current paper, Ψm is presented as positive values. For
frozen soils being thawed, the high end of the scale (<80 kPa) is

(a)

(b)

(c)

Fig. 7. (Color) Soil matrix potential (taken as positive values) based on Watermark 200SS electrical resistance records in homogenous: (a) gravelly
sand; (b) silty sand; and (c) 8–22 mm uniform, crushed gravel, March 2012.
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interpreted as frozen or partly frozen soil, whereas the low end (10–
15 kPa) is taken as thawed soil. To avoid clutter, negative values or
hysteresis in the resistance readings are removed. Furthermore, the
results are temperature compensated based on soil temperature re-
cords (thermocouples) at depths corresponding to the resistance sen-
sors. Consequently,Ψm cannot be determined for the initial 17 h for
the experiment in 2011 (Fig. 8), since temperature records for that
period were missing.

According to Shock et al. (1998), the calibration equation is de-
veloped specifically for the Watermark 200SS resistance sensor for
soil matrix potentials ranging from −10 to −75 kPa, at soil temper-
atures between 15°C and 25°C, with reference to tensiometer read-
ings. Thus, absolute Ψm-values presented are not accurate as
occurring soil temperatures for the most part are lower than 15°C
or substantially higher than 25°C. However, in this study it is the
relative differences in time between minimum potentials occurring
at various depths that are of interest, since they indirectly represent
the dynamic (changing) status of the surrounding soil.

Referring to Fig. 7 in general, soil matrix potentials dropped
abruptly to about 10–12 kPa in all three soils as the thawing pro-
gressed. In gravelly sand [Fig. 7(a)], the time between the drops

increased gradually or nonlinearly, resembling the gradual time-
delayed soil temperature response following phase changes. This
was not the case in silty sand [Fig. 7(b)], where Ψm reached mini-
mum levels comparatively earlier on the time axis, especially from
0.9 to 1.5 m depth. At 1.8 m, Ψm started low (15 kPa) and dropped
only marginally (to 10 kPa) after one week of thawing, suggesting
that the frost had not penetrated this deep at the time of the exper-
iment in 2012.

Similar to silty sand, uniform gravel [Fig. 7(c)] differed from
gravelly sand in that Ψm reached minimum considerably earlier
on the time axis. For example, the sensor at 1.5 m depth reported
the soil being thawed after approximately two days. According to
the corresponding temperature records, the soil temperature was
still lingering around zero at that time, suggesting that thawing
(phase change) was still ongoing. Another distinction was a
sharp increase in Ψm in the upper gravel layer during the experi-
ment, noticeable at 0.1 and 0.3 m depths. The subsequent drop
and erratic variations did not appear in the figure, since negative re-
sistance values (hysteresis) are removed. The sharp increase and
following rapid variations suggest ongoing freeze–thaw cycling
in the upper gravel layer, and should not be confused with the

(a)

(b)

(c)

Fig. 8. (Color) Soil matrix potential (taken as positive values) based on Watermark 200SS electrical resistance records in homogenous: (a) gravelly
sand; (b) silty sand; and (c) 8–22 mm uniform, crushed gravel, April 2011.
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general or apparent increase in Ψm over time otherwise seen in
gravelly and silty sand. The latter was a result of temperature com-
pensation, where occurring soil temperatures were outside (above)
the valid, upper limit.

The time needed for the sensors at 1.1 m depth to report wet
or thawed conditions (10–15 kPa) was 88 h (3.7 days) in grav-
elly sand, 84 h (3.5 days) in silty sand, and 31 h (1.3 days) in
uniform gravel.

Fig. 8 shows soil matrix potential variations from April 10 to
22, 2011, for the same soils, based on similar sensors and meth-
odology as in 2012. In gravelly sand, the trends were not much
different from those in 2012 [Figs. 8(a) versus 7(a)], although
Ψm generally dropped to minimum levels slightly later in time.
The nonlinear increase in time between drops suggests a some-
what lower thaw rate compared with the experiments in 2012.
This is supported by corresponding soil temperature records for
gravelly sand. For silty sand [Fig. 8(b)] and uniform gravel
[Fig. 8(c)], the situation was opposite, with the resistance sensors
reporting wet or thawed conditions much earlier on the time axis
compared with 2012. For example, in silty sand at 0.7, 0.9 and
1.1 m depths, the decrease appeared to occur at more or less at
the same time, approximately between 11 PM April 11 and
1 AM April 12. The same occurred at 1.3 m, even if the drop
was less evident at this depth. In uniform gravel [Fig. 8(c)], the
decrease occurred even earlier, again suggesting natural thawing
affecting the experiment in 2011. Similar to 2012, the rapid in-
crease and subsequent erratic variations at 0.1 and 0.3 m depths
suggest ongoing freeze–thaw cycling in the upper gravel layer.

The effect of temperature compensation based on soil tempera-
tures outside the valid range of the calibration equation can be
found in the abrupt decrease in soil matrix potentials when the de-
froster was turned off and soil temperatures started dropping, after
6 PM April 21, shown in Figs. 8(a and b).

The time needed for the sensors at 1.1 m depth to report thawed
soil was 103 h (4.3 days) in gravelly sand, 56 h (2.3 days) in silty
sand, and approximately 22 h (∼1 day) in uniform gravel.

Discussion

The following sections discuss specific soils used and soil moisture
records obtained during performance testing of the hydronic
method in 2012 and 2011. Sensor output based on capacitance
and electrical resistance are interpreted and assessed. Furthermore,
ostensible characteristic water content variations resulting from ar-
tificial thawing based on hydronic heat are presented. Finally, thaw
rates based on soil moisture records in the present paper are com-
pared with thaw rates based on soil temperature records published
in a previous paper (Sveen et al. 2016).

Soil Types Used

The soils used in the experiments were coarse-grained soils typi-
cally used when building foundations, pipe trenches, and road
bases. In regions with seasonal or permafrost, soils such as silty
sand would not see much use because of their high proportion of
fines and consequently their susceptibility to frost. Nevertheless,
they were included to complement the other two types of soil
with regard to GSD and to ensure conformity with an initial exper-
iment carried out in 2007 (Sveen and Sørensen 2010).

The soil samples in the bins are referred to as being homoge-
nous. In context, that means being of the same type from the ground
level down to 3 m depth, even though gradation range from smaller
than 0.075 mm (fines) in silty sand up to 75 mm (cobbles) in

gravelly sand. From Table 1, together with observed similarities
in soil moisture and temperature trends, it appears that the soil com-
position of gravelly and silty sand could have been more diverse.
Although the GSD curves suggest an adequate difference between
the two, an even bigger proportion of fines in silty sand would in-
crease its water susceptibility and thus its potential for standing out
when being held up against gravelly sand.

Because the soil bins were exposed to the elements, seasonal as
well as annual variations in soil moisture, ground-water table, ice
content, and frost depths were expected. Even if these parameters
were nearly the same from one winter to the next, they are of par-
ticular interest as the initial conditions decide the baseline for the
experiments. Unfortunately, in this study, neither ground-water
levels were monitored during the experiments nor initial ice content
determined due to lack of access to suitable sampling equipment.

Soil Moisture Variations Based on Capacitance

Figs. 5 and 6 show what kind of spatial and temporal variations to
expect in unbound water as pore ice changes phased in initially
frozen soils subjected to hydronic heating. The figures cover
two consecutive, identical thawing experiments, but where the
first (in 2011) was affected by natural thawing. As the results
are obtained by measuring the capacitance of the soil medium sur-
rounding the sensors, and besides using a default calibration equa-
tion to correlate readings to volumetric water content, it is mainly
relative differences that are of interest. It is assumed that the offset
from the true level is more or less the same at all depths, thus al-
lowing for direct comparisons, at least with regard to individual
soils. Comparing dissimilar soils, however, relying on a single
calibration equation may exaggerate differences in water content
in cases where soils differ significantly in terms of type, texture, or
gradation. In this study, gravelly and silty sand are considered
close enough to allow for direct comparisons, both of initial
water content levels prior to thawing, as well as maximum levels
occurring during thawing.

Referring to Figs. 5(a and b), the frozen part of silty sand
(down to about 1.4–1.5 m) contained slightly less or the same
amount of bound water. As the soils started thawing, both the in-
crease in unbound water and the observed maximum levels were
higher in silty sand [Fig. 5(b)] compared with gravelly sand
[Fig. 5(a)]. Uniform gravel [Fig. 5(c)] contained the least. This
is reasonable considering the soils differed with regard to sand
and fines content (Table 1), even though maximum at 0.1 m in
gravelly sand exceeded that of silty sand at similar depths
[Figs. 5(a) versus 5(b)]. A likely reason for the discrepancy is ob-
served differences in ice layer thickness (3–6 cm) prior to the ex-
periments. Supporting the assumption is the situation being
opposite, or as expected, in 2011 [Figs. 6(a) versus 6(b)].

The amount of initially bound water is as expected compared
with laboratory experiments on frozen silty loam performed by
Wu et al. (2015). Earlier work by Williams (1964) demonstrated
that fine-graded materials, such as silt and clays, could retain
more than 50% (of dry weight) unfrozen water at soil temperatures
just below zero. Even though this is far more than was observed in
the current paper (note the difference in units), and besides both re-
ferring to fine-graded soils, they confirm that the bound water lev-
els observed in this study are plausible.

For reference, Table 2 lists initial water content, maximum
water content during thawing, and water content after 12 days of
continuous thawing from 2012. Maximum levels for all soils
down to about 1.1 m appeared to become less with increasing
depth. Deeper down, levels were either higher or about equal com-
pared with those above. The profiles presumably represent soil

© ASCE 04020025-9 J. Cold Reg. Eng.
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water status during natural freezing and should be noted for further
investigation.

For all soils, the time-span from start thawing to just before the
water content start dropping from maximum levels increased with
depth. In gravelly sand, for example [Fig. 5(a)], the time-span be-
tween maximum at 0.1 and 0.3 m was 9 h, whereas similar between
0.3 and 0.5 m was 14 h, and so on. In silty sand [Fig. 5(b)], it was
similar at 16 and 17 h, respectively. This corresponds to the nonlin-
ear increase observed in soil temperature records from 2012, al-
though capacitance sensors in gravelly sand respond slightly
earlier as depth increases, relative to thermocouples. The drop
from maximum levels at various depths was more pronounced in
the upper layers, indicative of a larger degree of water redistribu-
tion and migration here. In uniform gravel [Fig. 5(c)], the situation
was somewhat different in that maximum levels were reached ear-
lier and stayed like that for increasingly longer durations with in-
creasing depth, before eventually dropping. Presumably, this was
owing to pore size, type, and structure in uniform gravel being sig-
nificantly different relative to the other two soils, thus involving
other moisture transport phenomena besides capillary transport.

Referring to Figs. 6(a and b), initial bound water and the follow-
ing increase in unbound water were comparable to what was ob-
served during the experiment in 2012, with the exception of
uniform gravel [Fig. 6(c)]. However, a closer examination of the
trends at 0.3–0.7 m in gravelly sand, and similar at 0.5–1.8 m
depth in silty sand, showed a close to simultaneous increase in
water content during thawing. This is typical for situations where
the soils were thawed or partly thawed at the time of the experi-
ment, where water migrates rapidly downward as the thawing pro-
gresses (Jabro et al. 2009). The same effect can be observed in the
corresponding soil temperature records, although not that evident
for the affected layers.

Since the experiment in 2011 was carried out one month later in
the year and thus at the tail end of the normal cold season, natural
thawing is likely to have started during the time leading up to the
experiment. As 2011 was the first fieldwork season after establish-
ing the FiG-lab, there are no soil temperature or moisture records
prior to the experiment to support the assumption. Meteorological
records from NMI show that there were in fact four warm spells,
three of them combined with precipitation in the period from

February 26 to March 21, 2011, which could explain the anom-
alies. Taking into account an 11-day period of frost leading up to
the week prior to the experiments may also help explain why
trends in uniform gravel [Fig. 6(c)] appeared so different from
those in 2012. Apparently, the uppermost layer of uniform
gravel started as thawed or partly thawed in 2011, whereas
from approximately 0.7 m and below it was frozen. Subsequent
erratic trends indicate parts of the gravel alternately refreezing
and thawing during the experiment.

Soil Status Based on Electrical Resistance

Fig. 9 shows typical variations in electrical resistance down to
1.8 m depth in gravelly sand as it froze naturally during mid-
winter [Fig. 9(a)], and when it was artificially thawed throughout
a two-week period in March 2012 [Fig. 9(b)]. The latter shows
the type of data sets from which the soil matrix potentials were
determined. In addition, associated soil temperatures were used
to compensate for temperature variations. Consequently, the
sharp decline in resistance to near zero at various depths corre-
sponded exactly in time with when soil matrix potentials dropped
to minimum [Figs. 9(b) versus 7(a)]. From Fig. 9(a) it appears as
if the frost season came late that winter. However, the impression
is misleading as the trends show frost penetration in only one
type of homogenous (single-layered) soil, with the uppermost
sensor embedded some distance below ground level. From simi-
lar trends in uniform gravel, supported by ambient air tempera-
ture records from NMI, it is clear that the cold season started
as normal in early November 2011.

Due to space limitations, electrical resistances in silty sand
and uniform gravel are not presented. However, Figs. 7 and 8
are compiled from the referred to resistance records, and they in-
directly show that Watermark 200SS sensors misrepresented soil
status in these particular soils during artificial thawing. Or more
precisely, that they reported thawed conditions considerably ear-
lier relative to Sentek capacitance sensors. The offset increased
with depth. In fact, it was only in gravelly sand that responses
from all four sensors types used, capacitance (Sentek Enviro-
Scan), electrical resistance (Watermark 200SS), temperature
(type T thermocouples), and thermistor strings (GeoPrecision),
coincided in time. In the remaining soils, Watermark sensors dis-
agreed with the others.

Spaans and Baker (1992) found that repeated calibration of se-
lected Watermark 200 resistance blocks in the same soil produced
different results and concluded that they were not suitable for accu-
rate, reproducible measurements of soil matrix potential. Further-
more, they suggested that their use would be appropriate only for
relative indications of soil wetness. Their assessment might have
been different if they had access to the 200SS; an improved sensor
version that came in the mid-1990s. Recent studies, both laboratory
and field experiments (Chow et al. 2009; Chávez et al. 2011; El
Marazky et al. 2011; Varble and Chávez 2011; Nolz et al. 2013;
Rudnick et al. 2015), reported various degrees of success using
Watermark 200SS sensors for determining soil matrix potential.

Suffice it to say, there are uncertainties attached to the electrical
resistance data sets that reduce their utility value in this study. Al-
though sensor- and soil-specific calibration would have provided
better accuracy, further investigations are needed in order to iden-
tify possible reasons behind the observed discrepancies.

Soil Moisture Variations during Thawing

In Fig. 10, soil water content listed in Table 2 referring to thawing
experiments in 2012 (blue) are presented as charts and compared

Table 2. Bound (initial) and unbound (free) volumetric water content,
based on capacitance sensors, 2012

Sensor
location (m)

Volumetric water content (vol%)

Silty sand Gravelly sand Uniform gravel

inita maxb 12dc init max 12d init max 12d

0.1 6.4 24.5 6.3 8.2 34.1 9.2 3.6 6.5 2.2
0.3 6.1 19.3 7.4 6.0 16.6 8.8 3.5 5.6 2.2
0.5 5.0 16.8 8.2 5.4 15.0 9.6 4.6 6.7 2.7
0.7 5.3 16.5 11.4 5.5 12.7 10.6 3.8 6.4 1.8
0.9 4.9 15.8 10.8 5.5 12.9 11.2 3.3 5.2 3.7
1.1 4.2 14.4 10.3 5.7 13.0 11.8 2.2 3.4 3.2
1.3 4.9 16.1 11.3 6.1 14.8 13.3 2.6 3.9 3.5
1.5 5.7 18.8 14.4 5.1 12.7 11.1 2.3 3.8 3.2
1.8 10.5 17.7 15.6 6.6 15.7 13.6 1.6 2.7 2.2

Note: Sensor location refers to the depth at which the sensors are located,
that is, the vertical distance from ground surface to the horizontal
center-line of the sensors. The axial influence area are about 5 cm above
and below this line, respectively.
aInitial water content in frozen soil.
bMaximum soil water content observed during thawing.
cSoil water content 12 days into the thawing experiment.

© ASCE 04020025-10 J. Cold Reg. Eng.
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with similar thawing experiments conducted in 2011 (red). Initial
(bound) water contents are excluded from the charts to maintain
readability. Note that silty sand is presented before gravelly sand,
as opposed to previous charts.

The dotted lines (labeled “t= 12 days”) show the actual soil
moisture profiles after 12 days of continuous thawing in 2012
and 2011, respectively. The continuous lines (labeled “maximum”)
show maximum soil water content observed during both thawing
experiments, regardless of what time maximum occurred. As
such, the maximum levels are not actual soil moisture profiles,
but rather are an indicator of the redistribution and moisture migra-
tion taking place during artificial thawing. For example, referring to
Fig. 10(a) and 2012 (blue lines), the volumetric water content at
5 cm depth had dropped from close to 25% early in the thawing
process (continuous blue line), to approximately 6% after 12
days of thawing (dashed, blue line). A similar trend was observed
in 2011 (red lines) at the same depth, although observed maximum
level was higher, approximately 34%.

First, accounting for differences in dry density when comparing
maximum volumetric water content during thawing (continuous
lines) for all soils shown in Fig. 10, it followed that silty sand
[Fig. 10(a)] contained more water than gravelly sand [Fig. 10(b)]
and that uniform gravel [Fig. 10(c)] contained the least. This was
the case for both experiments, acknowledging the previously
noted discrepancy at 0.1 m depth between silty and gravelly
sand. The results were as expected as soil water-holding capacity,
among other factors, is related to amount and degree of fines and
sand content (Table 1 and Fig. 4).

Second, the difference between maximum water content during
thawing and water content after 12 days of thawing (dashed lines)
showed that water redistribution and migration were more promi-
nent in the uppermost layer for all soils. Taking into account a com-
paratively higher thaw rate close to the heat source, the downward
movement of water was relatively fast initially. The trends were

similar for both experiments, although differences observed in
2012 were generally slightly smaller compared with those in 2011.

Third, the profiles after 12 days of thawing showed a striking
resemblance from one experiment to the next. In gravelly sand
[Fig. 10(b)], for example, trends were close to identical from
0.3 to 1.8 m depth. This is somewhat surprising considering the
site experienced changing weather conditions and snowpack in
the period leading up to the experiments, as previously noted,
supported by Table 3. Merely two data sets are not conclusive,
but part of the explanation may be that the soil water-retention
capacity of a certain soil composition is a basic property of
said soil (Jabro et al. 2009).

Finally, from comparing the slopes of the profiles 12 days into
thawing, it follows that silty sand held less water in the upper layer
and more water in the lower layer than did gravelly sand. The slope
in uniform gravel is close to vertical, indicating the water content
being nearly the same in the entire soil profile. From maximum lev-
els during thawing coinciding with levels after 12 days of thawing
in 2012, it appears that the uniform gravel was still frozen below
1.1 m depth at that time of the experiment.

Thaw Rates Compared

Compared with similar experiments on artificial thawing of frozen
ground, for example, (Oswell and Graham 1987; Lindroth et al.
1995; Hermansson and Guthrie 2006), unique for this study was si-
multaneously monitoring soil temperature and moisture responses
during the process. In addition, two different measurement princi-
ples were utilized for measuring both parameters. Thermal re-
sponses and associated thaw rates were already known from the
previous paper (Sveen et al. 2016). Therefore, a vital question
was whether those thaw rates conformed to similar compiled
from soil moisture records in the current paper. In Fig. 11, compar-
isons were made between thaw rates compiled from thermocouples

(a)

(b)

Fig. 9. (Color) Electrical resistance variations in homogenous gravelly sand: (a) January 1–March 8; and (b) March 8–22, both from 2012.
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embedded in the soil and similar based on capacitance sensors in
embedded access tubes. Records from 2011 were omitted because
of natural thawing affecting the experiment.

Thaw rates compiled from soil temperatures were determined by
calculating the time from start thawing to when there was a definite
thermal response on the time axis. Close-ups of soil temperatures
near zero degrees were evaluated individually for each depth and

soil type. Similar calculations were made in this study, based on
soil moisture response, determining the time from start thawing
to when water contents started dropping from maximum levels.
As capacitance sensor axial influence area extended 5 cm below
its center-line (depth), corresponding thaw rates were displaced ac-
cordingly on the ordinate axis.

As shown in Fig. 11, thaw rates compiled from capacitance re-
cords correspond very well with similar based on soil temperature
records for silty sand and uniform gravel. In silty sand [Fig. 11(a)],
thaw rates were somewhat overestimated below 0.7 m depth, vary-
ing from 29 cm/day after one day (24 h) of thawing to approxi-
mately 25 cm/day after five days (120 h). In uniform gravel
[Fig. 11(c)] the situation was the opposite, with rates slightly over-
estimated above 0.7 m, varying from 31 cm/day after one day of
operation to approximately 13 cm/day after five days. In gravelly
sand [Fig. 11(b)], capacitance sensors started overestimating thaw
rates from about 0.3 m, increasing with depth. The difference is ap-
proximately 12 h at 1.0 m depth, and twice that at 1.5 m. Thaw
rates here varied from 41 cm/day after one day to approximately
28 cm/day after five days.

(a)

(b)

(c)

Fig. 10. (Color) Maximum volumetric soil water content observed during thawing (“maximum,” continuous lines) and actual soil moisture profile
after 12 days of thawing (“t= 12 days,” dashed lines) of homogenous: (a) silty sand; (b) gravelly sand; and (c) 8–22 mm uniform, crushed gravel.
Trends in 2011 (red, circle) versus 2012 (blue, square).

Table 3. Monthly mean air temperatures and precipitation in January–
March 2012 and 2011, at Straumsnes Station, about 5.5 km east of the
FiG-lab, 200 m above sea level

Month

Air temperature (°C) Precipitation (mm)

2012 2011 Normal 2012 2011 Normal

January –5.1 –4.6 –4.1 18 105 69
February –5.2 –7.0 –3.9 77 51 64
March –0.5 –1.9 –2.0 125 129 49

Note: “Normal”=Norwegian Meteorological Institute’s 30-year average
(1961–1990) in Narvik, Norway.
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Conclusion

Artificial thawing of initially frozen ground is about time-dependent
heat and mass transfer in porous materials, where the total quantity
of water that changes phase is one of the dominant factors affecting
thaw rates. The current paper and the previous paper (Sveen et al.
2016) present the practical manifestation of those interconnected
phenomena. Combined, the research provides thorough, scientific
documentation of the hydronic thawing method in particular and a
solid basis for further work.

An approach based on full-scale (in situ) experiments was cho-
sen to obtain data necessary for assessing performance characteris-
tics. Two identical experiments were carried out during the winters
of 2011 and 2012, where hydronic heating was used to initiate and
expedite the thawing process. The resulting spatial and temporal
variations in soil temperature and moisture content were monitored
simultaneously in three types of homogenous soils with varying
ratio and amount of sand and fines content. In addition, two differ-
ent measurement principles and appurtenant sensors were em-
ployed to measure each parameter.

Volumetric soil moisture content based on capacitance records
from both experiments are presented, together with soil matrix po-
tentials compiled from electrical resistance records. Some aspects
of hydrodynamic behavior in frozen ground subjected to hydronic
heating are emphasized, based on observed differences between
water content during thawing (maximum) versus after a certain
time period (12 days) of continuous thawing. Finally, thaw rates de-
rived from soil moisture responses are presented and held up
against similar compiled from soil temperature records. The follow-
ing primary observations were obtained from this study:
1. Hydronic heating leads to a sharp increase in unbound water in

the uppermost soil layer close to the heat source. Because arti-
ficial thawing is limited to small, confined areas, excess water
becomes trapped, thus contributing to the thawing process.

2. The water content is higher and water redistribution and migra-
tion more prominent in soils with comparatively larger amounts
and degree of fines and sand. For all soils examined, water re-
distribution is more evident in the uppermost layer.

3. Thaw rates compiled from soil moisture records correspond
very well to similar based on soil temperature in silty sand
and uniform gravel. In gravelly sand, capacitance sensors over-
estimate thaw rates from about 0.3 m depth. The offset increases
with depth and amounts to approximately 12 h at 1.0 m.

4. Thaw rates decrease nonlinearly with increasing depth, ranging
from 29 to 41 cm/day after one day of operation to 13–28 cm/
day after five days of thawing.

5. Capacitance sensors are an excellent choice for evaluating rela-
tive differences in soil moisture content during artificial thaw-
ing. Quantitative analysis requires soil specific calibration.

6. Electrical resistance sensors may be suitable for monitoring
soil status and determining soil matrix potentials in unfrozen
soils, provided sensor and soil specific calibration. In frozen soils
subjected to hydronic heating, the sensors misrepresent soil
status, and drastically overestimate thaw rates under certain
circumstances.
It is worth noting that the observations are based on two identi-

cal experiments, where the first (in 2011) was affected by natural
thawing. Although meticulous planning and preparation went
into ensuring comparable results from one season to the next, resul-
tant uncertainties and limited scope warrant repeated experiments
in order to fully assess the validity of the results presented.

Data Availability Statement

Some or all data, models, or code that support the findings of this
study are available from the corresponding author upon reasonable
request.

(a) (b)

(c)

Fig. 11. (Color) Thaw depth versus time compiled from soil temperature (TC-thermocouples) and soil moisture records (CS-capacitance sensors) in
(a) silty sand; (b) gravelly sand; and (c) 8–22 mm uniform, crushed gravel, March 2012.
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