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A new method to estimating gas hydrate content in soil specimens 
Un nouveau méthode pour déterminant le taux spécifique d'hydrates de gaz dans un échantillon de 

sable

J.T.R. Kliner & J.L.H. Grozic 
Department of Civil Engineering, University of Calgary, Canada 

ABSTRACT
Gas hydrates are solid crystalline compounds (clathrates) that encage gas molecules inside the lattices of hydrogen bonded water
molecules within a specific temperature-pressure stability zone. It is imperative that reliable detection and quantification modi
operandi are developed, as proposed in this research, to identify hydrate-laden strata and determine economic viability of this
potential energy yield.  This paper presents the experimental analysis of synthetic refrigerant (R-11) hydrates in 20/30 Ottawa sand
using dielectric principles to determine specific hydrate content.  Hydrate specimens were constructed via moist tamped Ottawa sand,
purged with carbon dioxide (CO2), saturated with de-aired water, and mixed with a known amount of R-11 to produce precise hydrate 
contents.  The un-hydrated volumetric water content was measured using a Theta Probe by applying the principles of TDR.  A
negative relationship between hydrate content and the bulk dielectric constant of the specimens depict a consistent response and allow 
comparison with initial hydrate formation percentages. 

RÉSUMÉ
Les hydrates de gaz sont des composés cristallins (clathrates) dans lesquels des molécules de gaz sont piégées dans de la glace sous
des conditions spécifiques de température et de pression. Il est impératif qu’un mode opératoire soit dressé pour détecter et quantifier
des couches d’hydrates, ainsi que la viabilité économique du leur potentiel énergétique. Cette communication présente une expérience
dans la quelle le taux spécifique d’hydrate est déterminé en appliquant des principes diélectriques dans un échantillon de sable (20/30
Ottawa) contenant un réfrigérant synthétique (R-11). Des échantillons ont été construits en compactant du sable par couches humides,
puis vidangés par du gaz carbonique pour être éventuellement saturé d’eau et mixé avec une quantité précise de R-11, correspondant à
un taux précis d’hydrate. La teneur en eau volumétrique en condition non-hydratée a été mesurée en utilisant une Sonde Théta selon
les principes TDR. Une relation « négative » entre la teneur d’hydrate et la constante diélectrique des échantillons permet la
comparaison avec les proportions initiales des hydrates à l’état in-situ. 

1 INTRODUCTION 

As the known conventional oil, gas, and coal reserves are con-
tinually depleted at an alarming rate, due to the exponentially ri-
sing energy demand on a global basis, gas hydrates are being 
pushed to the forefront of industrial research initiatives with re-
spect to quantification and extraction.  Gas hydrates are natu-
rally occurring materials known to hold a unique structural 
complex that encapsulates a variety of gaseous compounds wit-
hin a water matrix.  They have been known to exist since their 
discovery in 1810 with research first conducted around the 
1930’s due to problematic formation of gas hydrates in pipe-
lines.  These hydrates also exist naturally within ocean sedi-
ments on the continental shelves and embedded in regions of 
permafrost that harbour acceptable pressure-temperature re-
gimes.  The primary focus of consideration on a global scale is 
the predominance of methane as the host gas within the hydrate 
lattice.  Continual research has expanded into a diverse variety 
of facets to date, keying in on three chief aspects of naturally 
occurring hydrates: submarine geohazards, global warming, and 
an alternate energy source.  Recent global estimates have un-
veiled sizeable gas hydrate deposits distributed across the globe 
containing ample methane to be considered a significant and vi-
able energy source for the future.  Realizing the enormous po-
tential of gas hydrates as an alternate energy source is the ideo-
logical cornerstone that underlies the premise of this paper. 

The most novel advances in gas hydrate research have been 
attained through extensive ongoing field and laboratory  

initiatives/programs geared towards in-situ detection and quanti-
fication with relation to fundamental hydrate properties. The 
distinctive dielectric behavior associated with hydrates is one 
aspect currently rendering successful laboratory determination 
of hydrate content with potential for adaptation to in-situ tech-
niques.  Time domain reflectometry (TDR), derived from the 
theory of dielectrics, is a promising method being investigated 
for analysis and characterization of gas hydrate reserves with 
respect to hydrate content and spatial distribution.  This research 
focuses on the experimental analysis of synthetic refrigerant (R-
11/H2O) hydrates in Ottawa sand employing time domain re-
flectometry principles to verify specific hydrate contents.  Re-
frigerant-11 was chosen for ease of formation to create synthetic 
hydrates at atmospheric pressure and temperatures barely above 
freezing, closely simulating structure II natural gas hydrates 
when mixed with water at a volumetric ratio of Water/R-11 = 
3.41.  Hydrate specimens were constructed via moist tamped 
20/30 Ottawa sand, purged with carbon dioxide (CO2), saturated 
with de-aired water, and mixed with a known amount of R-11 to 
produce precise hydrate contents.  The main objective of this 
experimentation is to define a reliable correlation between hy-
drate content and the dielectric response of the bulk specimens 
by measuring the un-hydrated volumetric water content using a 
Theta Probe in comparison with initial hydrate formation per-
centages.  This relationship will provide a stable platform for 
continued research of similar nature using CO2 and CH4 hy-
drates at much greater formation pressures, as well as the even-
tual application to natural hydrate deposits in-situ. 
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2 DIELECTRIC THEORY 

Time domain reflectometry (TDR) is a nondestructive experi-
mental technique traditionally used to identify discontinuities in 
transmission lines and communication cables by monitoring re-
flections/changes from an electromagnetic step pulse traveling 
through a line of known length.  Application to in-situ and labo-
ratory soil samples has also yielded successful results (Topp et 
al. 1980) in determination of the unfrozen volumetric water con-
tent of soils using coaxial or parallel line configurations to mea-
sure the sample’s bulk dielectric constant (permittivity) (Topp et 
al. 1980).  The real part of the complex dielectric constant (K’) 
is extremely sensitive to the volumetric water content (�v)
within a specific frequency range, 1 MHz to 1 GHz, without 
much dependence on frequency itself (Davis et al. 1977).  The 
complex dielectric constant (K”) also has an imaginary part, 
known as the electrical loss, is essentially negligible in a 
virtually homogeneous low-loss material.  Therefore, the dielec-
tric constant measured by TDR in soil samples is termed the ap-
parent dielectric constant (Ka) as Ka �  K’.  The apparent dielec-
tric constant of water (Ka � 80.5 at 20oC) dominantly influences 
the permittivity of the aggregate sample because it significantly 
greater than air (Ka = 1), ice (Ka � 3.15 to 3.2), or granular soil 
(Ka � 2.0 to 4.0).   

The dielectric principles of time domain reflectometry have 
been utilized to ascertain the degree of pore saturation by gas 
hydrate. Wright established that the apparent dielectric constant 
of hydrates is essentially the same as ice, Ka � 3.15 to 3.2, 
through TDR experimentation on gas hydrates formed in silica 
silt.  At temperatures above 0oC it is critical to note that gas hy-
drate is present within the soil matrix rather than ice. Monitor-
ing the change in the bulk dielectric constant of the sample with 
respect to a material specific non-hydrate Ka versus θv relation-
ship, the amount of gas hydrate can be estimated from the re-
maining un-hydrated pore water (Wright et al. 2000).�

Synthetic hydrates are formed in this research initiative using 
an H2O/R-11 mixture at a ratio of 3.41:1. The bulk specimens 
are comprised of 20/30 Ottawa sand, H2O, and the inclusion of 
R-11 as an additional phase liquid prior to hydrate formation.  
The dominance portrayed upon the apparent dielectric constant 
of unreacted water in comparison to all other components of the 
bulk specimen is illustrated in Table 1. It is advantageous to 
employ a reliable dielectric mixing model during specimen cali-
bration and after hydrate formation to accurately determine the 
theoretical bulk dielectric constant of the specimens under ana-
lysis for comparison to the experimentally measured values.  
The Time-Propagation (TP) model was chosen to best suit this 
application due to its simplicity and basis on volumetric propor-
tions.  The TP model is expressed mathematically in Equation 1 
to easily calculate the bulk dielectric constant of an aggregate 
specimen, consisting of the volume fraction (Vi) and the dielec-
tric constant (Ki) of each component inherent within (Knoll 
1996):

Ka = [�Vi(Ki)0.5]2                     (1) 

Table 1.  Breakdown of Dielectric Constants 

Component Ka Temp. Ka @ 1C

Dry Sand 3 to 6 ------ �5.00 

Liquid R-11 2.50 25 C 3.85 

Water 78.54 25 C 87.68 

Hydrate / Ice N/A 25 C 3.15 to 3.2 
*Assumes linear  extrapolation to 1oC from published values 
** Dielectric constant of Ottawa sand includes air voids 

An ML2x ThetaProbe is used to experimentally obtain the 
bulk dielectric constant of the test specimens.  This device is de-
signed to measure the volumetric soil moisture content (�v) by 
responding to changes in the apparent dielectric constant based 
on proven transmission line theory using a 100 MHz sinusoidal 
signal.

3 EXPERIMENTAL PROCEDUE AND RESULTS 

A soil specimen was initially constructed at a loose state within 
the specific apparatus designed for this in order to emulate a fa-
vourable environment for hydrate formation. The ThetaProbe 
was placed in the bottom cap of the apparatus flush with the 
bottom porous stone and the four metal probe rods extruding 
above freely. The specimen was prepared using the moist tamp-
ing technique with 20/30 Ottawa sand mixed to approximately 
5% moisture. A filter stone was placed on surface of the freshly 
prepared specimen and then sealed with the top cap.  The height 
of the top cap above the cylinder wall was measured using cali-
pers and compared to the known length of a dummy sample, gi-
ving rise to the actual specimen height and its initial volume 
contained in the apparatus. The initial volume of voids within 
the specimen was determined using fundamental soil relations 
involving the average moisture content and initial volume of the 
sample. 

The specimen was now ready to be saturated with de-aired 
water prior cooling and addition of the R-11 for hydrate forma-
tion. Carbon dioxide was cycled upward through the specimen 
under low pressure at 20 minute intervals via cross-port con-
figuration to effectively replace the air voids with a more water 
soluble gas. Distilled de-aired water was slowly percolated up-
wards through the specimen for 45 minutes each direction using 
the cross-port rational to minimize channeling and sample dis-
turbance. A small load was applied to the top of the specimen to 
compress any air voids that may still exist after the saturation 
process was complete, ensuring close to 100% saturation achie-
ved. Again the height of the top cap above the cylinder wall was 
measured and the saturated specimen volume calculated based 
on the change in height resulting from compression of the air 
voids.  This change in volume is essentially the change in initial 
void volume prior to saturation. The temperature of the room 
was recorded and an HH2 Moisture Meter used to take the first 
millivolt (mV) reading from the ThetaProbe inside the specimen 
at this stage of the experiment. 

The apparatus was then placed in a cold room at 1ºC for 24 
hours in order to cool and stabilize the specimen temperature at 
reaction conditions. Another ThetaProbe reading was taken at 
this point and compared with the first measurement prior to co-
oling. These values are applied to the dielectric mixing model 
(Equation 1) to fit the data and establish a specific Ka � 8.2 for 
Ottawa sand grains since the acceptable range attained from lit-
erature includes air voids within the sand.  Synthetic refrigerant 
(R-11) hydrate forms at a precise volumetric ratio of H2O/R-11 
equal to 3.41 under atmospheric pressure at temperatures below 
4C (Mork et al. 2000). The saturated volume of voids was used 
to determine the amount of R-11 required to form precise hy-
drate contents.  A specific amount of liquid R-11 was squeezed 
into the specimen, predetermined based on the required hydrate 
percentage, expelling an equivalent amount of water. The 
specimen was left for 30 minutes while the R-11 cooled down 
to the same temperature as the rest of the sample. There is a 
volumetric expansion associated with the H2O/R-11 hydrate re-
action, thus, the top filter stone was remove and the top cap 
lifted up a few centimeters to provide an air gap for this expan-
sion. The specimen apparatus was shaken vigorously to provide 
the mechanical mixing essential to promote hydrate formation 
and ensure dispersion of R-11 throughout the sample because 
R-11 is denser then water and tends to settle near the bottom of 
the specimen over time. This agitation process was repeated 
every 30 minutes for 2.5 hours, flipping the sample upside-
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down each hour, then continuing once a day for 2 to 3 days.
ThetaProbe readings were taken before and after every mixing
interval until no change was noticeable at which time the hy-
drate reaction was deemed complete. The top cap was com-
pressed flush with the specimen to close any remaining air gap,
measuring the final height for volume change due to expansion
associated with hydrate formation as illustrated in Figure 1. The 
experimental results for each theoretical hydrate percentage are
displayed in Table 2, including ThetaProbe readings for each
specimen at after test completion, along with their associated
volume change.

Figure 1:  R-11 Hydrate Specimen at Test Completion

Table 2: Experimental results

Sample  % Hydrate % Volume Bulk Dielectric
# Content Expansion Constant, Ka

30(1) 36.5 3 19.9
30(2) 27.8 -7 21.5
50(3) 51.4 11 15.7
50(4) 37.5 5 18.5
50(5) 30.7 5 20.0
50(6) 42.3 0 16.6
60(1) 56.1 5 14.4
70(1) 71.4 27 11.1
70(2) 78.2 21 9.9
70(4) 75.7 16 10.3
85(1) 86 50 8.0
85(3) 85.7 26 8.2
85(4) 92 38 7.0

100(1) 98.9 39 5.5
100(3) 96.2 51 5.8
100(4) 95.9 45 5.9

4 ANALYSIS AND DISCUSSION

The preparation of the specimen and experimentation methods 
during hydrate formation posed a number of challenges, some 
of which could be rationalized and others explicitly stated. An
arbitrary time of 20 minutes per side using a cross-port
configuration was chosen for adequate CO2 circulation to
replace the majority of air in the specimen voids prior to
saturation. The specimen was essentially considered saturated
after saturation by slow percolation of distilled de-aired H2O
followed with a slight consolidation.  A loose soil structure was
strived for to promote R-11/H2O reaction by maximizing the
size of the pore spaces and free water contained within thus

reducing the potential competition effects of surface tension on
the water via individual sand grains. During saturation the 
specimen was subjected to a small vertical load causing some
compression to a denser state and was further disturbed by the
vigorous shaking required to thoroughly mix the R-11 
uniformly within the specimen at the early stages of hydrate
formation. Cementation of the sand grains as hydrate begins to
form provides strength to support a looser structure during the
remainder of the mixing process, easing the effects of 
densification and constraints of self weight against volume 
expansion, especially at the higher hydrate percentages.

Some excess standing water was evident in the specimen
immediately after removal of the top filter stone prior to
mechanical mixing.  Is it assumed that this additional water,
drained from the filter stone, offsets both the small leakage
during the early turbulent mixing intervals and any possible loss 
from drying effects over time on the specimen due to the air
void induced to accommodate volumetric expansion during
hydrate formation. Frequent mixing intervals during the first 2.5
hours minimized the tendency for R-11 to settle toward the
bottom portion of the specimen since its density is greater than
water, facilitating a more uniform dispersion of hydrates
throughout. The experiment was deemed complete once the
ThetaProbe yielded no change in its readings over a 24 hour 
span and the remaining air void, not utilized by hydrate
expansion, was compressed to determine the final specimen
volume. There was potential for some air voids to remain 
trapped within the hydrated specimen, especially at the greater
R-11 contents due to the rigidity provided by hydrate formation,
but this was presumed to be negligible based on predictions 
from the dielectric mixing model integrating a small volume of 
air.  The lower hydrate percentages did not produce much solid 
hydrate although some soft gel substance did manifest in
patches within the specimen.  Obvious hydrate chunks distinctly 
formed and solidified to a greater extent over time as the R-11 
content was increased (Figure 2). The bulk Ka values obtained
from the ThetaProbe readings seemed to advocate that the water
is bound to the R-11/H2O hydrate structure well before
solidification takes place.  It was suspected that over time the
hydrate structure continues to solidify to a greater extent. Crude 
hydrate specimens were prepared at a variety of percentages and
left in the cold room for upwards of 2 weeks with periodic 
shaking to subsequently verify this postulation.

Figure 2:  Synthetic R-11/H2O Hydrate Chunks 

The bulk dielectric constants were computed for the various 
hydrate percentages along with the associated volumetric 
expansion as per Table 2 and Figure 3. A key assumption is that 
nearly 100% of the R-11 reacted to form hydrates and they were
dispersed consistently throughout the specimen. This is
supported by back-calculation from the measured bulk Ka to 
determine the actual hydrate percentage obtained in comparison
to the original value expected. It is obvious from the 
experimental data obtained that there is a distinct relationship
between the specimen’s bulk dielectric constant and the amount 
of hydrate contained in the pore spaces. The Ka of the Ottawa 
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sand specimens decreased rapidly as hydrate formation
increased.  The relationship between Ka and hydrate content can
be readily estimated with a polynomial to a good degree of
accuracy.  It is also abundantly clear (Figure 4) that a
volumetric expansion accompanies synthetic R-11/H2O hydrate
formation, seeming to be proportional in magnitude.
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Bulk Dielectric Constant vs % R-11/H2O Hydrate
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Figure 3: Bulk dielectric response of Ottawa sand specimens with re-
spect to pore space synthetic R-11/H2O hydrate content. 

Specimen Volume Change vs Hydrate Content
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Figure 4: Specimen volume change with respect to synthetic R-11/H2O
hydrate formation.

5 STATEMENT OF OPTIMISM

Fundamentally it has been shown that the theory of dielectrics
can be applied to soil specimens and yield successful results as
the bulk dielectric constant gives rise to an unmistakable 
variation with respect to the quantity of hydrate in the pore
spaces.  The bulk dielectric response exhibits a decreasing trend
with greater pore saturation by hydrates, accompanied by a
distinct volume expansion.  A dielectric mixing model based on
volmetrics was employed to produce theoretical values that
agreed tolerably to the experimental Ka calculated from the
ThetaProbe readings.  Other important variables that need to be
addressed as they are expected to play a key role in adapting
this method from the laboratory to in-situ conditions are 
variations in soil type, density, and salinity.  It is imperative that
reliable detection and quantification modi operandi are
developed to identify hydrate-laden strata and determine the
amount of natural gas feasibly recoverable as this is the new 
environmentally friendly energy source of the future.
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