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ABSTRACT: The understanding of thermo-hydro-chemo-mechanical coupling of dynamic processes, which occur in marine gas 
hydrate-bearing sediments during natural gas production or slope destabilization, is limited. Recent developments in geotechnical 
testing offer new approaches to closely simulate sub-marine in-situ conditions, and to generate benchmark tests for numerical model 
development. Especially when applied in combination with tomographic techniques (e.g. X-ray CT or ERT), high-pressure flow-
through triaxial testing could answer important questions related to multi-scale effects, influence of spatial heterogeneities and 
process dynamics on the stress-strain behavior of gas hydrate-bearing sediments. Based on experimental studies on heterogeneous 
gas hydrate formation from two-phase fluid flow, we demonstrate the need for advanced mechanical testing. Further, we present the 
setup of advanced geotechnical test systems combined with X-ray CT or ERT analysis, as well as preliminary results from flow-
through triaxial testing with the novel systems.    

RÉSUMÉ : La compréhension des processus thermo-hydro-mécano-chimiques qui régissent le comportement dynamique des sédiments 
contenant des hydrates de gaz durant la production de méthane or lors de l’évaluation de la stabilité des pentes est très limitée. Toutefois, 
les récentes avancées techniques dans le domaine de la mécanique offre l’opportunité de développer de nouvelles approches pour mieux 
simuler les conditions in situ de fond de mer, et de proposer des expériences dont les résultats pourront permettre le développement de 
modèles numériques. La combinaison des techniques tomographiques (e.g. CT Scan, TRE Scan) et des expérimentations à haute-pression 
de formation d’hydrates dans une cellule triaxiale pourrait fournir des éléments de réponse pertinents aux questions liées au 
comportement mécanique des sédiments à hydrates de gaz, en particulier celles abordant les effets de changement d’échelle et 
d’hétérogénéité spatiale des hydrates. A partir d’études expérimentales de formation d’hydrates hétérogène par circulation de fluides, 
nous montrons la nécessité de poursuivre dans ces nouvelles voies expérimentales. Nous présentons également un nouvel appareillage 
conçu et réalisé à partir de la combinaison des techniques énoncées précédemment, et discutons des résultats préliminaires. 
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1  INTRODUCTION 

In marine sediments and permafrost soils, gas hydrates can be 
present in large amounts and at high saturations. Gas hydrate 
formation occurs whenever pressure-temperature conditions are 
inside the gas hydrate stability region, given that gas hydrate 
forming components such as CH4 or CO2 are available in 
sufficient amounts. Dependent on gas hydrate saturation and 
gas hydrate-sediment particle fabrics, the presence of gas 
hydrates contributes to marine sediment stiffness and strength. 
Hence, it is important to understand and quantify this 
contribution for predicting sediment mechanical behavior and 
assessing risks of deformation or failure events, e.g. ground 
subsidence or slope instability. The current lack of knowledge 
and simulation tools for the prediction of dynamic mechanical 
behavior of gas hydrate-bearing sediments was apparent in 
recent large-scale field trials, onshore in the Alaska permafrost 
(Schoderbek et al., 2013) and in the Nankai Trough offshore 
Japan (Yamamoto, 2013), which had the objective to evaluate 
the potential of gas hydrate-bearing sediments as reservoirs for 
natural gas production. Both tests were accompanied by 
substantial sediment yielding and sand production events. 
Gas hydrates contribute to sediment or soil mechanical behavior 
in various ways, and effects can be defined as primary and 
secondary. Primary effects result from the direct and quasi-
static interaction of gas hydrates and soil particles, and define 
sediment behavior in terms of soil stiffness and strength. In 
contrast to primary effects, secondary non-direct mechanical 
effects result from strong and dynamic thermo-hydro-chemo-
mechanical process couplings. This definition emphasizes that 
under relevant non-equilibrium conditions with dynamic gas 
hydrate formation, alteration or dissociation, sediment 

mechanical stability becomes eventually dominated by various 
coupled processes such as hydraulic properties (e.g. absolute 
and relative permeability changes) or flow dynamics (e.g. 
multiphase fluid flow, gas migration or holdup). Geotechnical 
effects emerging from thermo-hydro-chemo-mechanical 
coupling are extremely complicated to predict, and inter-linked 
secondary effects could easily overprint simplified sediment 
stability and failure predictions which are based exclusively on 
quasi-static primary effects. 
Driven by the the enormous relevance in natural and 
engineering scenarios, there has been significant progress in 
geotechnical testing of gas hydrate-bearing sediments, with 
clear benefits from efforts in developing custom-made test 
systems and specifically adapted test procedures. For instance, 
early studies were focused on evaluating constitutive relations 
between gas hydrate saturations and sediment mechanical 
properties, and process dynamics and spatial phase distributions 
were not considered in these element tests. Further, triaxial 
compression tests with a focus on natural gas production 
strategies using depressurization and thermal stimulation have 
been carried out (Hyodo et al. 2013, 2014, Song 2014, 
Ghiassian and Grozic 2013). Very recent and important 
progress was made with geotechnical analysis of undisturbed 
pressure core samples, which allowed for the analysis of in situ 
gas hydrate distributions in natural sediments (Inada and 
Yamamoto 2015, Santamarina et al. 2015, Yoneda et al. 2015). 
However as a major shortcoming, systematic geotechnical 
investigation of coupled multiphysics phenomena resulting 
from process dynamics, non-equilibrium conditions, spatial 
heterogeneities and ansiotropies, i.e. from what we defined as 
secondary effects above, were not adressed sufficiently in the 
past.  
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 Adequate geotechnical investigation of multiple process 
couplings and geotechnical consequences relevant for gas 
hydrate-bearing sediments requires the development of novel 
geotechnical testing systems and test procedures: First, it is 
desirable to carry out tests on relatively large test specimen 
which allow investigation of multiscale phenomena, e.g. 
focused gas migration or local changes in gas hydrate 
saturations on different scales. Second, it is neccessary to allow 
for relatively large strain and deformation, in an ideal setting 
including the possibility of particle migration and sand 
production coupled to fast fluid flow. As a consequence, 
monitoring procedures for localized strain are needed, because 
of sample defomation will be irregular. Third, it is important to 
apply suitable monitoring tools to analyze process dynamics 
and resolve phase distributions at high spatial and time 
resolution.            
Especially when applied in combination with tomographic 
techniques (e.g. X-ray CT or ERT), high-pressure flow-through 
triaxial testing could answer important questions related to 
multi-scale effects, influence of spatial heterogeneities and 
process dynamics on the stress-strain behavior of gas hydrate-
bearing sediments. Electrical resistivity tomography was shown 
to be useful to analyse fluid and gas hydrate distribution in 
sediments based on conductivity differences of different phases 
and compounds (Priegnitz, Thaler et al. 2013, Priegnitz, Thaler 
et al. 2015). Computed Tomography (X-ray CT) was used study 
sediment-gas hydrate fabrics and phase distributions in gas 
hydrate-bearing sediments based on spatial density differences 
(Abegg, Bohrmann et al. 2007, Kneafsey, Tomutsa et al. 2007, 
Waite, Kneafsey et al. 2008, Seol and Kneafsey 2009). 
We have developed advanced triaxial test systems in 
combination with ERT and X-ray CT, which are designed to 
investigate geotechnical effects resulting from coupling of  
thermo-hydro-chemo-mechanical processes in gas hydrate-
bearing sediments (Deusner et al., 2015, 2016). Our 
presentation has the objective to demonstrate the neccessity of 
applying tomographic techniques in combination with 
geotechnical test procedures to analyze the mechanical response 
of marine gas hydrate-bearing sediments as a consequence of 
heterogeneous gas hydrate distributions and dynamic gas 
hydrate formation and dissociation. Further, we introduce novel 
advanced geotechnical test systems which are designed to 
monitor spatial phase distributions and at the same time 
measure process dynamics relevant to natural gas hydrate-
bearing sediments in general, and natural gas production 
scenarios in particular.    

2  RESULTS AND DISCUSSION 

2 .1  Geotechnical behavior of marine sediments – effects of 
heterogeneous gas hydrate formation from two-phase 
fluid migration   

Two-phase gas-liquid fluid flow is common in natural marine 
sediments. Degradation of organic matter in anoxic sediments 
often results in formation of buoyant methane gas that migrates 
upwards towards the water-sediment interface. Ascending gas 
can also originate from deeper sedimentary or rock sources. The 
release of free gas from marine sediments is commonly 
observed at gas seep sites. Also, in engineered natural gas 
production scenario, two- or multiphase phase fluid flow will 
occur, since produced gas needs to be transported towards the 
production well.  
Within the boundaries of gas hydrate stability, migrating gas in 
marine sediments forms gas hydrates. For the first time, we 
studied mechanical effects of gas hydrate formation from two-
phase fluid flow after focused CH4 and CO2 injection in high-
pressure flow-through experiments. Fully water saturated 
sediment specimen (80 mm diameter, 160 mm in height) were 

prepared from clean quartz sand, mounted in a custom-made 
triaxial test apparatus and isotropically loaded at 1 MPa initial 
effective stress. Experiments were carried out at T = 2 °C, and 
pore pressure (u) was adjusted to approximately 10 MPa prior 
to gas injection. Methane gas was injected in upflow mode at a 
volume flow rate of 1 mL / min (see experimental scheme in 
Fig.1). Strain-controlled consolidated drained shear tests with 
axial strain rates of 0.1 mm/min were carried out immediately 
after breakthrough of methane gas at the upper sample outlet, 
thus minimizing reaction time for gas hydrate formation. 
Results from our geotechnical studies on focused injection of 
CH4 gas into sandy sediments under gas hydrate-forming 
conditions have shown that rapid and non-homogeneous 
formation of gas hydrates has drastic effects on mechanical 
properties. As a consequence of a focused migration of buoyant 
gas, water was only partially replaced from initially fully water 
saturated sediments. In all cases, water replacement accounted 
for approximately 20 %, before methane gas was observed in 
the effluent. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Experimental scheme 

 
The partial replacement of pore water must result from distinct 
and locally confined gas channeling through the sample 
specimen. In the early time period of gas migration, gas hydrate 
formation is assumed to be limited to a small volume at the gas-
water interface. Thus, gas hydrate formation is heterogeneous 
and only a very small region of the sample is affected. Despite 
the fact that early gas hydrate formation must be spatially 
confined, a substantial increase in sediment strength was 
observed, and the strength was increased more than threefold 
compared to sediment specimen without gas hydrates (Fig. 2).     
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Deviatoric stresses in shear tests. The thick black line shows 
results from sediment without gas hydrates, dashed black lines show 
results from 3 experiments with sediments after focused injection of 
CH4   
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However, stress-strain behavior of sediment samples after gas 
migration revealed large differences under similar test 
conditions, spanning a wide range from compressive to dilative 
behavior. This indicates that gas migration and, as a 
consequence, gas hydrate formation was different, and stress-
strain behavior must be affected by inhomogeneous gas and gas 
hydrate distributions. Based on current mass balance 
calculations, gas hydrate-sediment fabrics specific to two-phase 
fluid phase distributions could potentially reveal unexpectedly 
large load-bearing capacities.    
 
 
2.2 Triaxial-ERT system 
 
The newly developed system combines ERT and local 
deformation measurements (Fig.3). The triaxial test unit is 
designed for mounting of large samples (from 50 to 150 mm 
diameter, height maximum 400 mm) and can be operated up to 
40 MPa and temperatures between -30 and 30 °C. To study 
particle migration and sand production, coupled fluid flow and 
mechanical loading tests can be performed with a perforated 
central well. The loss of sample solids through visco-plastic 
yielding or particle migration leads to local straining rather than 
homogeneous bulk deformation. Heterogeneous deformation is 
monitored with high spatial resolution using electromagnetic 
sensors. ERT is applied to simultaneously acquire information 
about heterogeneous phase distributions (e.g. spatial gas hydrate 
saturation, zones of gas hydrate dissociation and gas release, 
gas migration pathways, fractures, gas holdup regions, etc.). 
With this combined technical approach, bulk sample behavior 
can be correlated with physically relevant heterogeneous 
processes.           

 
 
Figure 3. Newly developed triaxial system with combined ERT and 
deformation measurements. 

 
2.3 Triaxial-CT system 
 
In close collaboration APS GmbH (Wille Geotechnik®) and 
GEOMAR develop a new kind of multifunctional triaxial test 
system for isotropic and anisotropic conditions, combined with 
computer tomography. In more conventional test systems, a 
sample cell is mounted in a stationary CT-scanner, thus the 
usage of these kind of system is limited regarding sample size, 
weight and test conditions. In this setup, the cell is rotated 
during the scanning process which can induce vibrations and 
lead to measurement artefacts.  

Recently, a new universal high-pressure triaxial system was 
designed that is suitable for performing flow-through 
experiments as well as triaxial permeability and shear tests, 
while a CT-scanner rotates around the sample. The system 
allows for observation of processes on different length scales 
and in user-specified regions of interest. Due to a high-precision 
alignment system (vertical and rotational), high-resolution 
tomography becomes feasible. As the cell is stationary, the 
accuracy of the permeability measurements and shear tests 
performed increases substantially compared to “rotating cell” 
solutions (see Fig. 4). The thermodynamic processes of the gas 
hydrate formation and dissociation can be observed, as well as 
CO2 injection and capturing. The system is designed for loads 
of 1000 to 2000 kN and confining pressures up to 40 MPa (or 
higher for other applications). Therefore, a special triaxial cell 
was constructed that allows the application of 60 MPa vertical 
stress and cell pressures up to 40 MPa while remaining 
transparent for the X-ray tomography.  
 
 

 
 
 

Figure 4. Detail section of the newly developed rotation CT setup with 
the high precision vertical and rotational  

Besides the experimental part of the CT-tests, the evaluation of 
the acquired data is a crucial task of the project. Commercial 
and open-source software solutions are available, but they are 
limited in the meaning of objectivity. For the evaluation, a 
manual definition of the distinct phases (water, matrix, air, gas 
hydrates) is needed. The user defines the phases according to 
his experience and thus with eventual errors and mistakes. 
To ensure an objective definition of the phases, APS GmbH 
(Wille Geotechnik®) delivers a new program developed based 
on machine learning technology (Chauhan et al. 2016, Chauhan 
et al. 2016). The new algorithm learns from the data sets itself 
which phases are tomographically recorded. The phases are 
clustered and evaluated by their volumetric content. As there 
are several possibilities of suitable solver-algorithms, a module 
is incorporated that allows to select and to compare the results 
of different solver types. Depending on the specimen structure, 
the results of the different solvers scatter, in some cases 
substantially. The results of the machine learned analysis are 
visualized in 2D or 3D (see Fig. 5). Applying the histogram 
method, the volumetric distribution of the phases is calculated. 
Besides the absolute value of phase volumes, an evaluation of 
the pore-size distribution is implemented as well. The 
constructed pore model can be exported from the program for 
subsequent pore network and flow simulations, as well as for 
further elaboration and finite element analysis. 
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Figure 5. The top, middle and last panel show the 2D segmented images 
and volume rendered plots of a porous sample using unsupervised 
networks (Chauhan et al. 2016). 

3  CONCLUSION AND OUTLOOK 

The combination of geotechnical testing and tomographic 
analysis will contribute to the understanding of the thermo-
hydro-chemo-mechanical coupling of dynamic processes in gas 
hydrate-bearing sediments. Ongoing studies are focused on 
investigating geomechanical effects of natural gas production 
by depressurization and CO2 injection. The main objectives are 
to carry out benchmark studies for numerical model 
development and testing, and to identify mechanisms and 
triggers of sand production.       
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