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Summary: The depletion of hydrocarbon reservoirs often results in reservoir compaction. Through in-

situ imaging of triaxial and uniaxial compaction experiments on cohesive sandstone and sand 

aggregates, we aim to characterize and understand the local deformation mechanisms that enable the 

observed macroscopic compaction. Standard image analysis techniques and digital volume correlation 

analysis provide novel access to these local deformation mechanisms. 

 
1. INTRODUCTION 

 
Depletion of hydrocarbon reservoirs results in the in-situ reduction of pore fluid pressure, which causes elastic 
and inelastic compaction of the reservoir. This depletion frequently results in surface subsidence and 
sometimes in induced seismicity. Predicting surface subsidence and induced seismicity hazards related to 
reservoir depletion requires a thorough understanding of the subsurface grain-scale processes that govern 
deformation. Typical laboratory experiments, under in-situ P-T-stress conditions reached in conventional 
uniaxial and triaxial deformation machines, only allow post-experiment microstructural investigation of the 
deformation through thin section analysis or scanning electron microscopy. However, grain-scale processes 
can only be monitored during the experiment through indirect techniques, such as acoustic emission 
monitoring. This experimental approach has yielded insights into local deformation mechanisms, including the 
combination of intergranular cracking and slip with intragranular cracking [1]. However, such indirect 
approaches are limited to only one 2D section through the sample. Moreover, post-deformation sample 
preparation might influence the observed microstructures. Such potential post-deformation overprinting forces 
the identification of grain-scale deformation processes to be very challenging because the compactive strains 
tend to small (<<1%) in most hydrocarbon fields. 
In this work, we present two series of experiments (uniaxial and triaxial experiments) that captured high-
resolution in-situ and time-lapse X-ray tomographic imaging of sandstone plugs or non-cohesive grain packs 
for a depleted natural gas reservoir at relevant P-T-stress conditions. Digital volume correlation (DVC) of pairs 
of tomograms provide time series of local strain concentrations that enable a detailed investigation of the grain-
scale mechanisms behind the macroscopic deformation. 
 

2. EXPERIMENTAL METHOD 

 
A first test was performed using an X-ray transparent triaxial deformation device: the HADES apparatus [2]. 
This device is available at the European Synchrotron Radiation Facility (ESRF, Grenoble) and was used to 
deform a highly porous sandstone plug from a depleted natural gas reservoir (5 mm in diameter, 10 mm in 
length). The sample was brought to relevant P-T-stress conditions (T= 100°C, 10 MPa pore pressure, 40 MPa 
effective confining pressure). Subsequently, the axial stress was increased by steps of 1 MPa until macroscopic 
failure occurred. At each stress step, micro-CT scans were acquired with a voxel resolution of 6.5 micrometers. 
Standard image analysis techniques were used as well as DVC using the TomoWarp2 codes by Tudisco et al. 
(2017) [3] and subsequent processing following the procedures of McBeck et al. (2018) [4].  
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To complement this experiment, a miniature uniaxial deformation device was constructed (the MARISCA 
cell), which limits the sample size further to 2 mm in diameter and 2-4 mm in length. It subjects the sample 
under investigation to uniaxial stresses up to 80 MPa and can be used in combination with commercial lab-
based CT systems. In this study, it was used on the TESCAN CoreTOM system of TESCAN XRE, as well as 
on the Environmental Micro-CT (EMCT) system at Ghent University [5]. It was used to study the compaction 
of mono-mineralogical quartz grain packs to grain packs with a mineralogical composition similar to the 
sandstone sample previously investigated. These micro-CT scans were subjected to similar analysis techniques 
as the triaxial experiment. However, because of the control on the mineralogical assembly, it offers the 
opportunity to focus on the influence of mineralogy on the compaction processes. 

3. RESULTS 

DVC analysis on the subsequent micro-CT scans of the triaxial experiment pinpointed the volume in the 
sandstone cores that host the highest strains, including local compaction and dilation (Figure 1). When 
observing the entire rock sample, strain was mainly localized in artificial damage zones that were created while 
inserting the sample into the triaxial device. However, separation of the CT images in zones unaffected by this 
damage reveals the localization of small strains in the natural sample. In the micro-CT images, it was difficult 
to differentiate between quartz and feldspar grains, based on their grey values. Also, intergranular clay films, 
which can be observed in SEM analysis of the sandstone, were not resolved. These problems make it difficult 
to link strain localization to mineralogy in the experiments. 
Uniaxial experiments with the MARISCA cell on the TESCAN CoreTOM and EMCT allowed us to reduce 
the voxel resolution of the images to 2.25 µm at best. We altered the mineral assembly of the samples in series 
of tests in order to link dominant deformation mechanisms to mineralogy. 

 

 
Figure 1: Experimental approach: 1. Starting from the triaxial experiment, 2. DVC analysis is performed to 

localize strain, 3. strain-accommodating processes are visualized, 4. further uniaxial experiments are necessary 
to quantify the effect of mineralogy on the strain-accommodating mechanisms. 
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