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Geological systems are often complex, heterogeneous and made of several material phases. Phases that are fluid-like
and solid-like can be deformed together leading to a complex deformation localization and dynamics. Here, we
investigate the stress distribution in such a two-phase system where one phase is solid and the other a viscous fluid.
These systems are important geologically – for example as petroleum fluids in reservoir rocks – but have only had
limited experimental attention. Understanding the stress distribution will provide insights into the mechanisms of how
such systems deform and fail, which has a large economic impact on the effective extraction of natural resources. In
order to explore such behavior we perform physical experiments on a photoelastic granular material with a viscous
pore fluid. These experiments allow us to measure the stress distribution in the granular media during deformation.
The stress distribution in a granular medium is only uniform in cases of perfect packing. As soon as the material shows
disorder, the stress distribution is no longer uniform and force chains develop. Force chains form when individual
particles form bridges supporting stresses across the compressional direction. The photoelastic nature of the
experiment material allows for a direct observation of these force chains under polarized light. The fringes developing
in the photoelastic material correspond to the strain in the deformed object (Figure 1). The number of fringes correlates
directly to the amount of stress a grain is experiancing. Grains that are experiencing deformation appear bright (Figure
1) while unstrained grains appear black. While this phenomenon has been well explored in dry granular experiments,
we are able to quantify the contribution of the weak phase to the overall deformation.
Experiments are performed using a linear simple shear table consisting of two plates. One plate is held fixed while the
other plate moves at a constant velocity (0.337 mm/s), creating a discrete shear plane where the two plates meet. The
experimental material is confined by an aluminum frame to ensure the conservation of volume. During deformation
we record the overall force and measure the displacement. Each experiment contains approximately 900 photoelastic
discs of two sizes. The discs are placed in the experimental chamber at a random distribution. For experiments with
two phases we fill all the void spaces between the discs with a linear viscous silicone oil with a viscosity of 4x104
Pa.s. To document the force chain evolution, we take serial photographs through a polariscope. These pictures are
than analyzed using a Matlab code by Puckett and Daniels (2013) that identifies the location of the individual disks
and records the brightness and number of fringes in each disc. With this information a synthetic fringe image can be
calculated that allows to determine the amount of force experienced by each disc (Figure 1).

Figure 1: Left: Photograph from two phase experiment. Circled grain is only in contact with one other grain, the rest of the force
is supported by the weak fluid phase. Right: Synthetic fringe image illustrating the force on each grain. Circled grain transfers
0.97N to the surrounding weak phase.

We have conducted two different types of experiments. In the first type we deform a photoelastic granular system in
the absence of the liquid phase to study the response of a dry granular material to deformation. In these experiments
we observe the formation of force chains spanning the entire width of the experiment. The force chains are supported
by the rigid walls of the experimental chamber and have a general orientation parallel to the orientation of the major
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stress direction. During deformation the force chains break and rearrange randomly but keep a constant average
orientation. Experiments performed with a mixture of grains and fluid show a significantly different pattern in the
force distribution. At small amounts of shear strain the force chains localize close to the shear plane imposed by the
experimental apparatus. The overall orientation of the force chains at this stage is parallel to the shear direction. Many
of the force chains do not reach a boundary of the experimental box, which is in contrast to the observations of the
dry granular experiments (Figure 2). With an increase in deformation, the force chain orientation changes until they
are approximately parallel to the orientation of the maximum stress direction. Our experiments show that the presence
of the fluid phase has a direct impact on the force distribution in the system as can be seen by the average orientation
of the force chains.
Examining force chains in the two-phase experiments more closely, we observe in several places that the fluid phase
is able to support part of the stress, which leads to a termination of force chains. By calculating the force on each grain
and comparing it to the measured force on the experimental apparatus we can determine how much of the total force
can be supported by the fluid phase. One example illustrating how the fluid is terminating a force chain is shown in
Figure 1. The circled disc experiences a total force of 0.97 N, which is supported by the surrounding fluid.

Figure 2: Force map of a two-phase experiment at a shear strain of 0.18. The colors refer to amount of force where red indicates
the highest force (10.5 N) and white indicates no force.

The plan for the current funding period is to compile all the findings of the dry granular and the two-phase experiments
and prepare them for publication. We expect to submit the paper by end of this year to JGR-Solid Earth. For the spring
2020 semester we are planning to conduct experiments where we will be cementing some of the grains. This will allow
us to determine the impact of the cement versus the fluid phase on the stress distribution.
This grant is currently supporting graduate student Christopher Ladd by paying for tuition, salary, and conference
participation. Chris is in his fifth semester as a Masters student at Iowa State University. During the reporting period,
Chris has presented his preliminary findings at the AGU fall meeting in December 2018 in Washington, D.C. His
poster presentation was titled ‘Force distribution in a two-phase medium during simple shear’. He will present the
results from the two sets of experiments at this years AGU meeting in San Francisco.
The experiments supported by this grant have become a corner stone of the lab activities in the PI’s structure lab.
Because of its visual appeal the experiments are often shown to visitors to the department, which has helped to increase
the visibility of physical experiments in geology. The PI uses the experimental setup not only for the research
supported by this grant but also for a lab on stress and strain taught in Structural Geology and Tectonic (GEOL 356).
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