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Report:

It is generally known from everyday experience that the mechanical properties of wet granular material
change dramatically if some liquid is added. In general, a stiffening of the granulate is observed. The main
reason is the internal cohesion due to capillary forces arising from liquid bridges between the grains [1-7].
While recent years have seen considerable progress in understanding the dynamics of dry granular materials
[8-11], the physical mechanisms underlying the properties of wet systems remain largely obscure. This is in
part due to the inherent complexity of these highly nonlinear systems, but also due to the fact that only a few
experiments have been performed on this topic so far. We thus investigated the network of capillary bridges
in a wet granular medium consisting of spherical glass beads [12,13]. When the granulate is sheared, the
position of the spheres change. Accordingly the capillary bridges and liquid cluster might break, change their
size and shape, or reform. Because liquid bridges need some time to form and grow, the size and number of
bridges or clusters, is expected to depend on the shear rate. This results in a shear thinning behavior of wet
granulates for high shear rates [13].

In a wide range of liquid content, about six capillary bridges per sphere (coordination number) were found,
resulting in a stiff granulate. For larger liquid contents the liquid forms extended liquid clusters and the
stiffness of the granulate is expected to be reduced. Whereas in our experiments, the yield stress of the
granulates is about constant for a very large range of liquid contents exceeding the regime with coordination
number six by far, reaching into the regime where large liquid clusters are present [13]. Hence, the time
resolved knowledge of the distribution and shape of liquid bridges and clusters and the corresponding matrix
consisting of glass spheres is needed for a quantitative understanding of the mechanical properties of wet
granulates.



We explored the dynamic behavior of capillary bridges and liquid clusters within a sheared, wet granulate
and how the liquid bridges and clusters change their size and shape as a function of shear rate. The granular
material consisted of fairly monodisperse glass beads with a diameter ranging from 250 to 600 pm. The
spread in bead size is from a few percent to about 10%, enough to prevent crystallization. As the wetting
liquid we used water with a significant amount of dissolved Znl, to increase the X-ray absorption contrast.
The different absorption allowed for a clear distinction between the air, the glass beads, and the liquid. Using
this system, radiation damage was not observed. Heating effects could be suppressed by reducing the X-ray
intensity or giving the sample some time after taking a tomography with high X-ray energy.

The wet granulates were prepared in a small custom made shear cell with an inner diameter of 9 mm, which
is lightweight and could be mounted on the rotation stage of the tomography setup. The shear force was
applied and measured by computer controlled microfluidic pumps and pressure sensors connected to the
shear cell via hydraulic lines. We could shear the granulate using the syringe pumps with a well defined
shear volume. The differential pressure in the shear cell could be recorded while keeping the absolute
pressure constant. The shear rates were about 0.001 Hz while the corresponding shear velocities were about 1
pm/s. The time resolution to capture a full 3D tomography of about 15 s (~ 4 s operating the CCD camera in
binning mode), is sufficient to freeze the motion of the glass spheres, the stretching and reformation of
capillary bridges and liquid clusters.

As can be seen in Figure 1, imaging of a sheared granulated worked satisfactory even at reduced beam
intensity respectively reduced exposure time to protect the wet granulate from damages due to heating
effects. We could clearly detect the liquid and the glass spheres and resolve the breaking and formation of
capillary bridge as a function of shear amplitude as shown in greater detail in Figure 2.
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Figure 1 Time series showing 2d slices of 3d X-ray tomography images of a sheared wet granulate. Every fivth image
during half a shear cycle is displayed. The sphere diameter was about 500 um, the liquid content was W = 0.01. The
rubber membrane to apply the shear force is about 70 pum thick and is hardly visible in the images.

For a precise measurement of the differential pressure (and thus the yield stress) of the sheared granulate
during the X-ray experiments we applied the shear force via very thin rubber membranes. But as it turned out
from the reconstructed 3D images, the thin rubber membranes, used in our experiment, were not stiff enough
to guarantee a parabolic shear profile in all experiments and thus to prevent ‘avalanche effects’ at the side
walls of the shear cell. This effect could not be detected optically from “outside” and was only visible in the
X-ray tomography images. Furthermore, the thin rubber mebranes changed their elastic modulus during X-
ray exposure — an effect that was never observed with thicker membranes. A slight change in the design of
the shear cell allows us to replace the thin rubber membranes by thicker ones stiff enough to guarantee a
parabolic shear profile. We measured sheared granulates with different liquid contents between W = 0.01 and
W = 0.1, different shear rates, and different sphere sizes.

First analysis of the results at low shear rate indicate that there is a significant number of capillary bridges,
which break or form when the packing geometry changes when a wet granulate is sheared. This is
demonstrated in Figure 2a with close up views of 2d slices of a sheared sample with a liquid content of W =
0.03. But even that the liquid bridges reorganizes during the shear cycle, the average number of capillary
bridges within the granulate remains constant and does not differ from the number of bridges in a static
sample as displayed in Figure 2b for one complete shear cycle. In contrast to a static sample, where the
capillary bridges have time to equilibrate and the volume of the individual capillary bridges is almost



identical, the volume of the individual liquid bridges seem to vary significantly. But because the attractive
force a capillary bridge exerts on the spheres is largely independent on its volume it is clear that yield stress
of a granulate at low shear rates is largely independent on the shear.
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Figure 2 a) Time series showing close up 2d slices of 3d X-ray tomography images of a sheared wet granulate. The
sphere diameter was about 500 pum, the liquid content was W = 0.03. The first four images are sheared from bottom to
top, the remaining images are shered from top to bottom. Every fourth image during ~2/3 of a shear cycle is displayed.
The center of some spheres are connected to visualze the motion of the spheres relative to each other. Points where a
capillary bridges was just formed are indicated by a greed ellipse, points where a capillary bridge just ruptured are
displayed in orange. b) Absolute number of capillary bridges in the sheared granulate during a complete shear cycle.

Parallel to the rupturing and forming of capillary bridge in a sheared granulate, we performed tests to record
the formation and rupturing of capillary bridges while vapour condensing/evaporating liquid in the granulate.
We used dibrommethane as a liquid with reasonably large vapour pressure and large X-ray absorption. The
sample consisting of a dry granulate on top of a liquid reservoir was mounted on a hot plate with a diameter
of about 1.2 cm diameter. When slightly heating the sample, the liquid evaporated from the reservoir and
condensed in the granulate forming liquid bridges between individual spheres predominantly at points of
physical contact. When reducing the temperature of the reservoir the liquid bridges slowly evaporated. Using
the same tomography setup and similar imaging parameter as used for the shear cell experiments we could
image the capillary bridges for increasing and decreasing volume in-situ.

Figure 3 Time series showing close up 2d slices of 3d X-ray tomography images of a granulate where dibrommethane
was evaporated. Every fivth image of the cooling cycle is displayed. The sphere diameter was about 500 pm.
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