Purpose of the visit 

The purpose of the visit was to collaborate to incorporate new friction laws (see e.g. Lishman et al., 2013) into discrete element method (DEM) models of ice rubble (see e.g. Polojärvi et al., 2012). Traditionally friction is modeled in DEM for ice as a constant. This is a simplification, and we wish to investigate how DEM models change when a more physically accurate friction model is included.


Description of the work carried out during the visit
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Figure 1: A typical experiment. Initial (l) and final (r) states of simulation with configuration C3

We use a 2D DEM model of a shear box experiment. The initial and final states of the modeled experiment are shown in figure 1.  In the model, rectangular ice blocks are allowed to settle within a rigid box. The box is then sheared at a height of 0.2m, and the resultant forces on, and motions of, each block are calculated. These models are comparable to laboratory shear box experiments which are often performed on ice to make predictions of, for example, the shear strength of ice rubble. We use four different geometries:

· [bookmark: _GoBack]C1 and C2 	block size X 	90 blocks
· C3 and C4	block size Z	350 blocks

The initial configuration of the blocks is random, so C1 is slightly different to C2 and C3 is slightly different to C4.

Our ice-ice friction model is derived from the observation (in both experiments and models) that ice friction is higher at low sliding speeds than at high sliding speeds. Figure 2 shows an updated version of a plot from Maeno et al., 2003, with various experimental measurements of ice-ice friction shown as a function of slip rate vs. Overlaid on this plot is a simple three-regime approximation of the data which we use in this work:

· vs <= 10-6 ms-1			μ = 0.7
· 10-6 ms-1 < vs < 10-2 ms-1	μ = 0.1 – 0.15 log10(100vs)
· vs >= 10-2 ms-1			μ = 0.1

This friction model is easy to understand and introduces only minor additional computational complexity. For each experiment we compare four cases: μ = 0.1, μ = 0.4, μ = 0.7, and the rate dependent friction model given above and overlaid on figure 2. All other parameters and geometries are kept constant for any given experiment.
[image: ]
Figure 2: experimentally determined values for ice-ice friction (after Maeno et al., 2003), with a simple rate-dependent friction model overlaid.


Description of the main results obtained

The first output we investigate is the shear box force (the horizontal force required to move the top half of the shear box relative to the bottom half), as a function of time. This is plotted, for each of four configurations, and for each of our four friction cases, in figure 3. In each case the force with rate-dependent friction (black line) tends to lie between the μ = 0.1 (red) and μ = 0.4 (green) force curves. The system is highly dependent on initial geometry: this can be seen by comparing the force curves for C1 and C2, or C3 and C4, which differ only in the precise configuration of the blocks (and not, for example, in block size or number of blocks).
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Figure 3: force vs shear box displacement for each of four configurations. The top left plot shows C1; top right C2; bottom left C3; and bottom right C4. On each plot, the red line shows the force with μ = 0.1, the green line the force with μ = 0.4, the blue line the force with μ = 0.7, and the black line the force with rate dependent friction modeled as shown on figure 2.

In each case the graph of rate-dependent friction is noticeably less smooth than the curves for constant friction. We speculate that this is stick-slip behaviour. Stick-slip is known to occur on individual faults where friction decreases with slip speed. However, we are unaware of any models of ice which show how stick-slip behaviour aggregates over many faults.

We investigate this behaviour further by looking at how energy is dissipated in the simulation. Figure 4 shows heat maps of the total friction energy dissipation in the simulation. These heat maps are produced by calculating the energy dissipated at each contact and each timestep, and measuring the slip rate and tangential force on the contact. These energies are then summed over all contacts, to give an indication of which types of interaction use the most energy. Predictably, in all cases, higher speeds and higher forces lead to higher energy dissipation. Less predictably, in the rate dependent case, two separate high energy zones are seen (the two separate blue patches towards the top right of the lower-right figure). Contrastingly, with constant friction the energy is concentrated in one zone of the heat map. We hypothesise that these two separate high-energy zones – one fast, one slow - correspond to two stages of a typical stick-slip cycle. 


[image: ]
Figure 4: heat maps showing the total frictional energy dissipation in each simulation as a function of slip rate (x-axis, from 10-10 to 100) and shear force (y-axis, from 10-5 to 105). Plots are shown for μ = 0.1 (top left), μ = 0.4 (top right), μ = 0.7 (bottom left) and rate dependent friction (bottom right).


Future collaboration with host institution

One week’s work was necessary to develop the simulations and produce preliminary results, but is insufficient to draw definite conclusions. However, we think this work shows interesting results at this stage, and so we plan to continue it remotely (one outcome of the week’s collaboration was to ensure we can both work on the same models at our respective institutions). The next stage in this work is to simulate a different ice rubble process. Figure 5 shows visualisations of a larger-scale station-keeping simulation which we will test next. In this simulation a large ice-rubble field is driven (by wind forcing) past a stationary object, and the forces on the stationary object are measured.

[image: ][image: ][image: ][image: ]

Figure 5: visualisations of a station-keeping simulation at t=0, t=5, t=10 and t=15s.

Further, we have had preliminary discussions about testing these simulated phenomena experimentally in the Aalto Ice Tank Laboratory.




Projected publications

We have submitted an abstract about this work to POAC 2015 (Ports and Oceans under Arctic Conditions, an international conference for ice engineers and scientists). If we are able to substantiate our hypothesis that we have modeled stick-slip ensemble behaviour then we aim to publish this in a high impact journal. Possible journals include The Cryosphere, Journal of Geophysical Research, or Cold Regions Science and Technology.


Other comments

During the visit Dr Lishman enjoyed discussions with Rüdiger von Bock and Polach, the Aalto Ice Tank Laboratory Manager, and with Lasse Makkonen, of VTT, who works on problems related to ice friction. Dr Lishman also gave a seminar at the host department on his ice friction work.

Dr Lishman would like to thank Dr Polojärvi for hosting.
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