Physics-based simulation can facilitate hypothesis testing for
increasingly dynamic coastal permafrost systems
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Presentation Notes
Focus is on toppling-mode block failure of frozen bluffs @ Drew Point along the north coast of Alaska.
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Presentation Notes
Part of much larger project spear-headed by Diana Bull @ Sandia National Laboratories.
Main objective of Sandia project is to develop a physics-based tool for event-based projections of Arctic coastal erosion to guide military and civilian infrastructure investments in the region.
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Sea ice extent and age in September 1984.
Seasonal period typified by minimum sea ice extent.
Most of the Arctic is covered and much of it is several years old.
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Snapshot from same time of year, but three decades later.
Less ice and much younger.
Open-water season is expanding, exposing coastlines to more frequent and intense forms of wave energy and storm surge.
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Arctic Alaskan coastline is ~1000 km and the majority is erosional.
Much of Arctic Alaska is inaccessible by interior, all-season roads, so people and infrastructure are concentrated near the coastline.
Native villages are being threatened, military radars are facing higher-than-expected rates of retreat.
Erosion problem projected to increase cost of maintaining infrastructure by billions.
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Our work is informed by observations from Drew Point, AK.
9-km stretch of coastline high bluffs set amid a broad coastal plain.
Network of ice wedges and permafrost polygons with fine-grained, ice-bonded marine sediments.



Former oil
exploration site

Y
30
FREnL
BRI

M. Thornas



Presenter
Presentation Notes
Storms raise nearshore water levels in the summer/fall season and undercut the bluffs via thermo-abrasion.
Forms an erosional niche at the base of the bluff that expands until the bluff topples.
Failed blocks disintegrate in the nearshore environment over the course of days to weeks, providing only short-term armoring against further retreat.
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Aerial view of incipient failure conditions
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Erosion problem is widely recognized, but the mechanical behavior of these bluffs has not been studied extensively.
Here, tension crack visible spanning the middle of a permafrost polygon.
Takeaway here is that the tension crack signals that some amount of deformation is occurring prior to the topple.


Aerial view of permafrost block failure sequence
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Repeat aerial shots, upper panel corresponds to previous slide.
Block failure follows the tension crack and then breaks out into the surrounding permafrost polygons.
Takeaway here is that block failure does not have to occur at a distinct geologic discontinuity.


What is the nature of deformation prior to the topple?

Aug 12 Aug 15

Tilt sensor

Drainage
feature

? 0 ‘:‘___;:L-"‘— e e e — — )
()]
U -10]
)
O 0] I Il IV
S,
: —30
.|:
—40

T T T T T T T T T T T T
J8/12 18:00 08/13 00:00 08/13 06:00 08/13 12:00 08/13 18:00 08/14 00:00 08/14 06:00 08/14 12:00 08/14 18:00 08/15 00:00 08/15 06:00 08/15 12:00 08/15 18:00 08/16 00:00 08/16 06:00
M. Thornas



Presenter
Presentation Notes
Initial observations of tension cracks led us to ask, what is the nature deformation prior to a topple?
Installed tilt sensors above four erosional niches as well as an inland control (blue line).
Four days later found one of our blocks had failed (red line).
Red line (toppled block) shows initial disturbance, acceleration in tilt, topple, and back rotation.
Orange line shows a pick-up in tilt, but then levels out.
Takeaways here are that these bluffs may accommodate small-scale deformation w/o catastrophic failure and that toppling can be preceded by an acceleration in deformation.
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Conceptual model of the stress field
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With basic field observations and initial geomechanical simulations, we put together a conceptual model of the stress field for the bluff (orthogonal to coastline).
Erosional niche imposes a bending moment that creates zone of tension (red) and compression (blue).
Simulated maximum tensile stress appears along the topographic surface. Location of tension crack formation and the locus of block failure.
We track the simulated magnitude and location of the maximum tensile stress throughout our numerical experiments.


Influence of geometric and material variability on stress state
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Applied continuum mechanics theory with static simulations of 3D heterogeneous elastic finite deformation. This is a view of our finite-element mesh.
Conducted sensitivity analysis to assess the impacts of bluff geometry and material variability on stress states leading up to permafrost bluff failure.
Found that geometric properties influenced the magnitude and location of failure, whereas material properties only influenced the magnitude.
Niche height and depth most sensitive variables that we tested.



Niche dimension produces radically different failure areas
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Based on sensitivity analysis, wanted to look more carefully at the impacts of niche geometry.
Experimented with end-member niche dimensions (short and deep vs. tall and shallow).
Found that niche dimension can produce radically different failure areas (yellow shaded areas).
Introduces new hypothesis to test: Can sea state influence the magnitude of failure?
High-intensity, short-duration storm energy may create tall and narrow niches, whereas low-intensity, long-duration storm energy may create short and deep niches. 


Relatively shallow fractures can concentrate displacement within the failure block
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Knowledge Gap
Can tension cracks influence the timing of failure?
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Vertical tension cracks like those we saw in the field can increase the likelihood of failure because the extent of material available to resist the bending moment has decreased.
To look at how the presence of tension cracks could influence displacement fields, we imposed a similar void (w/ varying depths) in our finite-element meshes.
Found that as fracture depth increases, tension is focused near the top of the fracture and the displacement transitions from uniform (along-bluff) pattern to a more concentrated pattern in front (i.e., on the ocean side) of the fracture.
Introduces new hypothesis to test: Can tension cracks influence the timing of failure?
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Field observations

= Bluffs may accommodate small-scale deformation w/o catastrophic failure.
= Toppling can be preceded by an acceleration in deformation.

= Failure plane does not have to align with an obvious geologic discontinuity.

Concept-development simulations
= Variations in niche dimension produces radically different failure areas.
= Even relatively shallow fractures can concentrate displacement within the failure block.
= |gnoring these processes may adversely affect estimates of:
= Long-term (decadal) erosion rates.
= Nearshore biogeochemical/sediment loading.

= Developing a tightly coupled thermo-mechanical framework to solve for heat transfer and finite deformation for transient
atmospheric/oceanographic conditions is an important next step for event-based predictions of permafrost bluff failure.
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Putting this together, our field observations suggest that (pt1, pt2, and pt3).
Our concept-development simulations indicate that (pt1, pt2, pt3). 
We propose that developing a tightly coupled thermo-mechanical framework to solve for heat transfer and finite deformation for transient atmospheric/oceanographic conditions is an important next step to better understand event-based predictions of permafrost bluff failure.
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