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* Motivation and background

* The Arctic Coastal Erosion (ACE) model
» Birds-eye-view of ACE
» Thermo-mechanical terrestrial component of ACE

* Numerical results
» Sensitivity study for 3D elastic mechanics-only simulation

» Calibration/validation of thermo-mechanical coupling for pseudo-
realistic 2.5D slice problem

* Summary

e Current and future work
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Certain locations

The Arctic is warming at 4 times the rate of the global =
average resulting in accelerated rates of coastal erosion! & lost >250 m (~2
= football fields in
* Primary culprit is loss of Arctic sea ice: since 1979 § length) b/w 2007-
sea ice has lost 51% in area and 75% in volume 2019!
» Increasing ice-free season
> Increasing wave energy and storm surge
» Increasing sea water temperatures
r—1 Shoreine Change Rates (e
Erosion is threatening: = '%‘E;Et%g’
 Coastal communities: threatened with T = a g
displacement }gﬂﬁ%7 oo é
« Coastal infrastructure: active DoD sites, g o S )"‘/g Ly ""“’By Towok 3
including toxic waste sites, in northern Alaska '}ycp@@*szfjjfj it ng;kui:;ﬁ;;n‘ﬁ‘i‘@];%gfgai: '@;fzé1
 Global carbon balance: permafrost stores moN/ e i i Bullr f{a}v;gﬁu?@a;cﬁgﬁmﬂ
greenhouse gases (CO,, CH,, NO,). {wwe=  Gibbs & Richmond, 2015. = B




Permafrost thaw & erosion

What is permafrost?
e Ground that remains frozen for 2+ consecutive years.

* 24% of ice-free land area in Northern Hemisphere and 85% of
Alaska, Greenland, Canada and Siberia contains permafrost.

* 34% of global coastline is permafrost.

Left: schematic illustrating formation e
of ice wedges and ice-wedge . S| e
SV em UA polygon landscapes. Right: map of 3 e =
[ A | v I C L. . . . [ oscortinunis ‘
wa A IS permafrost distribution in Arctic B conmons v SRS P o, 08
Polar Media Archive ’ Brown et al. 1998.

Unique coastal permafrost erosion process in Arctic:

* Predominant geomorphology: ice-wedge polygons

» Ice acts to bind unconsolidated soils in permafrost.

> Ice wedges grow/expand up to 10s meters wide and deep.
Martin et al- 2009, » Permafrost thaw can cause subsidence, slumping, weakening.
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Coastal permafrost failure mechanisms @ National
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* Retrogressive thaw slumping: a slope failure characterized by thaw of exposed ground ice and
slumping of thawed soil, typically caused by thermo-denudation?.

* Active layer detachment: failures are translational landslides that occur in summer in thawing soil
overlying permafrost, typically caused by thermo-denudation?.

* Block failure: a niche (recess at bluff base) progresses landward until the overhanging material fails
in a shearing or toppling mode known as block failure, caused by thermo-abrasion?.

L ) . L Thls study
» Fallen blocks can disintegrate in the near-shore environment within 1-2 weeks! K

X Q‘.\. '.';*‘"?:‘.4.‘ ~ :
“o o kantuit et ol 2008 Ravens et al. 2012

Retrogressive thaw slumping Active layer detachment Block failure

IThawing of permafrost bluffs that proceeds under the influence of gravity. 2Undercutting of permafrost bluff by warming ocean.
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Coastal permafrost failure mechanisms @ National
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* Retrogressive thaw slumping: a slope failure characterized by thaw of exposed ground ice and
slumping of thawed soil, typically caused by thermo-denundation?.

* Active layer detachment: failures are translational landslides that occur in summer in thawing soil
overlying permafrost, typically caused by thermo-denundation?.

* Block failure: a niche (recess at bluff base) progresses landward until the overhanging material fails
in a shearing or toppling mode known as block failure, caused by thermo-abrasion?.

— - - — This study
» Fallen blocks can disintegrate in the near-shore environment within 1-2 weeks! ‘

Dominant failure mechanism
in northern Alaska

Ravens et al. 2012

Retrogressive thaw slumping Active layer detachment Block failure

IThawing of permafrost bluffs that proceeds under the influence of gravity. 2Undercutting of permafrost bluff by warming ocean.
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Example of bluff erosion during 2019 UAV surveys* National
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Fallen blocks can

disintegrate in near-

. shore environment
V within 1-2 weeks!

10 August:2019

*Images courtesy of Ben
Jones, UAF
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State-of-the-art in permafrost modeling @ National ¢

Most existing permafrost models™* (including Earth System
Model-, or ESM-, coupled models) are fairly primitive!

* Most models were based on trend projection and/or empirical
relationships

* Limited PDE-based models: primarily thermal models, e.g., 1D
steady state heat flow (no mechanics/deformation)

 Most models assumed a particular type of erosion (e.g., block
failure)

 Models did not include realistic boundary conditions and did
not account for permafrost geomorphologies or geophysics.

Premise behind ACE: an accurate, predictive Arctic coastal
erosion model must couple the influences of evolving wave
dynamics, thermodynamics and mechanics.

* See (Frederick et al. 2016), Chapter 5, for extensive overview.
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Boundary ‘ LOCATION SPECIFIC DATA
Conditions

. Ocean . Ice wedge ﬁ Permafrost .

BOUNDARY CONDITIONS
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System Models (Projections)
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Finite element implementation in Albany-LCM @National

Laboratories

The thermo-mechanical Arctic Coastal Erosion (ACE) model is
implemented within the LCM project in Sandia’s open-source
parallel, C++, multi-physics, finite element code, Albany.

Component-based design for rapid development. https://github.com/
sandialabs/LCM

Contains a wide variety of constitutive models.

Extensive use of libraries from the open-source Trilinos project.

» Use of the Phalanx package to decompose complex problem
into simpler problems with managed dependencies.

» Use of the Sacado package for automatic differentiation. https://github.com/trilinos/
trilinos

All software available on GitHub.




Sandia

Anatomy of a canonical computational domain @National
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Cryopeg*

* Layer of unfrozen ground that is perennially cryotic (forming part of the permafrost) in which freezing is prevented.
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Thermal model @ et

* Transient heat conduction in a non-homogeneous porous p: density from mixture model

media With Water_ice phase Cha nge: “““““““““““““““ ' q: SpECiﬂC heat from mixture model
K: thermal diffusivity tensor

Py ice density
| Ls: latent heat of water-ice phase change

sediment

~ dT
(pCp +®)E =V- (K VT)
f:ice saturation (€ [0,1])

~ of . e 97 . soi freezing curve (depends on salinity)
where © := prL¢ -7 incorporates phase |Permafrost control volume| 97
. . 0
changes through soil freezing curve, a—;. Soil Freezing Curves
1.0 — Soil 1
> Computes temperature T and ice saturation f T ol
0.8 -
Above o c Soil freezing curve
* Boundary conditions (from wave model/data) 2 o 9 % 0 only during
2 phase change, which
» Local geothermal heat flux from below & 47| " occurs in narrow
. % = temp zone where
> Air temp* from above 9241 the width depends
\ > Air/ocean temp at bluff face | [ on soil components.

Bluff face

T T T T T T T T
-15.0 -125 -10.0 7.5 -5.0 —-2.5 0.0 2.5

Temperature [C]

Below » Ocean salinity at bluff face**

* Or, alternatively surface ground temperature (if available). ** Used to modify melting temperature of ice.



Mechanical model Sandia

* Finite deformation time-dependent variational formulation for solid | A(F,Z): Helmholtz free-energy density

hani bl btained b C e e h £ . I Z: material variables
mechnanics probiem obtained by minimizing the energy runctional: F: deformation gradient (V)

p: density
- B: body force
CD[(p] = jﬂ A(F' Z) dV — jg pB - @ dV — fa QT P ds T: prescribed traction
T

» Computes displacements and new computational geometry (following erosion)

* J, plasticity extended to large-deformation regime constitutive model for ice and permafrost

» Incorporates all mechanisms that lead to deformation and plastic flow of polycrystalline
materials like ice; minimal calibration parameters; simplest material model w/ plastic behavior

» Constitutive model is a function of f, the ice saturation, which comes from the thermal problem
* Boundary conditions: Symmetry BCs

» Symmetry BCs on lateral sides
» Wave pressure Neumann BC on bluff face* (from wave model)

» Damage variable on bluff face in contact with ocean (introduces

softening due to dissolution by lowering elastic modulus E) Bluff face

Symmetry BCs

* Holthuijsen 2007. 15
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* Stress criterion: when material reaches a critical value of the stress | =
in tension or compression. : .

e Strain criterion: when material reaches a critical strain limit defined
as a function of peat content (distortion).

element
nodes

* Kinematic criterion: when material has
tilted excessively, or exceeded a maximum
physical displacement, it is assumed to
have fallen as part of block erosion.

element
integration
points

When any of the failure criteria are reached for all
integration points within an element, “failed” elements are
removed from mesh.
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Coupled thermo-mechanical formulation @?'aaﬁh‘:';?éﬂes

Potential key advantages:

. Thermal:
) Fallur.e m.odes deYeIop frorrn Inputs: geometry, sediment type, -
constitutive rel.ayonshlpsf in FEM porosity, salinity
model (no empirical relationships!) , _ ,
. - Outputs: temperature field, ice saturation
* 3D unsteady heat flow can include = c
chemistry = =
O | -
* Thermal and mechanical problems R -LCM g
can be advanced using different e 8
time-steppers (e.g., implicit-explicit L
coupling)
Counled anical + th | Mechanical:
oupled mechanical + thermal states Inputs: ice saturation, mechanical
Unique characteristic of coupled —  parameter relationships as function of  +
level of material model Outputs: displacements, eroded geometry




Parameters & inputs

Parameters estimated from core lab experiments:

Sandia
National
Laboratories

BC Data for Drew Point

—— Air (skin) Temp.
—— Ocean Temp.
—— Water Height F

3.0

e Elastic modulus, Poisson’s ratio, yield strength
* Sand/silt/clay/peat fractions with depth

e Porosity with depth

e Salinity with depth

I
n
m]

M
o

Ocean Water Height [

ey

T
=
w

North Slope, Alaska

160 W

=
o

Parameters from literature:

2507

o
wn

* Ice/water/sediment densities, thermal conductivities, heat capacities
* Freezing curve/width as function of sediment type

il HH“‘“|

0 50 100 150 200
Time [days] Since June 1st 2011

o
o

Parameters estimated from observational data at Drew Point, AK: R T
* Air temp w/ time, initial bluff temp (USGS weather station data) o v ‘
e Geothermal heat flux (borehole at Barrow, AK) jjffizi'

15 )/> é/

* Polygon dimension, ice wedge thickness and depth, bluff height,
organic layer (peat) thickness (Aug. 2019 field campaign)

8 8

Depth (m)

Deep borehole

8

Parameters from wave model (WW3+SWAN+Delft3D): integmrngm -
* Ocean temperature, salinity and sea-level w/ time (for thermal and 40: "zoo
wave pressure mechanical BCs) .




Material model calibration to experimental data sandia
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o (o b e, ... - Experimental results on
Strain | Strain Strain Strain Strain Strain
_ 4l permafrost core samples
o = 3t / '\~:1|gh Ice ;“; 5] ‘4 h High Ice .
: s s ¥ used to create fits for E,
8 2 @ ol . Medlum Ice | % edium Ice . .

» : '\ / 5| \-\ /f-“f”’ | K, o as a function of ice
2 $ 1} 1 2 L saturation and porosity.
0‘4 f2 : 0 2 4 6 8 1’0 12 (-)10 -5 0 5 10 15 20 910 -!51 ‘(—) ;.. 1‘0 -1.5 2.‘0 25 Experiments are Very

Strain (%) Strain (%) Strain (%)

___________________ R ——— challenging to perform
. experimental | | y theoretical | and provide limited data!
. | .
pure ice data points | | data points | oure ice

Elastic modulus e l Hardening-modulus — ‘ ' l
A } ‘ Yield Stress pure * :
_ 9 i O' ~— water ¥

pure 1
rock '

pure +4oo | v ’ * }
E Waler T 300 ' K ; * A {

- 200

| 100

S H N W 5 w




3D elastic mechanics-only sensitivity study () o

Goal: assess impact of bluff geometry and material
variability on stress states leading up to bluff failure, |
and use results to inform thermo-mechanical analyses

* Geometric parameters varied: niche height (Ny), niche
depth (Np), bluff height (By), permafrost block size (Bg), ice

| Geometric and Material Variability

Laboratories

‘ 1 ORIGINAL RESEARCH
& frontiers :
In Earth Science

Influences Stress States Relevant to
Coastal Permafrost Bluff Failure

Matthew A. Thomas "', Alejandro Mota®, Benjamin M. Jones”, R. Charles Choens?,
Jennifer M. Frederick? and Diana L. Bull?

U.S. Geologeal Survey, Geologe Hazards Scence Center, Golden, CO, Unted States, * Sandia Natonal Laboratones
Abuquerque, NM. Unted States, * institute of Northern Engineerng. Collage of Engineering and Mines, University of Alaska

wedge thickness (Iy), ice wedge depth (Ip)

* Mechanical properties varied: bulk density (p;), Young’s
modulus (E), Poisson’s ratio (v)

* Parameter ranges: informed by field observations, visual
inspection of UAV-based aerial photography and mechanical
testing of permafrost samples (see Thomas et al., 2020)

e OQOutput QOIs: location (indicated by star) and magnitude of
simulated maximum tensile stress (or__)

Permafrost(p,E,v)




3D elastic mechanics-only sensitivity study () Nt

. Laboratories
Locationor_ Magnitude o
el T T T
Permafrost blocks - I—I:’—I |-|:||-| Ny m 1 3 2
Ice wedges - 1 Hh Np m 2 6 4
Bulk density - | (1] By m 2.5 7.5 5
Young's Modulus - | I—EI]-I Bs m 10 20 15
Poisson's Ratio 1 I ﬂ Iy, m 1 3 3
2 3 4 5 6 7 0 50 100 150 200 250 300 Ip m  50%By 100%By  75%By
Di inland from bluff f itude of Ormax [KP
ISt?S ch?ui?] ofrg::m l[Jml e ABQHILICE B Orinar LA pp permafrost kg/m3 1000 1500 1250
Erosional niche properties: Ny & N E permafrost  Pa le8 1e3 >es
Permafrost blocks: By & Bs, Ice wedges: I}, & I v permafrost - 0.1 0.4 0.25
. . L. . . ice kg/m3 871 963 917
* Niche characteristics exert the largest impact on the location Pb e/
and magnitude Of O-Tmax E ice Pa 5e8 1e9 7.5e8
Vice — 0.1 0.4 0.25

* Variability in material properties influences magnitude of
ar__ butnotits location




3D elastic mechanics-only sensitivity study (1) o

Bluff height [m] Bluff height [m]

Bluff height [m]

Laboratories
Niche dimension affects location and magnitude of simulated max tensile stress (or.__ ) more than

the bluff height, ice wedge polygon size, ice wedge geometry, bulk density and Poisson’s ratio

0 kpa (€] 3 kPa

=
W
1
1

1

1

" 1
{C:I |ﬁ kPa {ﬁ I? kPa Cirmir;mest B

(=N NI - |
" |
3
g

(=R R R

. (d) 111 kPa (g} 101 kPa : @
4
1
Q -
20 15 10 5 o . . .
LT erdstancetm Infand distance (] Figures plot tensile stress. Lower bound for failure: 100 kPa

(from lab measurements).

Taller and narrower erosional niches promote smaller failure masses compared to those with shorter and
deeper niches. Orange/green shading highlights potential failure areas (left figure).

As niche advances into the block, an overhanging section in the block acts as cantilever (right figure).
Highest tensile stresses develop on top surface where cantilever meets rest of block (right figure).
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3D elastic mechanics-only sensitivity study Nationel
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* Observations have shown that failure can occur along tension cracks

in ice wedge polygon centers

Ea) Beaufort Sea 24 JUL

* Additional sensitivity study: introduce vertical fractures having
fracture depth F from 0 to 25% By

0.0 (0) Fo = 0% Bluff face A Bluffface Left figure: highest Fp,

25 E o — E produces ~40% more

>0 displacement than lowest
Fp, suggesting that the

presence of a tension crack

prior to failure can induce
localized displacement

1.5 Little/no displacement
10.0

Inland distance [m]

] 10 20 30 40 50

() Fp = 12.5%
0.0 o A"
N o
Fracture
5.0

1.5
10.0

Inland distance [m]

0 10 20 30 a0 o Takeaway: even relatively
0.0 () Fo = 25% shallow vertical cracks
can concentrate strain

within ice-bonded

permafrost bluffs.

0 10 20 30 40 50 Degradation
Along-bluff distance [m]

0

Inland distance [m]




Thermo-mechanical coupling: 2.5D slice @ﬁ%ﬁﬂﬁm
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* Computational domain is 2.5D cross-section of archetypal 3D
bluff geometry discretized using a uniform hex grid

» Pseudo-realistic problem with realistic oceanic and atmospheric
forcing BC data occurring at Drew Point, AK in summer 2018

» Initial temperature field obtained from vertical thermistor string
plaCEd into DP1-1 ice core at Drew Point thermistor string

N

o
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=
~
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w
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Ground Temperature (@ 2 cm)

/ (USGS Ground Station)
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w
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T
o0
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M
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T
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Bluff face

Water Height [m]
£l

T
]
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w (=]
2 cm Ground Temperature [C]
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Water Height
0.50 . I \ N m B
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2.5D slice thermo-mechanical

Higher stiffness,
less deformable

Increasing E Weaken'|ng Factor

material—

E

E astic Modulus = 1.5e+04

ning factor = 1000.0

luld al Elastic Modulus = 1.5e+04
factor = 1500.0

Resld al Elastic Mod I = 1.5e+04
= 2000.0

Residual Elastic Modulus = 1.5e+04
E factor = 2500.0

6

—CAM 7
thermi

Too slow

Distance [m]

Bluff Erosion

w

-

w

Jul 01
Jul 08
Jul 15

Sep 01

Date

Bluff Erosion Distance [m]

l‘(esld al Elastic Modulus = 8.25e+03
factor = 1500.0

lesld al Elastic Modul\ls 8.25e+03
factor = 2000.0

—CAM T

Good fit in this range

Lower stiffness,
more deformable

material

sensitivity study @

Sandia
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E weakening factor and redidual E
parameters hand-calibrated through

sensitivity studies s.t. niche growth and

day/time of collapse match observations

Residual Elastic Modulus: lowest value the elastic
modulus, E = f(ice saturation, porosity), can take

Increasing value — less deformation/unit stress
Decreasing value — more deformation/unit
stress — material more likely to fail in strain
Plays strong role in rate of denudation

E Weakening Factor: factor by which the residual
elastic modulus is divided at locations where the
ocean is in contact with the bluff

Reflects localized adjustment in material
properties from material dissolution due to
ocean-bluff contact

Increasing value - more
deformation/unit stress — material more likely
to fail in strain

Plays strong role in niche formation



Thermo-mechanical coupling: 2.5D slice @ﬁ%ﬁﬂﬁm
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Bluff profiles over simulation time:

Block : .
Collapse! thermistor string
2.00 ]
175 N

I Ground Temperature(chm) I I I
150 | / (USGS Groun(iStation) I I I e
gus I I I I I I ’ E Bluff face
%1.00 ' I I I I r4 'E i
50.75 I 2 g
Water Height o«
0.50 I ) | I ater elg\l I _i2
0.25 ' | I m
000 . , W , | llliMl L.J.Ll.hﬁllll |IJ il 1 | '
'io}' 10 20 mﬁ@days] 40 50 60 '\é\.
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Thermo-mechanical coupling: 2.5D slice National

Time: 0.000000 days since 01JUL2018 Laboratories

— 2.7e+02

— 274
S L 5735
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2725
272
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L2675
s B 27
— 2665

[
.
1

termperaiure

—2.7e+02

Calibrated ACE model capable of simulating Sept. 1, 2018
block collapse event observed at Drew Point, AK!

27
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Thermo-mechanical coupling: 2.5D slice National
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Block Collapse . o e
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Thermo-mechanical coupling: 2.5D slice () Netonr
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* We have developed a thermo-mechanical coupled FEM
model, ACE, that can simulate transient niche
development and permafrost erosion within Albany-LCM.

 The model was calibrated using data from a series of
experiments on frozen soil samples from Drew Point,
Alaska that were performed at Sandia’s Geomechanics
Laboratory, as well as observational data collected at the
same location.

 The model incorporates boundary conditions from the
WW3+SWAN+Delft3D wave models and observational
data from field campaigns at Drew Point, Alaska.

* Sensitivity studies can provide insight into which
parameters are most important to permafrost demise,
and assist with model calibration.




Current and future work Sandia

National
Laboratories

Interface project: upscale ACE terrestrial model to meso/macro scales for integration into E3S

» Upscaling will be performed from “catalog” of 6-7 ACE runs for different terrestrial
configurations/locations in northern Alaska
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* Arctic Critical Infrastructure (ACI) project: aims to develop a ISQRD

computational model capable of analyzing various permafrost- LR
infrastructure scenarios, failure modes, and risk-
mitigation strategies

» UQ is critical to this project/problem!

» Initial exemplar: Paulatuk airstrip in northern
Canada (right).
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