








Sierra Picket:
Failure Modes in Strong Snow
Sierra Picket:
Failure Modes in Strong Snow

Failure along shear cone
Some warning but
sudden and explosive
Large amounts of
snow ejected
Beware of flying
hardware



Sierra Picket:
Failure Modes in Strong Snow
Sierra Picket:
Failure Modes in Strong Snow

Forward rotation
Caused by poor backfilling of trench
Weak snow in front of top half of picket

Results in loss of frontal area
Rotation is gradual
Rotation is visible: STOP IF YOU SEE IT!



Sierra Picket:
Failure Modes in Strong Snow
Sierra Picket:
Failure Modes in Strong Snow

Failure of carabiner hole
Requires strong snow
2115 ± na lbf for 2-ft picket1

– Newer generation hardware
– Thick edge web present

1060 ± 42 lbf for 3-ft pickets1

– Old generation hardware
– Thick edge web absent

1Tests performed on single pickets at Mt. Rainer in high density snow on 6/21-22/02



Sierra Picket:
Failure Modes in Strong Snow
Sierra Picket:
Failure Modes in Strong Snow

Failure of picket web
Common if girth hitched
More likely in strong snow

Causes bending of picket
Loss of frontal area (Ac)
Decrease in effective length

– As decreases

1Tests performed on single pickets at Mt. Rainer in high density snow on 6/21-22/02



Sierra Picket:
Failure Modes in Strong Snow
Sierra Picket:
Failure Modes in Strong Snow

Failure of carabiner hole
2115 ± na lbf for 2-ft picket
1060 ± 42 lbf for 3-ft pickets

Higher bending moment?
Not likely

1Tests performed on single pickets at Mt. Rainer in high density snow on 6/21-22/02



avg avg % increase % increase
Length 2 ft 3 ft (actual) (theory)

horizontal midclip 1755 2010 15 15
vertical midclip 2210 1060 -52 120
vertical top clip na na na 50

3-ft pickets do not appear to be much stronger 
than   2-ft pickets1

Picket Strengths: 
Observations in Strong Snow
Picket Strengths: 
Observations in Strong Snow

1 Tests performed at Mt. Rainer in high density snow on 6/20/01 & 6/21-22/02.
2 Carabiner hole failed in one 2-foot and both 3-foot pickets.
3 Compressive failure expected. 
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Sierra Picket:
Failure Modes in Weak Snow
Sierra Picket:
Failure Modes in Weak Snow

No testing done in weak, powdery snow
Expect compressive failure

Low strength
– Fmax = σcAc

Slow, controlled travel of picket through snowpack



Sierra Picket:
Ice Axe Version
Sierra Picket:
Ice Axe Version

85 cm axe
Girth hitched axe 12” below head
Buried head 0” below snow surface

Failure mode
Axe rotated forward & pulled out

2030



Sierra Picket:
Recommendations
Sierra Picket:
Recommendations

Use the firmest snow possible
Disturb and allow to settle

Make trench wide enough to backfill properly
Use pickets with reinforced cross section
Bury as deeply as possible

Maximize area of shear cone, As

Beware of sudden failure, esp. in strong snow
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Resultant Forces
Fluke:
Resultant Forces

Applied load

Resultant
Forces

compression

shear

Rake angle, β

Side view Top view



Fluke:
General Behavior
Fluke:
General Behavior

Compressive force is uniformly applied to frontal area
Downward component of force on fluke

Digs fluke deeper
– Deeper snow may be weaker
– Ice layer may deflect fluke

Rake angle determines upward component on 
snowpack

Tends to lift out large area of snow
Decreases area of shear cone

Side view



Fluke:
General Behavior
Fluke:
General Behavior

Weak, powdery snow
Compressive failure
Fmax = σcAc

Large area is beneficial
Less sensitive to weak layer than horizontal picket

Strong snow
Shear failure
Fmax = σsAs

Greater depth is beneficial



Fluke: 
Failure Modes
Fluke: 
Failure Modes

Compressive failure (cutting)
LOW STRENGTH

– Probably stronger than horizontal
picket of equal area

– No ice wedge
Graceful failure
Can undergo significant travel with minimal loss of strength
Use large flukes to increase Ac and increase strength
Holes may decrease effective Ac

Side view



Fluke: 
Failure Modes
Fluke: 
Failure Modes

Shear failure (uplift)
HIGH STRENGTH
Can be sudden and 
explosive
Increase strength by 
increasing As

– Bury fluke as deep as possible
– Use small rake angle



Fluke: 
Failure Modes
Fluke: 
Failure Modes

Effects of rake angle, β
As β increases: θ increases, As decreases, and Fmax decreases
If we assume θ = 30 + β, then...

Side view

θ β



Fluke:
Effect of Rake Angle
Fluke:
Effect of Rake Angle

50 in2, 8" burial depth

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

0 10 20 30 40 50
Rake angle (degrees)

Es
tim

at
ed

 s
he

ar
 c

on
e 

ar
ea

 (i
n2

)

Commonly available



Fluke:
Effect of Rake Angle
Fluke:
Effect of Rake Angle

Unable to test multiple rake angles
Destroyed each fluke on first test with β = o



Fluke:
Failure Modes
Fluke:
Failure Modes

Bending of fluke
Results in decrease in As due to decrease in width

– Reduces effective strength
Wedge shape may result in transition to compressive failure

– Fluke “cuts” through snowpack
Requires very strong snow

Wire rope tearing through fluke
May result in change in rake angle
Requires very strong snow

Failure of wire rope
Very sudden
Requires very strong snow



Fluke:
Failure Modes
Fluke:
Failure Modes

Impact with ice layer
Can be sudden
Fluke lies down on ice surface
Minimal frontal area
Fluke moves easily through snow
Impact more likely with large rake angle

Icy layer

Side view



Fluke RecommendationsFluke Recommendations

Probe below for icy layers
Disturb snow and allow settling
Large frontal area desirable, esp. in soft snow
Bury deeply to increase As
Shallow rake angle desirable

83 in2 @ 45 O weaker than 42 in2 @ 25 O
228 vs 390 lbf in same snowpack

Arrange multiple flukes side by side, not in a row
Prevents rear flukes from traveling in path weakened by lead 
fluke



Multi-Tool AnchorsMulti-Tool Anchors

Individual anchors will typically move
When initially loaded (>2”)
At higher loads (amount highly variable)

Strengths of individual, identical anchors can 
vary greatly
Individual points should be:

Equalized, but not self equalizing
Beyond shear zone of other anchor points



Multi-Tool AnchorsMulti-Tool Anchors
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Multiple Vertical Pickets: 
Arrangement
Multiple Vertical Pickets: 
Arrangement

Fmax = σc Ac Q1
Q1 = n/2

α L

Case 1

Case 2

Fmax = σc Ac Q2
Q2 = α (1-3/2α+α2)/(1-α)

n Q1 Q2 α
1 0.50 0.50 1.00
2 1.00 1.12 0.62
3 1.50 1.76 0.74
4 2.00 2.57 0.83



Multi-Tool AnchorsMulti-Tool Anchors

Crossed tools
Bury head of vertical tool
Pro

– Sometimes stronger than single vertical axe
– Fast and easy

Con
– Inefficient use of tools

This horizontal tool is shallow and weak
– Single, deep horizontal axe would be stronger

860-1615
(1 tool)

500-1500
(2 tools)



Multi-Tool AnchorsMulti-Tool Anchors

Vertical axe + horizontal picket
Buried head of vertical tool
Buried horizontal tool 12”
Pro

– Stronger than single vertical axe
Con

– Inefficient use of tools
– Marginally stronger than h-picket alone

1960
(2 tools)

1300-2115
(1 picket)

860-1615
(1 axe)



Multi-Tool AnchorsMulti-Tool Anchors

Tandem Sierra pickets
Keep lead picket outside of rear stress cone

– Should be >2 x rear picket depth
Avoid upward force on lead picket

– Rear picket should be deeper than front
3040

1345



Multi-Tool AnchorsMulti-Tool Anchors

Tandem Sierra pickets (2’ x 2”)
Keep pickets well separated

– greater than 3d
Avoid intersection of shear cones

Knot failed at 3300 lbf
50o

1.7d



Multi-Tool AnchorsMulti-Tool Anchors

Observations
Best results when each tool is independent

– Don’t get fancy
Interactions among nearby tools unpredictable
Placing tools nearby each other does not 
appreciably increase the size of the shear cone

– Inefficient use of tools



Anchor Strengths1:Anchor Strengths1:

Horizontal Picket [2’ x 2”]
Horizontal placement 12-16” deep, mid clip
1755 + 416 lbf [1300-1850]

Sierra Picket [2’ x 2”]
Vertical placement, mid clip
2210 + 400 lbf [1730-2670]

Fluke [5.8” x 8.6”, 0o]
12” deep placement
2500 lbf1 Tests performed at Mt. Rainer in high density snow on 6/20/01 & 6/21-22/02.

Your strengths
WILL vary!



Summary: 
Pickets & Flukes
Summary: 
Pickets & Flukes

Flukes and pickets show large scatter in strength
Use multiple, equalized flukes / pickets

Pickets & ice axes:
Traditional pickets should have head completely buried
Horizontal pickets stronger than traditional pickets
Vertical pickets with mid clip strongest
Failure usually very sudden, esp. in strong snow

Flukes
Arrange in parallel, not series
Beware of icy layers & large rake angles
Failure can be graceful or sudden



SummarySummary

Strength of any snow anchor is strongly influenced by 
the properties of snowpack

Strength
– Compressive
– Shear

Layering
– Weak layers
– Icy layers

Disturbance and settling
Snow pack properties are highly variable

Use redundant anchors



Trade-offsTrade-offs
Strength

Bollards & deadmen > P-pickets > flukes & h-pickets > 
t-pickets & axes

Time to set up anchor
Bollards & deadmen > h-pickets > flukes > P-pickets > 
t-pickets & axes

Gracefulness of failure
flukes, h-pickets & P-pickets > t-pickets & axes

Sensitivity to snowpack layering
h-pickets > flukes > t-pickets & axes > P-pickets > deadman



RecommendationsRecommendations

Know your snowpack
Strong or powdery?
Layers?
Compact and allow to settle (σc & σs )

Strong snow
Bury hardware deep (As )

Weak, powdery snow
Use hardware with large frontal area (Ac )
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