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ABSTRACT: While there is a growing body of research on snow anchors, there has never been a 
published study on the use of improvised objects as snow protection. In this study the potential strength of 
commonly utilized improvised objects (snowshoe and water bottle) were tested by exploring the 
relationship between three variables that can be reliably measured; snow density, burial depth of the 
object and effective surface area. In field tests (n= 13) of the above objects in t-slot style snow protection, 
observed peak forces at failure ranged from 950𝑁 to 8100𝑁, with an average of 4100𝑁. A multiple linear 
regression model (𝑅!= 0.64, df= 12, p= 0.02) shows that effective surface area was the most significant 
variable, (t= 2.32, p= 0.02) followed by snow density and burial depth. This preliminary model, which will 
be updated with additional data collection in a follow-up study, can be used to approximate the peak 
failure force for improvised snow protection and to provide a measure for judging the selection and use of 
improvised systems. 
 
KEYWORDS: Improvised protection, snow density, static forces, regression modeling, peak failure, snow 
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1. INTRODUCTION  
 
Snow protection has existed in one form or 
another since travelers first began to explore 
alpine terrain. Standards of protection placement 
have gone through countless evolutions, from 
downright dangerous and unreliable to generally 
well constructed, safe and practical, which can be 
both mentally reassuring while traveling, as well as 
being up to the task when the inevitable accident 
happens and life and limb are at risk. However, 
little is known about exactly how various factors in 
snow protection contribute to the overall integrity 
of a given placement and why a placement might 
fail under body weight one day and support 1,000 
pounds the next. Only in the last fifteen to twenty 
years have practitioners, recreationalists and 
scientists started to analyze and quantify data on 
the variables involved in snow protection strength 
and failure mechanics. 
 Extensive research exists on snow anchor 
systems involving pickets of various configurations 
and their methods of failure. Braun-Elwert (1985) 
authored one of the earliest qualitative papers on  
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the forces involved in snow protection, as they 
were understood at the time.  His follow up paper 
(2005) further clarifies forces for vertically placed 
pickets based on current understandings. Fortini 
(2001, 2002, 2005, 2008) Bogie (2005, 2010) and 
McEwan (2006) have collectively generated an 
immense body of data collection and quantitative 
analysis. While their work approaches snow 
protection from the organized search and rescue 
perspective, which primarily focuses on anchor 
systems comprised of single or multiple pickets, 
they also provide preliminary data on the use of 
bollards, flukes, “deadman” and ski’s and their 
potential role in anchors. 
 Noticing the gap of quantifiable data on 
improvised snow protection (water bottles, 
snowshoes, stuff sacks, lighters, candy bars, etc.) 
but increasing mention of their use in literature and 
media, it was decided to put improvisation to the 
test; Could these objects be reliably constructed 
and trusted, or only strong enough under the most 
perfect snow conditions? Thus, the research 
question that was established to be studied and 
attempted to quantified became was the following: 
 
Can objects commonly found in a mountaineer’s 
pack be used to create protection that is safe, 
strong and repeatable for use in anchors?  
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2. DEFINITIONS 
 
The following section provides clarification of 
terms, standards, and shorthand used in this 
document. 
 
2.1 Tested object specifications 
 
Nalgene - REI brand .95 Liter wide-mouth Nalgene 
water bottle, Tritan™ copolyester (Lexan) hard 
plastic construction; 19.9 x 9.2 cm, effective 
surface area of 289.6𝑐𝑚!. 
 
Snowshoe – MSR brand Denali Classic, bindings 
removed. UniDeck™ Injected molded plastic, Steel 
supports; 55.9 x 20.3 cm, effective surface area of 
627.6𝑐𝑚!. 
 
2.2 Clarification of terminology 
 
Shear failure: - The sudden, violent structural 
failure of the snowpack that typically results in an 
immediate loss of integrity. 
Hardware failure: - Failure of the attachment 
system to object, such as a sling or carabineer, or 
the failure of the object itself. 
No failure: - Could not generate sufficient force to 
create a failure. 
Compression failure: - Once enough force is 
applied, the object begins to fail forward through 
the snowpack, but does so in a linear manner, 
which does not necessarily constitute a loss of 
integrity.  
ESA: - Effective surface area (𝑐𝑚!) 
𝑁/𝑐𝑚!: - I chose to use this measure of pressure 
over 𝑘𝑃𝑎 because it more intuitively describes the 
pressure distribution on a small object. The 
conversion formula is 𝑘𝑃𝑎 = 𝑁/𝑐𝑚! ∗ 10 
 
3. METHODS 
 
3.1 Test site selection 
 
Because the majority of previous research has 
taken place in a maritime snow climate, which 
typically has isothermal late season snow, we 

opted for test sites that would provide a more 
transitional snowpack. Based on this supposition, 
we sought out depth hoar laden, faceted snow in 
areas with a shallow snowpack, on northern 
aspects with tundra or shrubs as a base surface.  
 
3.2 Field methods 
 
To gather failure data in the field, we utilized a 
fixed anchor point, typically a large freestanding 
tree. To generate the forces necessary, we utilized 
a ratcheting 9:1 stacked hauling system, and a 
slow, systematic hauling process to limit the 
introduction of shock loads or unnecessary over 
exertion on the system. To accurately log peak 
dynamic forces, we recorded peak static forces 
using a Dillon model EDextreme digital 
dynamometer, with a maximum working range of 
5000 KGF (calibration date 10/21/2004). 
 
3.3 Snow density 
 
Snow density was recorded with Snowmetrics 
250cc sample cutter, following the industry 
standard method as outlined in SWAG (Green 
2010). Density was recorded in the headwall of the 
anchor slot, at the same depth as the buried 
object. The formula for snow density is as follows: 
 

𝜌
𝑘𝑔
𝑚! =

𝑚𝑎𝑠𝑠  𝑜𝑓  𝑠𝑛𝑜𝑤  𝑠𝑎𝑚𝑝𝑙𝑒  (𝑔)
250  (𝑐𝑚!)

  𝑥1000 

 
3.4 Effective surface area 
 
Because snow protection does not utilize the 
entire surface area of an object, we calculated the 
effective surface area (ESA) of only the leading 
face of contact the object has with the headwall of 
the snow pit. The formulas we derived to calculate 
effective surface areas are as follows: 
𝐸𝑆𝐴  𝑊𝑎𝑡𝑒𝑟  𝐵𝑜𝑡𝑡𝑙𝑒  (𝑐𝑚!) = !"

!
ℎ  

𝐸𝑆𝐴  𝑆𝑛𝑜𝑤𝑠ℎ𝑜𝑒   𝑐𝑚! = !
!
𝑤ℎ + (𝑙𝑤) −

𝜋 𝑟! (𝑟!)   
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4. DATA

Water bottle data set 
Test # Set time 𝜌  (𝑘𝑔/𝑚!) Peak 𝑁 𝑁/𝑐𝑚! Depth (𝑐𝑚) Failure Mode 

1 0 Minutes 320 950 3.300 90 Rotational 
2 10 Minutes 340 2100 7.294 90 Shear 
3 20 Minutes 340 2600 9.031 90 Compression 
4 30 Minutes 340 1300 4.515 90 Rotational 
5 10 Minutes 376 >4500 >15.630 90 No Failure 
6 30 Minutes 376 >4500 >15.630 90 No Failure 

Fig. 1: Properties of layer at object depth – 1F+ lightly faceted rounds 1mm; 𝜃 = D 
Snowshoe data set 

Test # Set time 𝜌  (𝑘𝑔/𝑚!) Peak 𝑁 𝑁/𝑐𝑚! Depth (𝑐𝑚) Failure Mode 
7 5 Minutes  368 2000 3.187 70 Rotational 
8 10 Minutes 304 >6500 >10.357 120 No Failure 
9 15 Minutes 312 >6300 >10.038 95 No Failure 

10 20 Minutes 344 >6500 >10.357 135 No Failure 
11 30 Minutes 296 >6450 >10.277 130 No Failure 

Fig. 2: Properties of layer at object depth – 1F+ rounding facets 1mm; 𝜃 = M 
 

Test # Set time 𝜌  (𝑘𝑔/𝑚!) Peak 𝑁 𝑁/𝑐𝑚! Depth (𝑐𝑚) Failure Mode 
12 10 Minutes 248 2106 3.356 90 Compression 
13 20 Minutes 256 2470 3.936 80 Compression 
14 30 Minutes 384 8100 12.906 120 Mechanical 
15 10 Minutes 312 5450 8.684 95 Mechanical 

 16 20 Minutes 344 4750 7.569 120 Compression 
17 40 Minutes 272 3150 5.019 65 Rotational 

Fig. 3: Properties of layer at object depth– 1F/4F facets/depth Hoar 1-2mm+; 𝜃 = M+ 
Slow pull data set 

Test # Object Rigging Peak 𝑁 
1 Nalgene – Lid Closed 1inch Webbing, Clove Hitched center slung 11,200 
2 Nalgene – Lid Open 1inch Webbing, Clove Hitched center slung 13,600 
3 Snowshoe 1 inch webbing, externally wrapped 5300 
4 Snowshoe Rigged internally along long axis 6450 
5 Snowshoe Rigged internally along short axis 7750 

Fig. 4: hypothetical maximum mechanical strength. Objects were rigged in a variety of configurations to 
attempt to identify the strongest orientation or configuration of material strength

Regression model analysis 
Intercept ESA Density Depth 𝑹𝟐 AIC Value* 
1,518.10614 +3.9605(E) N/A N/A 0.12225 N/A 

-2,595.46665 N/A +18.17518(𝜌) N/A 0.17306 N/A 
-3,881.47451 N/A N/A +80.0298(D) 0.39395 N/A 
-5,834.00516 N/A +8.70426(𝜌) +69.99885(D) 0.42745 195.29 

-5,415.8388 +3.63208(E) N/A +78.0944 0.49654 193.62 
-9,752.13082 +7.16396(E) +29.67866(𝜌) N/A 0.50373 193.43 

-11,003.93459 +5.95378(E) +20.53906(𝜌) +53.18767(D) 0.64117 191.22 
Fig. 5 – This is a list of every combination of variable, as applied to a linear regression model, ordered 
from worst fit to best fit.  
*Akaike Information Criterion (AIC) is a statistical measure of the relative goodness of fit of a statistical 
model. The strongest model has the smallest AIC value. 
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Clockwise from top left –  
Fig 6 - A plot reflecting Burial depth and its relationship to Peak force at failure, sorted by object. 
Fig 7 - A plot reflecting work hardening and its relationship to Peak force at failure, sorted by object. 
Fig 8 - A plot reflecting snow density and its relationship to Peak force at failure, sorted by object. 
____________________________________________________________________________________
 
5. DISCUSSION 
 
 Due to the complexity of variables involved in 
snow protection, discussion of results are divided 
up into each of the chief variables we analyzed, 
and each variable will be assessed with both a 
quantitative analysis of the data, as well as a 
qualitative analysis of observations and 
practitioners experience.  

 
5.1 Surface Area 
 
 Effective surface area was the primary 
variable we set out to test, and our findings were 
consistent with what we would expect to see from 
comparing a small object to a larger object. In 
order to more accurately compare the forces 
involved, we divided force by surface area, to 
generate a pressure per cubic cm. This allowed us 
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to more directly compare a water bottle to a 
snowshoe. Our findings show that for a given 
surface area, we can hold the same force but with 
much less strain on the larger object. Also, with all 
other factors being equal, increasing surface area 
has the greatest increase in peak failure force. 
 
5.2 Snow density and structure 
 
 Figure 8 shows a plot of Snow density and its 
relationship with forces at peak failure. We can 
see a very strong relationship given our sample 
size where as we increase density, with all other 
factors being equal, we see a rise in the peak 
force at failure for water bottles(R^2=. 92) and 
snowshoes(R^2 =. 9). We see this same 
increasing relationship when we use hand 
hardness tests to evaluate snow density. For every 
step of hardness we increase in our hand test, the 
density increases by an order of magnitude. 
 While every variable plays some role, 
ultimately it can be surmised that the density of the 
snow that our protection is pulling against plays 
the largest roll in the integrity. Poorly structured 
snow will still be a poor substrate, even if we 
increase every other control variable, where as in 
very strong, dense snow, the other variables play 
a much smaller role in the overall strength of that 
piece of protection. 
 During our testing we observed that snow 
equal to or above one finger in hardness generally 
produced anchors that failed at the attachment 
point, or through failure of the object itself, Where 
as four finger or weaker snow, even with our 
largest surface area object was much more prone 
to failure of the stress cone, or compressive failure 
through the snowpack. 
 
5.3 Depth 
 
 Figure 6 shows a plot of the depth of an object 
and its corresponding peak force at failure. This 
plot shows that in this study there was no 
statistically significant correlation between an 
increase in depth and an increase in strength, 
however there is a general upward trend reflected 
in the our snowshoe sample. Water bottle tests 
were most strictly controlled for depth, and as such 
that data set was invalid when trying to develop a 
relationship in this case. 
 While our test was not statistically conclusive, 
Fortini and Bogie’s research shows a direct 
correlation between depth and the size of the 

stress cone that is generated in front of the object. 
This is expressed by the formula: 

𝐴! =
𝑊𝑑
𝑠𝑖𝑛𝜃

+
𝑑!𝑡𝑎𝑛𝜙
𝑡𝑎𝑛𝜃𝑠𝑖𝑛𝜃

+
𝑑!

𝑐𝑜𝑠𝜙𝑡𝑎𝑛𝜃
 

 
Fortini (2002) Bogie (2010 p. 311) 

 
Bogie (2010) states that:  

“An important feature of shear failure is that 
increasing the depth of an anchor has a far 
greater effect on the size of the stress cone 
than increasing its width” 

It is the opinion of the writer that further testing 
would be in line with their findings, and our lack of 
clear findings can be attributed to a small sample 
size. 
 
5.4 Set time 
 
 Figure 7 shows a plot of length of time elapsed 
from completion of anchor to when loads were 
placed, and its corresponding failure. While the 
plot appears to show a weak relationship between 
an increase in time and increase in peak force, 
statistically this is not significant. There is far too 
much variability in our data to say that this was 
important in the integrity of our protection. 
However, it is widely accepted that work hardening 
directly affects the density and strength of snow.  
 Based on what we do know from the 
practitioners perspective and looking at our 
relatively small sample size, and the large 
variability of conditions we tested, it is the 
assumption of the writer that this lack of statistical 
significance is largely due to variability of the 
snowpack, and user error in the length, duration 
and intensity of work hardening for each anchor. 
More testing is needed before we can draw any 
statistical conclusion, but it can be assumed that 
the longer an anchor is allowed to set, the stronger 
it will be, even if it is only a marginal increase. 
 
5.5 Material strength 
 
 While we did not intend to evaluate material 
strength in this study, it quickly became apparent 
that one must consider the materials, construction 
and recoverability of the object. While water bottle 
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tests only produced anchors in the 4kN range, the 
bottles themselves were virtually unchanged. On 
the other hand, snowshoe’s showed significant 
damage under little more then body weight, and at 
4kN was essentially destroyed. However the 
smooth nature of a water bottle was not conducive 
to keeping the object from rotating, where as the 
three dimensional shapes on the bottom side of a 
snowshoe served to anchor the object with the 
headwall, and rotation was minimal.  
 While difficult to quantify, it has become clear 
that we must evaluate potential improvised 
protection keeping in mind the additional factors, 
such as:  
• Reusability or intent to recover the object 
• Resistance to deformation or destruction  
• Slickness of the surface or attachment 

 

 
 
5.6 Multiple Linear regression models 
 
Note: Tests 8-11 were not included in the linear 
regression model because they were not tested to 
failure. They do however; speak to the potential 
strength in these types of systems. 
 As the analysis of this data was conducted, 
the author was confused by the apparent lack of 
strong results. Based on research into previous 
testing, and commonly accepted assumptions of 
practitioners and professionals that were pooled 
for incite prior to the start of field testing, the 
author was sure that the results would be much 
more clear cut, and not quite so gray in nature. It 
was only after all three variables were factored into 

the same equation that the true nature of this 
relationship became apparent.  
 Figure 5 displays every combination of 
variables and its corresponding strength as a 
model, ranked from weakest to strongest.  
 For any single variable, there obviously was 
not enough information for a regression to be 
appropriately plotted, and it appeared that depth 
was the most important variable (𝑅!  =0.39), which 
was suspect due to the small variance in the 
actual depths that were tested. 
 When combinations of two were computed, we 
found the 𝑅!  value range jumped nearly 20% and 
for any combination of two, the 𝑅!  values ranged 
from .42 to .5, which was much stronger but still 
could only account for 50% of the forces in our 
tests. 
 The final regression model, combining all 
three variables produced an 𝑅!  value of .64, which 
was a 14% increase in accountability over the two 
variable regression models. While this is still a 
preliminary model, it provides a good starting point 
for academic analysis of snow protection, as well 
as a way to evaluate future field tests and see how 
well the model actually works, which providing 
more data to further refine this model. 
 
The formula for our final model is as follows: 
𝑁 = −  11003.9346 + 53.1877(𝐷) + 5.9538(𝐸) +
20.5391(𝜌) ; Where N= Peak Force, D= Depth, E= 
ESA and  𝜌 = Density 
 
6. CONCLUSIONS 
 
 While is clear that more data needs to be 
collected and analyzed before drawing any lasting 
conclusions, the preliminary data presented here 
most certainly shows the potential for improvised, 
less-than-perfect objects to be used to create 
protection or legs of protection in an anchor that 
can sustain the forces needed in a static system. 
 In terms of the relationship between the 
variables tested, it is the impression of the author 
that we were in line with what is commonly 
accepted among practitioners in that the deeper 
an object, and the denser the snow the better. We 
also saw the great importance of surface area, and 
how even small changes in surface area can have 
a very drastic increase in the total force the system 
can support. 
 With respect for our model, it’s a great first 
step towards fully understanding the forces in 
snow protection. At this point, it should not be 

Fig.	  9	  	  -‐	  Examples	  of	  failures	  and	  their	  methods	  
1.	  Slow	  pull	  Test-‐	  runner	  failure	  at	  13.6	  kN 
2.Slow	  pull	  Test	  –	  Bottle	  sheared	  at	  11.2	  kN 
3.	  Field	  Test	  –	  Failed	  in	  compression	  at	  4.75	  kN 
4.	  Slow	  pull	  Test	  –	  Mechanical	  Failure	  at	  6.45	  kN 

1 2 

3 4 
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trusted to accurately predict forces in a system 
that would have life’s depending on it. This model 
does however, display promise for a future 
academic resource that could potentially be used 
by recreationalists and professional rescuers alike 
to plan and implement strong, improvised 
systems. 
 A follow up to this project would greatly 
enhance the reliability of regression modeling, and 
the predication of potential forces in snow 
protection. While preliminary findings show clear 
relationships, an increase in sample size would 
allow for statistically supported conclusions. Also 
these tests were limited in surface area variability, 
and a greater spread of objects, sizes and 
density’s would not only increase the strength of 
our model, but would provide more information as 
to the practical implementation of other objects for 
use as snow protection. 
 It would prove interesting to take future field 
tests, and plug those numbers into our model and 
see how well it accuracy predicts those forces, as 
well as seeing how much more accurate a refined 
model could be. 
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8. CONTRIBUTION OF EXTERNAL DATA 
 
 Gathering a large enough sample of field data 
has proved to be a huge undertaking. However, 
our model can make great use of data that is 
collected elsewhere. If you would be interested in 
contributing data to this model, please do not 
hesitate to contact the author listed on the cover 
page. Past data is also welcome. 
 
9. REFERENCES 
 
Bogie D. (2005). Snow anchors, Christchurch New 

Zealand. 
Bogie D. ( 2010). Snow anchors for belaying and 

rescue. In proceedings ISSW 2010, 310-
317. 

Braun-Elwert, G. (1985). Belays on snow. CMC 
News. 

Braun-Elwert G. (2005). Belays on snow. Tekapo, 
New Zealand. 

Fortini A. & Morales J. (2001). Failure modes of 
snow anchors (presentation). ITRS 2001. 

Fortini A. (2002). On the use of pickets and flukes 
as snow anchors (presentation). ITRS 
2002. 

Fortini A. (2005). Failure modes of snow anchors 
(presentation). ITRS 2005. 

Fortini, A. (2008). Drop testing with snow anchors 
(presentation). ITRS 2008.  

Fortini, A. (2008). Failure modes of snow anchors 
during drop testing. ITRS 2008. 

Greene et al. (2010). Snow, Weather and 
Avalanches: Observation Guidelines for 
Avalanche Programs in the United States. 
2nd ed. Pagosa Springs, Colorado: 
American Avalanche Association. 

McClung D. & Schaerer P. (2006). The Avalanche 
Handbook, 3rd Edition. Seattle, WA: The 
Mountaineers Books. 

McEwan G. (2006). Snow anchors: The basic 
appreciation of some new research into 
snow anchors, their uses and limitations. 
AMI News, 24-26 

Proceedings, 2012 International Snow Science Workshop, Anchorage, Alaska

656




