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Abstract. The Extended Column Test (ECT) and the Propa-1 Introduction
gation Saw Test (PST) are two commonly used tests to assess
the likelihood of crack propagation in a snowpack. Guide- Snow stability tests are used to evaluate avalanche hazard.
lines suggest beams with lengths of around 1 m, yet little isBased on SnowPilot pit data across the US over the last
known about how test length affects propagation. Thus, wedecade (Birkeland and Chabot, 2012), the three most popular
performed 163 ECTs and PSTs 1.0-10.0m long. On dayséests are, in this order: (1) the Extended Column Test (ECT),
with full crack propagation in 1.0-1.5 m tests, we then made(2) the Compression Test (CT), and (3) the Propagation Saw
videos of tests 2.0-10.0m long. We inserted markers forTest (PST). The CT is the oldest of the three and has been
particle tracking to measure collapse amplitude, propagatiorn use since the 1970s (Jamieson, 1999). Briefly, the CT in-
speed, and wavelength. We also used a finite element (FEJolves isolating a column of 3@ 30 cm that is deep enough
model to simulate the strain energy release rate at fixed craclo include the slab and the failure layer. The column is loaded
lengths. We find that (1) the proportion of tests with full prop- by tapping a shovel placed on top of the snow with increasing
agation decreased with test length; (2) collapse was greatdprce. The number of taps to failure as well as the quality and
at the ends of the beams than in the centers; (3) collapse angharacter of the failure are recorded (e.qg., van Herwijnen and
plitude was independent of beam length and did not reach damieson, 2007). The ECT is similar to the CT except that the
constant value; (4) collapse wavelengths in the longer testésolated beam is longer, typically 30 cm wide90 cm long.
were around 3m, two times greater than what is predictedn the ECT, the most important observation is whether or not
by the anticrack model. We also confirmed the predictionthe crack propagates across the beam. The PST has similar
that centered PSTs had double the critical length of edgdlimensions to the ECT, but the beam is loaded by creating a
PSTs. Based on our results, we conclude that cracks progProgressively longer notch in the weak layer with the blunt
agated more frequently in the shorter tests because of inend of a snow saw. The length of the critical notch, when the
creased stress concentration from the far edge. The FE modeérack self-propagates, is recorded. For comprehensive guide-
suggests this edge effect occurs for PSTs of up to 2 m long olines for these tests, see Greene et al. (2010).
a crack to beam length rati® 0.20. Our results suggest that ~ The CT has proven to be an effective test for crack initi-
ECT and PST length guidelines may need to be revisited. ation, but because of the small size of the column, it cannot
be used to study crack propagation. Crack initiation refers to
the stage of fracture where cracks are shorter than the critical
length; that is, cracks do not self-propagate. If cracks reach
a critical length, they self-propagate. We refer to this stage
of fracture as propagation. A critical crack self-propagates
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without any external changes in the system, i.e., the crack o o
propagates without additional load. The distinction between l . l l
stages is important for avalanche hazard evaluation because
initiation may only result in a local failure, e.g., cracking

at the trigger, while propagation can result in the failure of

a slope, i.e., an avalanche. Crack propagation is an open
area of avalanche research, with a debate on whether cracks —
propagate in shear (McClung, 1979) or in mixed-mode col-

lapse/shear (anticrack; Heierli et al., 2008) waves. Recently,
two tests were developed to examine crack propagation: The

(a) (b)

ECT (Simenhois and Birkeland, 2006, 2009) and the PST ? < 7
(Sigrist and Schweizer, 2007; Gauthier and Jamieson, 2008). y'y ry
Stability tests will always suffer from edge effects because T T T

they use isolated beams that are orders of magnitude smaller

than avalanche slabs. For instance, the longest crack propaggygure 1. Stress concentration from edges. An infinite plate sub-
tion |ength recorded in preViOUSIy publIShed studies has beeﬁbct to a remote Compressive Stré@ Compared to a finite p|ate
about 3 m (van Herwijnen and Jamieson, 2005; Gauthier angb) subjected to the same stress. The tighter spacing between the
Jamieson, 2008; van Herwijnen et al., 2010; van Herwijnenlines of force represents higher local stress. The oval in the center
and Birkeland, 2014). Also, cracks likely propagate radially is the crack. Shown for scale is lengthAdapted from Anderson
from a trigger in an avalanche, while in PSTs and ECTs,(2005).

cracks are forced to travel in a straight path. Attempts have

been made to reduce edge effects by, for example, not cut-

ting the far end of the beam in PSTs (McClung, 2009). An a steady state coll_apse wave may never develpp. Longer tests
“uncut” back end showed significantly shorter crack prop- 2'€ needed to verify the steady state assumption.

agation lengths (Ross and Jamieson, 2012), suggesting that For typical slabs and weak layers, the a_mticra}ck model pre-
beam isolation aids propagation. In contrast, the critical cu icts a wavelength of 0.3-3.0m, depending primarily on the

lengthr, the cut length needed to initiate self-propagation, elastic modulus of the slab, the collapse wave speed, and the

did not change with increasing beam length (Gauthier andFO!lapse amplitude. The only published experiment shows a

Jamieson, 2008) or uncut/cut back ends (Ross and Jamiesoffavelength estimate of 1.6 m (Heierli, 2008). The paucity
f wavelength estimates can be explained by the fact that

2012). Because the beam ends affect crack propagation, ceff!

tered propagation tests (centered ECTs — CECTs and cerfollapse wavelengths may be equal in length to the longest
tered PSTs — CPSTs; Heierli, 2008; Heierli et al., 2011) have€StS published, making it difficult to accurately estimate the

been proposed. In a centered ECT, the shovel is placed at théavelength.
center, rather than the edge of the beam, and then tapped/hit
in the same manner. In a centered PST, the saw is placed at
the center, rather than the edge of the beam, then drawn either
uphill or downhill. The location where the saw was inserted 2.1 Edge effects in propagation tests
must be marked prior to propagation to measyre

Whether or not these centered tests reduce edge effects hasfield and laboratory fracture tests, edge effects are always
not been tested. The theoretical prediction from the anticraclpresent. These edge effects can cause the strain energy re-
model is that the critical cut length doubles for a CPST com-lease rateG to depend on sample size. Because free edges
pared to a PST (Heierli, 2008). cannot transmit stress, they act as stress concentrators (e.g.,

The standard beam length for ECTs and PSTs is abouFig. 1). The PST and ECT suffer from two main edge ef-
1m. Technically, ECT guidelines suggest 0.9 m (Simenhoisfects. One edge effect is due to the sides (parallel faces, with
and Birkeland, 2009), while PST guidelines (Gauthier andthe outer face labeled “slab” in Fig. 2). The crack nucleus in
Jamieson, 2008) suggest the greater of 1.0m or the heighioth tests can be considered a through crack, meaning that
of the slab. These length guidelines have not been rigorouslyhe crack extends from one side to the other. This obviously
evaluated in terms of how the stress field is affected by testioes not model a crack nucleus in an avalanche, which is an
length. embedded crack; that is, a crack nucleus far from any edges.

The anticrack model assumes a steady state for the colA through-crack configuration significantly increases stress
lapse wave (i.e., constant collapse amplitude, wave speedt the crack tip compared to an embedded crack (Newman
and wavelength), but experimental results have not showrand Raju, 1981). It may be possible to use a beam that is sig-
a steady state. One reason suggested is that tests of 3 m nificantly wider than a shovel in an ECT to reduce this edge
less are not long enough to allow a steady state collapseffect, but we are not aware of any studies which have done
wave to develop (van Herwijnen et al., 2010). Alternatively, this.

Background and field methods
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far edge If those tests had full crack propagation, we performed pro-
gressively longer tests, sometimes up to 10 m. For the CPSTSs,

trigger edge all tests had a beam lengthof 1.7 m. We also took stan-
ad area—{— dard snow profile measurements at each site, including lay-

ers, densities, grain classification, etc. (Fierz et al., 2009).
We categorized tests results by three types of crack prop-
agation. (1) Full propagation — the crack propagated to the
far edge of the beam (Fig. 2). For the PST, we also re-
strictedrc <50 cm to compare results with ECTs. PSTs with
a) ECT re > 50cm likely create a considerably larger crack nucleus
. than ECTs, which mostly crack the area of the beam under
---------- the shovel (van Herwijnen and Birkeland, 2014). For com-
parison, the shovels used for ECTs were square shaped and
25-30 cm in widthb. (2) Partial propagation — the crack trav-
eled> rc from the far edge of the saw (edge closest to far
edge of the beam) in a PST and from the far edge of the
shovel in an ECT, but arrested before reaching the far edge of
the beam. (3) No propagation — the crack traveled from
the far edge of the saw in a PST ard from the far edge of
the shovel in an ECT.

down slope

far edge

2.3 Particle tracking

We filmed tests with a Casio EX-ZR100. The shorter (1-
2m) tests were filmed at lower resolution and higher speed,
432 x 320 pixels and 240 frames per second (fps). Most of
the longer tests were filmed at higher resolution and lower
speed, 192& 1080 pixels and 30fps. We found this two-
resolution approach gave us the most accurate displacement
measurements for tests spanning an order of magnitude in
length.

Black markers, 25 mm in diameter, were placed into the
down slope side of the beam and tracked to measure displacement, wave
speed, and collapse amplitude. For specifics on the particle
tracking methodology, see previous work on particle track-
ing with stability tests (van Herwijnen and Jamieson, 2005;
van Herwijnen and Heierli, 2009; van Herwijnen et al., 2010;
Bair et al., 2012; van Herwijnen and Birkeland, 2014). Sim-

A second edge effect is caused by the front and back of thdl@" to another study (van Herwijnen and Birkeland, 2014),
beam (“far edge” and “trigger edge” in Fig. 2). While cen- W€ found it was often not possible to track particles near the

tered tests should reduce this edge effect, CECTs and cpsHhovel during ECTs because of snow compaction under the
are not widely used because they require about twice as mucFovel- _ _ _

snow to be excavated for the same crack propagation length Wavelength was estimated visually by plotting the col-
as standard tests. Further, we suggest that the trigger edgaPse wave at different times during failure, with accuracy
causes less bias in test results than the far edge. Whether §Aual 1o the marker spacing, typically 0.5m. There are three
not a crack reaches the far edge is vital to determining propPhases of vertical displacement during failure: (i) bending,
agation likelihood. Conversely, collapse at the trigger end is(l!) rapid collapse, and (iii) bed surface erosion. To measure
common and offers little insight into propagation likelihood. the wavelength, we attempted to isolate (ii); including (i) and

Thus we include some CPSTs results, but focus on the fafiil) would lead to wave lengths that are too long.
edge effect in standard tests. Processing was done in MATLAB (MathWorks, 2013)

using open source patrticle tracking functions (Crocker and
2.2 Field tests Grier, 1996). Images were contrast enhanced and displace-

ments were smoothed using a smoothing function (MATLAB
We performed 163 tests over two winters in California, Utah, function “robust loess”) with a window length of 9. Uncer-
and Montana, USA. We began with standard 1.0-1.5 m testdainty was computed using the standard deviation of each

Figure 2. ECT and PST geometry. Shown are the slab widtslab
height#, lengthl, slope angl#, crack length-, and the far/trigger
edges of the slab.
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A As ((/0 A A < Figure 4. Critical cut lengths /) for edge (PST) and CPSTs. All
Q,C’ Q,C’ 2 Q% tests fully propagated and were done side by side (19/12/2012; Ta-

ble 1). Median values are red lines, boxes are 25th/75th percentiles,
Figure 3. Propagation summary chart. Stacked columns are perand whiskers are ranges. Nonoverlapping notches show signifi-
centages of tests that had no, partial, or full crack propagation. Eaclantly different groups at the 5 % level from the Kruskal-Wallis test
stacked column refers to a type of test (see Sect. 1) and beam lengt(y = 0.009). N =5 PSTs and 5 CPSTs.
Numbers inside stacked columns are counts of each propagation
type.
lengthr¢ of the PST (Fig. 4). The mediag was 0.30 m for
PSTs, 0.62m for CPSTs, and the groups were significantly
marker position over 30 frames prior to the start of the test.different (Kruskal-Wallisp = 0.009).
The mean uncertainty is reported and was less than 1 mm for
all tests. We found this uncertainty low enough for the pur-3.2 Particle tracking on selected tests
poses of this study, but it is larger than in previous studies ) ) )
(van Herwijnen et al., 2010; Bair et al., 2012) since uncer-For particle tracking analysis, we selected results from all
tainty increases with beam length. of the longer &5 m) tests that propagated fully but did not
slide downhill (Table 2). We therefore excluded two tests (a

6m ECT on 13/03 and a 6 m PST on 14/03, Table 1) which
fully propagated but then slid downhill. In tests that slide
downhill, the collapse phase cannot be distinguished from
3.1 Alltests the continuous bed surface erosion process (van Herwijnen
and Jamieson, 2005). We also selected particle tracking re-
The proportion of ECTs that propagated fully decreased asults from 3 m tests that were done side by side to the longer
I increased: 44, 35, and 27 % for 1-2, 2-5 anfim ECTs.  tests for comparison. We would have liked to include parti-
The proportion of PSTs that propagated fully decreased simcle tracking results from the 1.0-2.0 m tests done side by side
ilarly: 53, 30, and 15 % for 1-2, 2-5, andl5m PSTs (Ta-  to the longer tests but, on days with full propagation in the
ble 1, Fig. 3). This decrease is remarkable given that thdonger tests, the 1.0-2.0 m tests were not recorded on video
longer tests were only attempted on days with full propaga-because of time constraints in the field.
tion in the standard tests. The longest tests that fully propa- i
gated were 7m. We tried a few 10 m tests, but none had ful-2-1 ~ Collapse amplitude

propagation. All of the>= 5 m tests failed on thick layers (6— The selected tests had similar collapse amplitude@—

14 cm) of fist hardness depth hoar or facets. We tried som% . . . X
S mm) to those in other studies of failures on persistent weak
2—-4 m beams on weak layers composed of precipitation par;:

ticles, but all had no propagation. Tests with partial or no layers (van Herwijnen and Jamieson, 2005; van Herwijnen
o . propagation. 1P et al., 2010; van Herwijnen and Birkeland, 2014). Plotting
propagation did not show consistent trends with

o horizontal position against collapse amplitude shows that a
The CPSTSs showed similar percentages for full propaga-stead state was not reached, even after almost 7 m (Fig. 5a
tion (54 %) compared to the standard PSTs. The most interb) Th)i/s result supports a re\,/ious study that also foung.no ,
esting finding about the CPSTs is that, as predicted by the an-’" P P y

ticrack model, they had almost exactly double the critical cutSteady state in shorter tests (van Herwijnen et al., 2010).

3 Field results

The Cryosphere, 8, 14074418 2014 www.the-cryosphere.net/8/1407/2014/
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Table 1. Summary of propagation test results. Tests listed by location, date, and propagation code: 0 is no propagation, 1 is partial propagation,
2 is full propagation. Selected tests (Table 2) are marked with an asterisk.

Date Location ECT, 1-2m ECT, 2-5m ECI5m PST,1-2m PST,2-5m PSIbm CPST
29-11-2011 CA 0,0 0,0
01-03-2012 CA 0
17-03-2012 CA 0 0
13-04-2012 CA 0 1 0 1,0
20-11-2012 CA 0 2 0 0,0
23-11-2012 CA 0,0
27-11-2012 CA 0,22 1,1
14-12-2012 CA 0
18-12-2012 CA 0,0 0,0,0,2 0,2
19-12-2012 CA 2,2,2,2,2 2,2,2,2,2
20-12-2012 CA 1,1,2 1,2
21-12-2012 CA 0 2 2
26-12-2012 CA 2 1
02-01-2013 CA 2,0 2* 2%
03-01-2013 CA 2 2% 2,2
04-01-2013 CA 0,0 0
08-01-2013 CA 2 0 2 0
09-01-2013 CA 2 2% 2% 2%
09-01-2013 MT 0,0,2
11-01-2013 CA 2* 1, 2*
14-01-2013 CA 0,0,0
16-01-2013 MT 2 0,22 0,0,0,0,1,1
18-01-2013 CA 0 0
22-01-2013 CA 2 0,0 0
23-01-2013 CA 2,0,0,2 0 2,0,2 0
28-01-2013 CA 2
29-01-2013 CA 0,0 0,0
31-01-2013 CA 0
18-02-2013 uT 2 1,0 2,0 0,0
19-02-2013 MT 2 0 0
20-02-2013 MT 2,2 0 2 1, 2*
21-02-2013 MT 0,0,2 0
22-02-2013 MT 2 2 1
11-03-2013 CA 0,0,2 0 0,0,2 0
12-03-2013 CA 1,2 0 0 2,2 1
13-03-2013 CA 2 2
14-03-2013 CA 2,1
28-03-2013 CA 0,0,0,2,2,2 0,0

Table 2. Selected tests with full propagation. For an explanation of why these tests were selected see Section 3.2. Location a — Rock Creek
Canyon, CA; b — Yellow Mountain, MT; fps — frames per secofd: slope angle; test beam lengthTest and score — see Greene et

al. (Chapter 2, 2010k — displacement uncertainty; — wavelengthy — mean wave speed;— mean collapse amplitudg; — mean slab

density;h — mean slab height; FL — failure layer crystal type and size (Fierz et al., 2009).

Number Date Location fps 6,° [, m Testand score ¢,mm A, m(£0.5m) ¢, ms! a mm p, kg m3 hocm FL FLsize,mm
1 02-01-2013 a 240 2 3 ECTP 22 0.3 NA 28 9.2 216 58 f 2-4
2 02-01-2013 a 240 2 5 ECTP 23 0.4 3.0 35 5.4 216 58 f 2-4
3 03-01-2013 a 240 1 7 ECTP 26 0.9 3.0 24 5.6 216 55 f 2-4
4 09-01-2013 a 240 0 3 ECTP 24 0.2 NA 20 7.1 249 45 f 2-3
5 09-01-2013 a 240 0 5 ECTP 24 0.2 25 19 3.8 249 45 f 2-3
6 09-01-2013 a 240 0 7 ECTP 24 0.5 3.0 15 3.9 249 45 f 2-4
7 11-01-2013 a 30 0 3 ECTP 25 <0.1 NA 14 2.9 249 52 f 2-4
8 11-01-2013 a 30 0 7 ECTP 25 <0.1 3.0 21 3.3 249 52 f 2-4
9 20-02-2013 b 30 28 6 PST End 25/600 0.2 3.0 16 5.6 197 50 e 2

www.the-cryosphere.net/8/1407/2014/ The Cryosphere, 8, 140418 2014
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Figure 5. (a) Collapse vs. distance from trigger for tests 1-8. Collapse values are total displacements after movement has stopped. Absolute
collapse values shown (@), collapse values normalized by the maximum collapse in each test shdtn in
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Figure 6. Wavelength of a PST. Collapse values shown during failure. The final value at 2.7 s is the total collapse after the beam stopped
moving. The thick red line shows an estimate of the section of the beam undergoing rapid collapse (phase ii in Sect. 2.3), from which
wavelength was estimated. The wavelengtk Bm. Test 9 shown.

In the selected tests, greater collapse occurred near orng@2.3 Wave speed
or both of the beam edges than in the center of the beam
(Fig. 5b). Relative to the center of the beam, markers neafollapse wave speeds ranged from 14 to 35fand
the trigger edge collapsed 160 % and markers near the fajreé consistent with previous studies (van Herwijnen and
end collapsed 128 %, on average. Markers near the triggefamieson, 2005; van Herwijnen et al., 2010; van Herwijnen
end of the beam collapsed more than the center in every tes@nd Schweizer, 2011; van Herwijnen and Birkeland, 2014).
Markers near the far end of the beam collapsed more than th¥/e found no dependence between wave speed and slab den-
center in seven of nine tests. sity, height, or collapse amplitude.
3.2.2 Wavelength 3.2.4 Collapse amplitude with time
The wavelengths (2.5-3.3m; e.g., Fig. 6) are much longeBecause tests 1-8 were all done in the same place and on
than what is predicted by the anticrack model. The modeithe same failure layer, we were able to track the collapse
predicts wavelengths of 1.4-1.6 m for the slabs and weal@mplitude over 11-12 days, until the tests had no propaga-
layers in this study (Eq. (5.17) in Heierli, 2008). Our wave- tion (Fig. 7). The average decrease in collapse amplitude was
lengths are about two times larger than the only experimen—0.65 mm day?, with the 3 m beams showing the largest de-
tally measured wavelength of 1.6 m (Heierli, 2008). crease. Similarly, the ECT scores for these tests generally in-
creased with time (Table 2). There was no perceptible change
in weak layer thickness; it stayed at 6 cm thick over this time
period.

The Cryosphere, 8, 14074418 2014 www.the-cryosphere.net/8/1407/2014/
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ficient is -0.65 mm day?. _ _ _ _ _
Figure 8. (a—c)Profiles for FE simulation. Profiles for each of the

finite element simulations. Depth is from the snow surface, hand
4  Finite element (FE) modeling hardness is on the horizontal axis, and layer densities (k}) rare

in parenthesis. The weak layer is red. The symbols for snow crystal
We modeled profiles from the field tests using finite ele- types are from the_ “International Classification for Seasonal Snow
ment analysis in ANSYS 14.0. Specifically, the FE method " the Ground” (Fierz et al., 2009).
allowed us to explore how changing the test lengtaf-

fected the strain energy of the slab Because it is simpler : . . )
to model bending during a PST than the more dynamic ECTWlth {22 m ha(.j no propagation (Fig. 8b, c). The profiles haq
3-6 layers: a fixed substrate, weak layer, and 1-4 layers in

we choose_ to model PSTs. Our _edge effect an_aly3|s hmg.eﬁwe slab. Each layer was modeled as an isotropic linear elastic
on measuring the crack length prior to propagation, which Smaterial with Poisson’s ratio= 0.17 and an elastic modulus

not possible with the ECT. We assume that the far edge effec ) . i
is similar enough for both tests that general results from thetE estimated from the measured dengit{Scapozza, 2004):

FE analysis using a PST can also be applied to the ECT. 0

We used an FE model developed specifically for PSTsE = 0.2MPa EXF{W]
(Sigrist, 2006). The critical energy release réig was es- 9
timated in a two-step process where the sum of strain energpur linear elastic assumption is addressed and compared
U (ANSYS command SENE) was estimated to(-c —dr)  with a viscoelastic model in Appendix A. The SOLID187

©)

andU (rc): element type was used. This is a 10 node element with
LU (re) — U(re— 0r) guadratic displacement behavior and three degrees of free-
Ge~ —— , (1) dom. The mesh element line size was 5cm, with a finer res-

or olution mesh applied at the crack tip and weak layer (AN-

wheredr = 0.002m. This modeled situation represents the SYS command SMRTSIZE). The edge notch in the PST was
change in strain energy from a slightly shorter crack lengthmodeled as a 0.002 m thick gap in the center of the weak
than the critical length to the critical length. Thus, we ap- layer. We choose the center of the weak layer for the notch
proximate the critical energy release rate: because this was how we notched our field tests. The weak

19U (ro) layers were 0.01-0.07 m thick. These weak layers are thicker
—_ . (2) than those in other FE models of PSTs, where the weak layers

bor and the edge notches were the same thickness, either 0.002 m
We modeled three different snow profiles observed in the(Sigrist, 2006) or 0.003 m (Schweizer et al., 2011). In all of
field. These profiles were from 03/01/2013, 13/04/2012, ancthe FE tests, tangency or crack-face contact did not occur, as
11/03/2013 (Fig. 8a, b, c; Table 1). For one day, tests of upmaximum slope normal displacement was around 0.001 m.
to ! =7 m had full propagation (Fig. 8a). For the other two As with the field tests, the FE beams were all 0.30 m wide.
days, tests witthi = 1.4—-1.5m had full propagation, but tests

Gc:

www.the-cryosphere.net/8/1407/2014/ The Cryosphere, 8, 140418 2014
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Figure 9. Energy release rat6 vs. beam lengtt. G is plotted for ~ Figure 10. Correction factorF(r /1) vs. relative cut lengthr /1.
test lengthd = 0.75-6.00 m for each of the profilgg, b, c) in  Correction facto (r / 7) from Eq. (5) for three profiles from Fig. 8.
Fig. 8. For each profile, the crack lengthris the measured critical
length from 1.4-1.5m long field tests (Sect. 2.1).

of a 1 m PST, cut lengths 20 cm will be subjected to in-

) creased stress from the far edge.
4.1 FE correction factor

_To compensate for _the far edge effect in our FE tests, W& piscussion
introduce a geometrical correction fact®(r /) to relateG
to its asymptotic valu€& «: The finding that full propagation decreased with test length
= F(/1)G (@) is central to thi_s study. We find that cracks in shorter tests are
’ more prone to influence from the far edge than in longer tests,
wherel is the sample length, is the crack length, and/ is and this edge effect causes them to fully propagate more
the relative crack length. We calculate the correction factoroften. Our FE simulations show that, in shorter testsis

as higher than its asymptotic valu&.,. The crack propagation
) criterionG > G¢, whereG¢ is the critical energy release rate,
F(r/l)= M (5)  may be met for crack lengths in shorter tests that are subcriti-
G(r,1D) cal in longer tests. This suggests that shorter tests could fully

where mi{G(r, 1)] is the minimum value of G fot=0.75—  Propagate when slope scale failure is unlikely.
6.00m. We chose = r¢, wherere is the critical cut length Estimated collapse wavelengths were double or longer

from a field PST withl = 1.40-1.50 m. We expeck(r /1) than what is p_redi.cted by the anticrack mod_el. Ther(_a are
to increase with-/I because of the increased stress concen{Nrée explanations: (1) measurement uncertainty, (2) incor-

tration from the far, free edge. Our goal is to find the max- rect assumptions in the model, and/or (3) the elastic modu-
imum value ofr /I whereGo, ~ G, i.e., F(r /1)~ 1. The lus values used in the model are too low. Measurement un-

value will give us the test geometry that minimizes the effectCertainty may be caused by including markers undergoing
from the far edge. bending and bec_i surface erosion in addition tq the rapid col-
lapse phase. Using our measurement uncertainty@b m,
4.2 FE simulations a conservative estimate of the modal wavelength (3 m) for
our tests is still 2.5 m, about 1 m greater than what is pre-
The FE simulations show thai decreases with (Fig. 9). dicted by the anticrack model. For the anticrack model to
The function G becomes asymptotic dt~ 2m, suggest- give wavelengths of 3m for these slabs, the elastic modu-
ing the far edge effect becomes negligible after 2m. Us-lus would have to be around 100 MPa, one or two orders
ing Eg. (5), we computed(r /1) and plotted the results of magnitude greater than values recorded in experimental
(Fig. 10). The curves from each profile (Fig. 8a, b, c) are al-results for slabs with the densities in this study (Scapozza,
most identical, suggesting tha(r /) can be applied to per- 2004; Sigrist and Schweizer, 2007; Schweizer et al., 2011).
sistent and nonpersistent weak layers. For all the profiles, thé is more likely that the model has some incorrect assump-
asymptote is at /I ~ 0.20. This asymptote suggests that the tions. In particular, we suggest the free fall assumption of the
far edge effect becomes significant fof/ > 0.20. Interms  anticrack model is incorrect. Residual support between the
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slab and weak layer could mean the slab is never in free fall. The ECT was not modeled with the FE model. Given that
This support could explain the longer wavelengths. A goodECTs showed concurrent decreases in full propagation with
method to test if a slab is in free fall is to study the instanta-test length along with PSTSs, itis likely th&tin an ECT also
neous acceleration values. Unfortunately, our video cameradecreases with holding all else constant. In fact, given the
did not sample fast enough to measure instantaneous accalynamic nature of the ECT, reflected stress waves (Anderson,
eration with any certainty. 2005), another edge effect, may be significant in an ECT as
We experimented with CPSTSs, and found that, as predictedvell. Reflected stress waves can combine constructively and
by the anticrack theory,. doubled. Our results suggest that destructively with stress fields at the crack tip resulting in
a beam with length double that of a PST would be neededcomplex interactions, but they could significantly incre@se
to minimize edge effects in a CPST. CPSTs are also harder Based on our results, we suggest that ECT and PST length
to perform, as the operator must keep track of where the sawuidelines be revisited. Our results imply that 2m ECTs and
was inserted into the beam. From a practical perspective, w®STs could reduce false unstable rates compared to standard
suggest that a PST provides as much information to the usdength tests. Alternatively, 2 m tests could increase the false
as a CPST and only requires a beam half as long to be excastable rate, which is arguably the most important metric for
vated. a stability test. High false stable rates mean that stable test
The observed decrease in collapse amplitude is not directlyesults are associated with unstable slopes, which is poten-
related to edge effects, but interesting nonetheless. To outially dangerous. We propose testing standard length and 2m
knowledge, this is the first study to track the evolution of ECTs and PSTs side by side on stable and unstable slopes to
collapse amplitude over time. The 0.65 mmdAyaverage compare accuracy.
decrease in collapse amplitude is evidence of a strengthen-
ing weak layer. The concurrent increase in ECT scores sup-

ports the idea that the weak layer was gaining strength dur® ~Conclusions

ing this time period. It's also likely that the slab lost strength, . .
which made it less able to transmit the propagating coIIapseWe performed 163 propagation tests spanning an order of

wave without fracturing itself. The snowpack remained shal-magnItUde in length. The proportion of tests that propagated

low (around 70 cm) and temperatures cooled, with the averju”y decreased as test length increased. The shorter tests

age daily air temperature dropping-i20.0°C on 12/01 and likely propagated fully more often because of stress intensifi-

13/01. These conditions set up a strong temperature gradcfatlon from the far edge. Evidence of this far edge effect was

ent. Crystal forms in the slab changed from new snow an hat collapse amplitudes were greater at beam ends than in

. X he centers. Our finding that full propagation decreased with
faceting rounds to an almost entirely faceted slab. . X : .
. . . test length was corroborated with FE simulations. The simu-
The FE simulations allowed us to changewhile keep-

ing all other parameters fixed for a given profile. The asymp_latlons showed that the strain energy releaseGatecreased

. . with test lengthl for a given crack length, before reaching
tote atr /I ~ 0.20 suggests relative crack lengths longer thanan asymptotic value. The asymptote was At~ 0.20 or at

20 % are subject to influences from the far edge of the beam

This finding contrasts with PST guidelines, which recom_ls%eimazzrtﬁlgialaiir;;(i/a;r?a:zﬁi‘; lecr:)%[::js.e)'(:ogﬁstihss r(?o,r\::iiue q
mend a test length of 1 m and suggest! < 0.50 accompa- P P y P

. B B o . . decrease in full propagation.
hied by "End” propagation indicates likely crack propagation We confirmed the prediction from the anticrack model that
(Gauthier and Jamieson, 2008).

The FE results suggest that the far edge effect becomegPSTs would have. values double that of PSTs. Given the

negligible for PSTs> 2m. Thus, the FE results explain the extra work of CPSTs, we find them impractical for reducing

. . edge effects compared to longer PSTs.
decrease in full propagation between the 1-2 and 3-5m A time-series of unstable ECTs over 11-12 days per-

PSTs. The FE results cannot explain the continued decreas[%rmed at the same location allowed us to track collapse am-

in full propagation for the=5m PSTs. One possibility is . . )
that increasing spatial variability in the slab and weak IayerpIItUde overtime. On average, collapse amplitude degreased
0.65mmday?! as the weak layer gained strength. This de-

caused the continued decrease in full propagation. The coeffi- 2 ; . .

. o . . crease coincided with an increase in ECT scores. To our
cient of variation (CV) for the collapse amplitudes in tests 1— ; . ; :

. o : . knowledge, this study is the first to report trends in collapse

8, one measure of spatial variability, showed no relationship

. . . : .. ramplitude over time.
with test length for side-by-side tests. If spatial variability S .
increased with test length, one might expect this CV to in- We suggest that ECT and PST length guidelines be revis

. ) . ited. Our results show that 2 m tests could decrease false un-
crease withl. Still, we cannot rule out the effect of spatial
NN . stable results compared to standard length tests. We propose
variability on crack propagation. To fully assess the effect of

) o . . side-by-side tests on stable and unstable slopes to determine
spatial variability on crack propagation would require mea-

. : : if 2 m tests are more (or less) accurate than standard length
surements on properties such as penetration resistance acrass. .

the test beams and weak layers.

www.the-cryosphere.net/8/1407/2014/ The Cryosphere, 8, 140418 2014



1416 E. H. Bair et al.: The influence of edge effects on crack propagation in snow stability tests

16.0
14.0

12.0
=+c, linear elastic

=9=c, viscoelastic

G, Jm?
[o¢]
o

4.0

20 \~g

0.0
00 10 20 30 40 50 6.0

beam length I, m

Figure Al. Energy release raté vs. beam lengtl for two ver-
sions of the FE model run on profite The curve ¢, linear elastic”

E'=222x10°% [1055&000857(%215)] ,MPa (A1)

For profile ¢ (Fig. 2), the average slab density =
204 kgnT3 and E’ = 0.68 MPa. Using these paramete¢s,
was much higher for the viscoelastic version of the model.
The range for the viscoelastic version of the model, us-
ing profile ¢, was 4.28-14.07Jn% compared to 0.79-
2.50J n72 for the linear elastic version (Fig. Al). The vis-
coelastic model’s values fai exceed published;; values
(McClung, 2007; Sigrist and Schweizer, 2007; Heierli et al.,
2008; Schweizer et al., 2011) by one or two orders of magni-
tude, suggesting th&’ from Eq. (Al) is too low. Ultimately,
the method for determining the elastic modulus did not im-
pact our results regardirigralues that minimize the far edge
effect. The asymptotic value @ still occurred around =

2m for both versions of the model. Thus, while viscoelas-
tic effects may be important for an accurate estimateGor

shows results from a model assuming linear elastic behavior, whild-€-» Bazant et al., 2003; McClung, 2005; Sigrist et al., 2005;
the curve %, viscoelastic” shows results from a model incorporating McClung and Schweizer, 2006), they did not affect whére

viscoelastic effects.

Appendix A: Viscoelastic effects

reached its asymptotic value. Comparison of both model re-
sults show that the far edge effect Ghwas eliminated in
beams with >2m.

Because of our linear elasticity assumption, we used a fixed
value for E for each layer. In reality, snow has been shown
to exhibit strain softening (McClung, 1977), wheke de-
creases with increasing strain because of microcracking and
other mechanisms. Our hypothesis was that the linear elas-
ticity assumption has little impact on our results; nonetheless
we tested a version of our model with strain softening using
a mixture model where the slab and weak layer are treated as
one layer with an effective modulus that takes into account
viscoelastic effects (McClung, 2011; McClung and Borstad,
2012):

The Cryosphere, 8, 14074418 2014
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