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SUMMARY 

A series of crushing strength tests were conducted at Hou~hton, 
Michigan, on samples of processed snow in conjunction with a program 
of determining the longitudinal wave velocity during the process of aging 
at a controlled temperature of -1 OC. 

A relation between the longitudinal wave velocity and crushing strength 
at -1 OC was established as 

CT c 
= C 1 - C 0 

a 

where CT is the crushing strength in psi, C 1 is the longitudinal wave 
velocity'1.n ft/ sec, and C 0 and~ are constants, depending on the initial 
density of the test specimen. 

-



CRUSHING STRENGTH AND LONGITUDINAL WAVE VELOCITY IN PROCESSED SNOW 

by 

James L. Smit.h 

Introduction 

The determination of the mechanical properties of snow samples and a subsequent 
correlation to show a dependence of one on another has been successfully accomplished 
by several investig ators. Butkovich (1962) revealed the effect of a g e on the crushing 
strength of processed snow samples; Lee (196lb) demonstrated the manner in which 
aging of processed snow affected the sonic w ave velocity; Jellinek (1957) determined 
the effect of a gin g on the crushing strength of artificially compacted snow ; and Brunke 
(1959) established a correlation of crushing streng th and hardness values of processed 
snow. 

The increase in wave velocity w ith a g ing of processed snow, as found by Lee, w as 
quite comparable in m anner t o the increas'e of crushing streng th w ith a g e found by 
Butkovich, Jellin ek, and Brunke for processed and comp acted snow. Therefore, it is 
expected that a c orrelation betw een the results of these tw o testing methods can be 
found. With this relationship know n , it may be possible to use the information from one 
test to obtain results in terms of the other test. 

The objective of this study w as to establish and determine a relation betw een the 
longitudinal w ave v elocity and the crushing strength of processed snow at a common 
density and temperature. 

This investi g ation provides further information on the a g ing effect of processed snow 
under controlled temperature conditions and also shows how sonic measurements can be 
taken continuously throug h one sample durin g the a g ing process. 

The study w ill be expanded in the future to include a similar investi g ation on naturally 
compacted snow in Greenland. 

Sample prep aration 

The study w as conducted at Houg hton, Michig an, on snow processed by the Peter 
snow miller and deposited in plywood boxes 1. 5 x 1. 5 x 1. 5 ft. Selective sampling from 
the dischar g e chu tes on the snow miller produced the desired variance in sample density. 

Two sets of samples w ere obtaine d (series A , initial density 0. 543 g/cm3; series B 
initial density 0. 510 g /cm3), each consisting of six boxes of processed snow. One box 
in each set was instrumented w ith transducers and placed in the cold rooms so that the 
longitudinal wave velocity could be determined during the a g ing process at a controlled 
temperature of -lOC. 

The remaining five boxes in each set were stored in the same cold rooms (at a con
trolled temperature of -lOC) to be used in determining the crushing strength at certain 
stages during the aging process. 

Specimens for the crushing strength tests were prepared from the 1. 5-ft cubes. 
Each cube was cut into five bars approximately 3. 5 in. wide using a eros scut saw. Each 
bar was cut into 3. 5 x 3. 5 x 18 in. sections and then reduced to the cylindrical 2. 5 in. 
diam test specimen by a motor-driven sample cutter (Fi g . 1 ). This cutter provides a 
smooth and uniform circular surface along the S3.mple length with ± . 002 in. variation 
in the average diameter. 

The test specimens were measured using a Starrett vernier caliper for the diameter 
and a Starrett vernier height gage for the length. The specimens were weighed on a 
Toledo metrogram scale to the nearest 0. 05 g. 

To eliminate end failure before reaching the actual crushing strength of the sample, 
the ends were melted slightly by touching them on a hot plate with the length of the sample 
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Figure l. Sample cutter. 

Figure 2. Metrogram scale and test specimen. 
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Figure 3. Constant velocity press. 
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Figure 4. Typical compression curves for 
low and high rates of loading. 
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Figure 5. Typical compress ion breaks. 

against a vertical guide. This assured parallel ends as well as providing smooth and 
hardened end surfaces (Fig. 2). 

Test procedure 

The crushing strengths were determined using a constant-velocity motorized press. 
The apparatus has a swivel head to assure loading normal to the surface of the sample. 
The pressure during compression was measured by a 2000 lb capacity load cell and 
recorded by a Speedomax recorder, which is a component part of the apparatus (Fig. 3). 

The specimens were prepared with a length to diameter ratio of approximately 2. 5 
to 1, and the loading rate was sufficiently high to make the measurements independent 
of the loading rate. Typical compression curves for low and high rates of loading are 
shown in Figure 4. Bader {1962) states that 11 crushing strengths must be measured at 
high rates of loading to eliminate the effects of plastic yielding (testing time of the order 
of 10 seconds). 11 Typical compression breaks are shown in Figure 5. 

The longitudinal wave velocity was measured using piezo-electric transducers in 
conjunction with a soniscope, which provided the exciting source and the time-measuring 
device. The electric pulses generated in the control unit of the soniscope are trans
formed into bursts of sound, lasting a few hundred microseconds, at the contact surface 
of the snow sample. The travel time through the sample to a receiver transducer was 
measured by means of a calibrated time scale on the soniscope screen. The longitudinal 
wave velocity in the snow was computed from the time and the distance traveled. An 
instrumented sample and the soniscope are shown in Figure . 6. 

Data presentation 

Measurements of longitudinal wave velocity were made daily on each test specimen. 
Wave velocity vs time was plotted for each test to show the manner in which wave velocity 
increased during aging of the processed snow. A rapid gain in wave velocity is experi
enced during the early stages of aging. Its daily rate decreases as the process continues 
and becomes insignificant after about 25 days (Fig. 7). 
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Figure 6. Soniscope and instrumented sample. 

The results of the crushing strength 
tests conducted during the same period of 
time are shown in Figure 8. Each point 
on the curve represents the average of at 
least ten tests. 

It is seen that the increase in strength 
follows the same pattern as that exhibited 
by the wave velocity. Thus , a correlation 
between these two can be established. 

Table I gives the crushing strength 
and longitudinal wave velocity as a function 
of age for processed snow at -1 OC. A wide 
variation was found in the crushing strengths 
for each test series at each period of aging. 

Subsequently the crushing strengths 
were plotted vs wave velocity as measured 
at the time the crushing strengths were 
determined. It is seen that the points (Fig. 
9) are best connected by straight lines and 
their relationships may be established to 
be of the form 

c, 
( ft/ucl 

30 
0 10 20 

TIME, DAYS AFTER PROCESSING 

Figure 7. Longitudinal wave velocity 
of processed snow, cl, as a function 

ofageat-lOC. 
1~.-----.-----.------r-----,----~ 

10 20 

TIME, DAYS AFTER PROCESSING 

Figure 8. Crushing strength of 
processed snow as a function of 

age at -1 OC. 
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CJc 
(psi) 

CRUSHING STRENGTH AND WAVE VELOCITY IN PROCESSED SNOW 

TEST SERIES A 

Figur~s in por~nfh~s~s indicof~ og~ in doys. 

C1 , ft/sec 

<T c 
= _C_.1.__-__ C_,0.__ 

a 
(l} 

where <T is the crushing strengthin psi, 
cl is th~ longitudinal wave velocity in 
ft/sec, and C 0 and a are constants, 
depending on the iniTial density of the 
test specimens. 

The influence of initial density of 
the processed snow on the relationship 
of sonic wave velocity and crushing 
strength. is evidenced in the slope of 
the line, with an increase in initial 
density producing a steeper slope (Fig. 

Figure 9. The relationship of longitudinal 
wave· velocity and crushing strength as a 

function of density at -1 OC. 

9). 

Using the method of least squares, 
the values of C 0 and a were determined 
for each test series from the test data 
and are given in Table II. 

Table I. Crushing strength, <T c' and longitudinal wave velocity, cl. 
Processed snow aged at -lOC. 

and 

Test Age <rc (psi} 
series (days} Max M1n 

A 3 55. 10 31.46 
7 111. 72 21. 28 

14 158. 3 8 46 .58 
28 169.77 73.50 

B 3 105.41 15. 73 
7 102. 3 0 22. 04 

14 146.58 18. 63 
21 217.39 18. 63 

Table II. Values of C 0 and a. 

Test series 

A 
B 

The relationships then become 

for p0 

C 1 - 4062 
15.9 

0. 543 g/cm3 

<T 
c 

= C 1 - 3 097 
31.8 

for Po 0. 510 g/cm3 

Co a 

4062 15.9 
3 097 31. 8 

where Po is the initial density of the processed snow. 

Mean 

43.18 
71. 67 
91. 23 

115 .94 

47.27 
64.07 
76.29 
81. 52 

g/cm3 

0.543 
0.510 

cl 
(ft/sec} 

473 0 
5217 
5543 
5880 

4641 
5056 
5505 
5739 

(2) 

(3) 
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Correction for temperature variation may be made with the relationship used by 

Butkovich: log~ -= 0. 16 log T!.z... , where 0"1 is the strength at temperature T 1 • 
(jl 1 

At the conclusion of the testing period, density determinations were made on the 
samples used in the sonic velocity measurements. The 1. 5-ft cubes were measured 
and weighed and subsequently prepared in 2. 5 in. diam specimens for crushing strength 
tests. 

Table III gives the initial and final density measurements for the 1. 5-ft cubes along 
with the average density of at least ten specimens prepared from each cube for crushing 
strength tests. 

Table III. Density determination, g I cm3. 

Test 
series 

A 
B 

1. 5-ft cube 
Initial 

0.543 
0.510 

Final 

0.551 
0.517 

2. 5-in. test 
specimen 

0.552 
0.522 

A photographic record was made of the signal displayed on the soniscope screen 
during the measurement of the longitudinal wave velocity. In order to show the growth 
in magnitude of the signal during the aging process, the settings on the soniscope were 
kept unchanged. Figure 10 shows the gain in magnitude of the initial signal for processed 
snow l hour old after 3, 7 and 14 days of aging. No appreciable change in magnitude of 
the signal occurred after 14 days. 

Discussion 

An apparent relationship between wave velocity and crushing strength during aging 
of processed snow was noticed when the work of Lee (1961 a) and Butkovich (1962) was 
compared. 

Figures 11 and 12 show their results. Reducing the data to common temperature of 
-lOC and computing the best straight line fit between C 1 and 0" by the method of least 
squares gives a relationship of the form c 

(j 
c 

= C 1 - 4831 
14 .5 

where the initial density p0 = 0. 52± 0. 02 glcm3. 

(4) 

Similarly, the work of Lee (196la) and Jellinek (1957) was compared with aging as 
the common parameter. Figure 13 shows the relationship of unconfined compressive 
strength to age of molded specimens of processed snow as found by Jellinek. The 
relationship between longitudinal wave velocity and crushing strength at -1 OC w as found 
to be 

(j 
c 

= C 1 - 3653 
15. 1 

where the initial density p0 = 0. 54 g I cm3. 

Comparison of Lee's results with the work of Brunke (1959) (Fig. 14) gives 

(j 
c 

= C 1 - 4350 
15.8 

where the initial density p0 = 0. 54 glcm3. 

(5) 

( 6) 

The differences between these comparisons and the results obtained in this study 
(Fig. 15 ) , could be attributed to the difference in method of sample preparation, aging, 
and size of the test specimen. The results of this study, as is shown, fall within the 
extremes from the artificially compacted snow (Jellinek) on the upper side and the 
processed snow (Butkovich) that was subjected to normal temperature variations during 
the aging process, on the lower side. The results from processed snow (Brunke) that 
was aged at a temperature fluctuating slightly from -lOC comes closer to· that of this study. 
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Age - 1 hour Age - 3 days 

Age - 7 days Age - 14 days 

Figure 10. Magnitude of longitudinal wave velocity signal during 
aging of processed snow. 
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Uc 
100 

(psi) 

jJ=0.50 g/cm, 

20 40 60 

TIME , DAYS AFTER PROCESSING 

Figure 11. Unconfined compressive 
strength of processed snow as a func

tion of age at -zoe. 

jJ •0.55 g/cm 6 

5 10 

TIME, DAYS AFTER PROCESSING 

Figure 13. Unconfined compressive 
strength of processed snow at -1 OC. 

c, 
(ft/sec) 

5 10 

TIME , DAYS AFTER PROCESSING 

Figure 12. Longitudinal wave 
velocity of processed snow as a 

function of age at -1 OC. 

Uc 
(pail 

jJ "'0.54 g/cm 6 

10 20 

TIME, DAYS AFTER PROCESSING 

Figure 14. Unconfined compressive
strength of processed snow at -lOC. 
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(psi) 
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o; _c, -3653 
c- 15.1 

I'= 0.54 g/cm~ 

a; _C1 -4062 
c- /5;.9 

fJ=0.54 g/cm~ 

cr, _ c,-4350 
c- 15.8 

fJ= 0.54 g/cm~ 

I'= 0. 5210.02 g/cm~ 

C1 , ft /sec 

Figure 15. The relationship of wave velocity and crushing strength 
of processed snow at -lOC. 

Conclusion 

An attempt was made to e$tablish a correlation between longitudinal wave velocity 
and crushing strength of processed snow and to express this relationship in a fixed set 
of values. 

The relationships as established at -1 OC 

_ cl - 4062 
<rc- 15.9 

for an initial density of 0. 543 g/ cm3 
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and 

(]" 

c 
C 1 - 3097 

31. 8 

for an initial density of 0. 51 0 g I cm3 

indicate that the crushing strength of a proce?sed snow sample may be determined from 
measurements of longitudinal wave velocity, density, and temperature. 

Although this study was confined to processed snow with an initial density of 0. 51 
g/cm3 and 0. 54 g/cm3, the results are indicative for the normal range of density of 
processed snow. 

An approximation may be made for processed snow with an initial density between 
0. 51 and 0. 54 g/cm3 by using the relationships shown in Figure 9. The higher density 
snow should assume the steeper slope close to series A while the lower density snow 
should approach the slope of series B. 

As initial density is a controlling factor during aging of processed snow, it would 
be desirable to expand this study to include a wider range of densities. 
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APPENDIX A: TABLE OF TEST DATA 

Age (J"' p cl Age IT p cl 
{days) (psi) (g I crn3 ) (ftlsec) (days) (psi) (g I crn3 ) (ftl sec) 

Test series A 

3 42.48 0.544 4730 7 64.52 0.542 5217 
38.53 0.529 64.52 0.570 
55. 10 0.549 72.35 0.555 
36.94 0.537 89.68 0.557 
40.89 o. 538 75.54 0.557 
31.46 0.555 102.30 0.557 
51.90 0.555 80.26 0.551 
48.79 0.555 83.37 0.549 
48.79 0.543 88.08 0.562 
36. 93 0.548 70.83 0.561 

7 56.62 0.567 5217 80.26 0.558 
36. 18 0.570 95.99 0. 563 
40.89 0.563 51. 91 0.572 
67.64 0.570 56.62 0.573 
29.87 0.520 89.68 0.567 
78.66 0.556 89.68 0.555 
48.79 0.549 97.58 0.572 
51. 91 0.565 111. 72 0.573 
61.33 0.561 95.99 0.564 
95.99 0.571 14 51.76 0.564 5543 
21. 28 0.549 91. 10 0.537 

14 115.94 0.565 5543 28 136.64 0.551 5880 
103.52 0.533 153.21 0.553 
1 Ol. 45 0.551 80.74 0.554 
59.63 0.535 134.58 0.553 

130.43 0.565 127.33 0.550 
105.59 0.529 169.77 0.549 
86.96 0.564 
77.64 0.538 
95.24 0.551 
49.69 0.531 
82.82 0.566 
46.58 o. 537 
85.92 0.567 
91. 10 0.538 

13 o. 43 0.567 
89.03 o. 537 

158.38 0.564 
71.43 0.542 

28 99.38 0.551 5880 
95.24 0.558 
73.50 0.551 
89.03 0.553 



A2 APPENDIX A 

Age · (j p cl Age (j p cl 
(days) (psi) (g/ cm3) (ft/sec) (days) (psi) (g I cm3) (ft/sec) 

Test series B 

3 21.28 0.518 4641 7 86.56 0.532 5056 
37.77 0.522 59.81 0.517 
94.39 0.523 84.21 0.524 
45.60 0.528 59.81 0.528 

105.41 0.529 31.46 0.511 
65.28 0.515 88.92 0.527 
25.99 0.514 42.48 0.520 
3 6. 18 0.520 32.22 0.522 
15. 73 0.506 69.24 0.537 
22.04 0.508 1 02. 3 0 0.524 
41.72 0.531 73.19 0.519 
70.83 0.518 83.37 0.525 
20.44 0.523 102.30 0.522 
19. 68 0.518 22.04 0.504 
65.28 0.520 14 97.31 0.526 5505 
66. 12 0.530 43.48 0. 501 
41.72 0.521 46.58 0.491 
42.48 0.526 110.14 0.512 
56.62 0.528 18. 63 0.499 

7 52. 82~ 0.531 5056 62. 11 0.495 
34.38 0.512 60.04 0.513 

14 47.62 0.493 5505 21 95.24 0.499 5739 
146.58 0.521 45.55 0.491 
99.38 0.502 68.32 0.493 
36.23 0.510 39.34 0.472 

107.66 0.531 45.55 0.482 
159.42 0.532 49.69 0.529 
130.85 0.525 67.29 0.506 

59. 01 0.523 217.39 0.536 
84.47 o. 530 62. 11 0.520 
34.16 0.481 138.72 0.537 
70.39 0.487 99.38 0.522 
32.09 0.495 
79.71 0.491 

21 18. 63 0.599 5739 
89.03 0.494 
43.48 0.496 
28.98 0.476 
45.55 0.520 
66.25 0.500 

167.70 o. 536 
86.96 0.491 

155.28 o. 530 


