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THE SHEAR STRENGTH CHARACTERISTICS 
OF FROZEN COARSE GRANULAR DEBRIS 

By W . G. NICK LING and L. B ENNETT 
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ABSTRACT. The effect of ice conten t a nd normal load on the shear strength 
charac terist ics ora frozen coarse g ra nul a r debris was inves tig ated . 3 1 shear 
tests were carried out in a modified shea rbox allowing a sampl e temperat ure 
of t - 1.0 ± 0.2 j"C and a load ra te of 9.63 x 10- 4 cm/min . The tes ts showed 
tha t as the ice co nten t of the frozen d eb ris was increased from 0 % (under­
saturated ) to 25% (saturated), sample shear strength was ma rkedly in­
creased. In contrast, sample shea r streng th was red uced as ice content was 
increased from 25 % (satu rated ) to 100% (supersaturated ). The cha nges in 
shear streng th w ith increasing ice conten t were attributed di rec tly to 

changes in in te rn al fri ction and the cohesive effec ts orthe po re ice. The shear 
tests also ind icate th at shear strengt h increases with increasing normal load 
up to a critical limit. Above lhis limit, dilatancy is suppressed causing the 
shea r strength to decrease or remain relati vely constan t w ith increased 
normal load . 

T he stress-strain curves of the 3 1 tes ts ind icated that samples wit h higher 
ice contents tended to reach pea k stre ngth (Tp) with less displacement 
during shear. M oreover, the difference between Tp and -r, (residual strength ) 
was lowes t for p ure polycrystalli ne ice a nd highest for ice-sa tura ted samples. 
The Mohr-Coulomb fa ilure envelopes displayed very d istin ctive parabolic 
curvilinea rity. T he degree of curva ture is thought to be a fun ction of ice 
creep a t low normal loads and pa rticle fracture and crushing a t high normal 
loads. 

RESUME . Caraetiristiqu,s d, la limit, de rupture decisail/,ment des debris granul,ux 
grossi"s gelis. Les effets de la quantite de glace et de la cha rge normale sur 
les caraclcTistiques de limite de cisa illement de de bris g ran uleux grossiers 
geles ont Cte examines. 31 tests de c isai ll ement ont ete effectues dans une 
boile de cisaillement mod ifiee perm etlant une tempera ture de ( - 1,0 
± 0,2j"C et une vitesse de dCfonnation d e 9,63 x 10- 4 cm /mi n. Les tests ant 
montre qu 'avec la croissance de la q ua nti te de glace da ns les d ebris geles de 
0% (sous-sat uration ) a 25% (satu ra tion), la limite de cisaillemen t ctait 
nettement accrue. A I'inverse, la li mi te de cisai llement di m inuait avec 
I'augmentation de la quantite de glace de 25% (saturation ) a 100% (su r­
saturation) . Les changements de la li m ile de cisaillemen t avec I'augmenta­
tion de la te neur en glace ant ete atl ribues di rectement aux modi fication du 
rro ttement inte rn e et aux effets sur la cohesion de la glace po reuse. Les essais 
de cisaillernent indiquent aussi qu'avec I'augmenta tion de la charge nor­
male la limi te de cisaillement est portee a une limi te cri tiq ue. Au-dela de 

I NTRODUCTI ON 

Over the past decade there has been a growing in­
terest in the rheology of frozen soils in both North 
America and the Soviet Union. Much of this interest, 
especially in North Jlmerica, has stemmed from pipeline 
development where detail ed information is requi red on 
the ag9radation and degradation of permafrost and its 
effect on the deformation and flow of soils (McRoberts 
and Morgenstern, 1977). Although a great deal of the 
1 iterature on the rheology of frozen soi 1 s is pri­
marily the product of pipeline and building-construc­
tion research, it has direct application to the de­
formation and flow characteristics of many natural 
geomorphological features such as: (1) the cutting 
of frozen embankments by water, (2) the 1 oadi ng and 
shearing of basal ice glacier debris, (3) talus slopes, 
and (4) morphology and mechanics of rock-glacier flow. 

A considerable amount of research has also been 
carried out on the strength characteristics of frozen 
soi 1 s, but most of thi s work has been 1 imited to 
homogeneous fine-grained sediments (e.g. Tsytovich 
1959, p. 28-79, 197 3; Vyalov and others, 1962, 1966; 
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cette limite la dil atation durant le cisaillemen t es t supprimee ce qui entraine 
une diminu tion ou un maintien rel ativement constant de la limite de cis­
a illement quand la cha rge normale croit. 

Les courbes contra intes-<:leformation des 3 1 tests indiquent que les 
echa ntillons de plus gra ndes teneurs en glace tendent a atteindre un pie d e 
resistance (Tp) avec un moind re taux de deform a tion . De plus, la difference 
entre Tp et T (effort residua l) etait minimum pour de la glace polycrista lline 
pure et max'imum pour les echantillons satures en glace. Les envelop pes de 
rup ture de Mohr- Coulo mb montraient de tres distinctes lignes courbes 
pa raholiques. On pense que le degre de courbure doit etre une fonction des 
frac tures et ecrasemen ts des particules aux charges narmales eievees. 

ZUSAMMENFASSUNG. Die Charakt,nstik,n der Seh,rj,stigk,it gejroren,n, grobkiir­
nigen Schul/,s. Die Wirkung von Eisgehalt une Normal-Last auf die Cha r­
a kteristiken der Scherfestigkeit eines gefrorenen , grobkiirnigen Schuttes 
wurde unlcrsucht. Mi t einem modifizierten Schergehause, das ein e 
Probentemperatur von ( - 1,0 ± 0,2 ),C und eine Belastungsra te van 
9,63 x 10 - 4 cm pro min zul iisst, wurden 31 Scherversuche vorgenommen. 
Die Versuche zeigten, dass mit einer Zunahme d es Eisgehaltes in dem 
gefrorenen Schutt von 0% (ungesii ttigt) auf 25% (gesiittig t) die 
Scherfestigkeit der Probe wesen tlich anstieg. Im Gegensa tz dazu nahm die 
Scherfes tigkeit a b, wenn der Eisgehalt von 25% (gesii ttigt) auf 100% 
(ii bersii ttigt) gesteige rt wurde. Die Anderungen der Scherfes tigkeit bei 
zunehmendem Eisgeha lt wurden direkt der inneren Reibung und d en 
K o hasionswirkungen im Poreneis zugeschrieben. Die Scherversuche 
ergaben ausserdem, dass mit einer Zunahme der Normal-Last die Scher­
fest igkei t auf einen kri tischen Grenzwert ansteigt. O ber diesem Grenzwert 
wird die Ausdehnung u nterdriickt , was eine Abna hme oder relative 
K onsta nz der Scherfestig keit bei zunehmender Normal-Last zur Folge hat. 

Die Spannungskurven der 3 1 Versuche zeigten, d ass Proben mit hiiherem 
Eisgehalt dazu neigten , ihre hiichste Festigkeit (Tp) bei geringerer 
Veri agerung wiihrend d er Scherung zu erreichen . Des weiteren war d ie 
Differenz zwischen Tp und T, (Restfestigkeit ) am niedrigsten fUr reines, 
polykristallines Eis und a m hiichsten fUr eisgesii ttigte Proben. Die 
M ohr- Coulomb'schen Bruchhiillkurven zeig ten sehr unterschiedliche 
pa rabolische Kriim m ungsli nearitiit. Der Grad der K riimmung wird als 
F unktion des Eiskriechens bei geringer Norma l-Las t und der Aufs paltung 
u nd Zerquetschung von Pa rtikeln bei hoher Norma l-Last angenommen. 

Goughnor and Andersland, 1968; Sayles, 1973). The 
more complex mixtures of gravels, sands, silts, and/ 
or clays have not been the subject of detailed stud­
ies. Information on the rheology of these hetero­
geneous coarse-grained materials is necessary for 
detailed investigation of the morphology and flow 
characteristics of such features as talus cones and 
rock glaciers common to alpine environments. 

As a result of this lack of background inform­
ation, a laboratory investigation of the strength 
characteristics of frozen coarse-grained sediments 
was undertaken. This work formed part of an overall 
project investigating the morphology and flow 
characteristics of rock glaciers in Grizzly Creek 
Va 11 ey, Yukon Territory (Johnson, 1978). 

The basic objective of this work was to determine 
the relationship between peak strength and i ce con­
tent under differing normal loads and constant tem­
perature for coarse-grained matrix debris. The coarse­
grained material used in the experiments was derived 
from two active rock glaciers located in Grizzly 
Creek Valley. 
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THE STRENGTH OF FROZEN GRANULAR SOILS 

The strength envelope of un frozen granular soils 
may be determined with reasonable accuracy by means 
of the Mohr-Coulomb equation 

S=c+ontancp (1 ) 

where c is cohesion, on is normal load, and cp the 
angle of internal friction. This equation is also 
suitable for certain frozen soils under specific con­
ditions. However, the accuracy of the equation is sig­
nificantly affected by ice content and temperature 
(Vya1ov and others, 1966). 

Say1es (1973) suggests that the linear Mohr­
Coulomb equation may be used to describe the strength 
characteristics of frozen sands with low ice contents 
and porosities of 1 ess than 37%. Beyond these 1 imits, 
the strength curves are not linear, but parabolic 
(Ladanyi, 1972). 

Shusherina and Bobkov (1969) have shown that the 
strength of frozen fine-grained soils, under constant 
normal load, strairl-rate, and temperature, increases 
with increasing ice content until reaching a thresh­
old whereafter the strength decreases to some limit. 
This threshold corresponds to the point where the ice 
content of the sample is just sufficient to fill the 
available void space. As ice content increases beyond 
this threshold, a point is reached when the strength 
of the frozen sample becomes more dependent on the 
strength of the ice than the strength of the soi 1-
grain matrix. This point, termed the critical ice 
content, is indicated by a distinct break of slope 
on the plot of peak strength against ice content 
(Goughnor and Anders1and, 196B). 

Temperature and strain-rate can also have a sig­
nificant effect on the peak strengt h of frozen soils 
(Tsytovich, 1973; Anders1and and Al Nouri, 1970). For 
example, as soil temperature decreases, unfrozen 
water content decreases, which increases the soil 
strength. Ladanyi (1972) suggests that the increasi ng 
viscosity of ice (which is a product of l ower tempera­
tures), results in greater bond strengths. Tsytovich 
(1973) notes that as the temperature of a medium sand 
changes form -l.O°C to -2.0°C, the compressive strength 
of this material increases by 15%. He also suggests 
that under the same moisture conditions the compres­
sive strength of a clay would increase by 50%. 

As is the case with unfrozen soils, increased 
strain-rate results in increased peak strength. Al­
ternatively, if a frozen sample is subjected to a 
low strain-rate internal bonds are weakened and in­
ternal resistance reduced resulting in deformation 
(Tsytovich, 1959). In such cases ice crystals may 
shift, shear parallel to basal planes, or be des­
troyed. The stresses caused by shifting soil grains 
may promote pressure-melting of the ice and re­
freezing in an area of lower pressure. The re-formed 
ice crystals are general ly smalle r, and have a pre­
ferred orientation to allow dissipation of planar 
stresses. 

The transfer of water in this manner provides the 
opportunity for granular adjustment or soil creep. 
Creep occurs when gravity-induced shear stresses are 
of sufficient magnitude to cause deformation, but are 
not of sufficient magnitude to induce shear failure. 
The continuing creep of the frozen soil depends upon 
two factors: changing cohesion (c) and changing angle 
of internal friction (cp). As the ice content is re­
duced in areas of stress, soil particles are placed 
in closer contact. Thus cp is increased and molecular 
cohesion is increased. The reduction in porosity in­
creases structural cohesion. If the strengthening 
process (particle rearrangement and bond creation) 
exceeds the weakening process (ice reorientation and 
bond creation), then soil creep is damped. If the 
applied stress is of a sufficient magnitude to ex­
ceed the long-term strength of the frozen debris, 
visco-p1astic creep results, which may lead to pro­
gressive flow and shear failure (Chamberlain and 
others, 1972). 

METHODOLOGY 

BuLk sampLe preparation 
Two bulk samples of approximately 40 kg each were 

obtained from two active valley-side rock glaciers 
located in Grizzly Creek, Yukon Territory (Johnson, 
1978). The samples were retrieved from the bottoms of 
trenches cut into active lobes of the rock glaciers. 
The samples were collected at depths of 2.50 m and 
2.25 m and had in situ ice contents of approximately 
45% and 65% respectively. Grain-size analysis of the 
bulk samples showed that the material from the two 
rock glaciers were similar in textural characterist­
ics and had means of -2.90 cp (7.5 mm) and -3.00 cj> 

(8.0 mm) (Fig. 1). 
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Fig . 1 . TypicaL grain - size distributions of the test 
sampLes . 

Approximately 25% of each sample consisted of 
particles greater than 4 cm (-5.3 <p), which is larger 
than the maximum particle size that can be tested in 
the 30 .5 cm x 30.5 cm shearbox used in the study. 
Carson and Pet1ey (1970) suggest that if cobbles or 
rocks are simply resting in a matrix of fines, then 
they have no bearing upon the ultimate strength of 
the material. Thus, the replacement of coarse materials 
with finer materials does not affect the strength 
characteristics of the matrix . ~1 particles in the 
rock gl ac i er matri x greater than -5.3 cj> were removed 
and rep1 aced by an equal vo1 ume of materi al s of the 
maximum size that could be used in the shearbox 
(-5.3 <1» . 

shear box preparation 
A standard 30.48 cm x 30.48 cm (12 inch x 12 inch) 

Waykem-Farrance direct-drive shearbox was used for 
the study, with the addition of a freezing chamber 
(Kava1ak, unpublished) to facilitate the testing of 
frozen samples (Fig. 2). The freezing chamber was 
constructed of fi r p.1ywood 1.6 cm thi ck covered with 
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Fig. 2. Schematic diagram of shearbox and freeaing chamber. 

a 10 cm thickness of rigid styrofoam (expanded poly­
styrene). In addition, a 0.3 cm thick hardboard pro­
tective cover was glued over the styrofoam. The cham­
ber was mounted on casters enabling it to be moved 
into place against a rigid insulated plywood back­
board that separated the loading frame and shearbox 
from the rest of the machine (Fig. 2). The chamber 
was fixed in position to the backboard by means of 
s pri ng-l oaded cl amps. 

Two narrow slots for the horizontal rods and a 
circular hole for the cantilever were cut through the 
backboard and the air gaps sealed with flexible neo­
prene rubber. A small detachable insul ated plywood 
cover was also constructed to fit over the entire 
loading-jack housing. Narrow slots were cut through 
the cover to allow the passage of the horizontal 
load in g-frame rods. 

Temperature (DOe to (-18 ± 0.2) °e) i nsi de the freez­
i ng chamber was controlled by a compressor unit 
mounted directly on top of the chamber. The cooling 
coils for the compressor and two small circulation 
fans were fastened to the inside back wall of the 
freezing chamber. 

In addition to the above modifications the shear­
box was also re-geared to obtain a load rate of 9.63 x 
10-" cm/min to approximate more closely to the rates 
of deformation found in field studies of rock-glacier 
movement (101 ha 11 ey, 1974). 

Although all shear tests were conducted followin9 
standard testing procedures (Akroyd, 1957), special 
preparatory procedures were requi red for the frozen 
samples. In order to prepare the test samples at 
specific ice contents, known quantities of finely 
crushed ice and distilled water were added to the 
sample in the shearbox. Since the shearbox frame was 
not waterproof, it was necessary to seal the lower 
hal f of the shearbox frame to the water reservoi r wi th 
silicon sealant. The most efficient seal at the shear­
pl ane proved to be a 1 eather gasket coated on both 
sides with petrolatum. The loading plate was also 
sealed to the upper half of the shearbox with a thick 
layer of petrolatum to prevent sample evaporation dur­
ing the three minute defrost cyc les of the freezing 
chamber. 

To prevent the sample from freezing to the metal 
shearbox frame, the shearbox was lined with a multi-
1 ayer system composed of a thi n 1 ayer of petrol atum, 
4 mil polyethylene sheeting, and aluminum foil. With 
the multilayer liner in place, 95 to 100% of each 
sample could be removed as a single frozen block for 
further inspection. 

It was not known how the mult i 1 ayer 1 iner woul d 
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affect the shear strength of the tested samples. Thus, 
twelve tests were undertaken using coarse and fine 
sands. With the multilayer in place, tested samples 
showed a very minor increase in shear strength. This 
was most noticeable at high normal loads. At low nor­
mal loads, the multilayer shifted in response to 
shearing while at high normal loads it was torn apart 
at the shear plane. Since the multilayer reacted in 
the same manner during the frozen tests, it was 
assumed to have the same effects on the matrix. The 
effects of the shearbox lining were subtracted from 
the final test results. 

Testing prooedure 
The samples were prepared for shear testing in a 

similar manner to that described by Vyalov and others 
(1966) for frozen sands. During each sample prepara­
tion an attempt was made to ensure an ice-saturated 
condition at a given void ratio. Knowing the volume 
of the shear box and the densities of the mineral 
grai ns and ice, the vol ume of ice requi red to satur­
ate the sample at the test void ratio (ice content) 
was calculated. Approximately 80% of the required 
volume of water for ice-saturation in the sample was 
frozen (-10°e) and thoroughly crushed to a fine pow­
der. The finely crushed ice was then mixed with a 
predetermined volume of rock-glacier material (-lOOe) 
and packed into the pre-chilled shearbox. After 
thermocouples had been installed into the sample and 
the sample levelled to the shearing frame the remain­
ing volume of distilled water (+0.5°e) required for 
ice saturation was added uniformly to the sample sur­
face. The chilled water entered the sample by capil­
larity being held within the sample fines and the 
pulverized ice. In most cases this resulted in the 
i ce being partially reduced to a slurry. No attempt 
was made to evacuate air from the pores. However, 
inspection of frozen samples following preliminary 
tests showed that a fairly uniform ice distribution 
was achieved by using the above technique. 

Following the addition of the distilled water, 
the loading frame and plate were positioned and 
weights added to the weight pan (Fig. 2). The freez­
i ng chamber was connected to the back'board frame and 
set for -20 0 e. During the cool-down, the sample was 
allowed to consolidate to the required void ratio 
as indicated by linear variable displacement trans­
ducers. Since the volume of ice required to saturate 
the sampl e at the test void ratio had been cal cula­
ted, little drainage of water or extrusion of slush 
occurred during sample consolidation. It was not 
apparent during any of the sample preparations that 
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the samples reached a mlnlmum void ratio (close­
packed arrangement) before the desired test void 
ratio was achieved. Following sample consolidation, 
enough weights were removed from the weight pan to 
stop further consolidation . The remaining weights 
were left in place to reduce the effects of frost 
heave duri ng freezi ng. 

When the sample reached approximately -10 oe , the 
freezer was reset to -1.0 oe and the sample was allowed 
to reach equilibrium over the next 12 h. When equilib­
ri um had been attai ned, the correct normal load was 
applied to the weight pan and the drive rate set to 
9.63 x 10-4 cm/min, which approximates the measured 
flow rates of active rock glaciers (e.g. Whalley, 
1974). The shearbox was then started and the test 
allowed to run for approximately 52 h. Ambient and 
sample temperatures were measured every 30 m by five 
copper-constantan thermocouples and recorded on a 
digital recorder. Horizontal and vertical displace­
ment of the frozen sample were continuously monitored 
by two linear voltage displacement transducers and 
recorded on two stri p-chart recorders. In addition 
these data were stored on paper tape to allow for the 
transfer and storage of the shear data to the main 
computer facilities. 

Ice content determination 
Following the shear test the sample was chilled 

in situ to -10 oe to eliminate excessive melting 
during ice determination. The intact frozen sample 
was removed from the shearbox and carefully lowered 
into a levelled galvanized steel overflow tank which 
contained a pre-chilled (-10 0 e) mixture of propanal 
and distilled water (50:50). The amount of overflow 
from the tank was careful ly collected and the volume 
of the fluid, and hence the volume of the frozen 
sample, was determined. 

The frozen sample was then placed in a drying oven 
for 24 h at 105°e and subsequently weighed. The volu­
metric ice content was determined by 

VFS - VOS 

VOS 
x 100 (2) 

where VOS is the volume of the dry sample defined by 
VOS = WOS / 2.76 Mg/~, WOS being the weight of the 
dry sample, and VFS is the volume of the frozen sample. 

RESULTS 

Introduction 
A total of 31 shear tests were run on the two 

frozen rock-glacier matrix samples for ice contents 
ranging from 0.00 to 63.59% (Table 1). All tests were 
run at (-1.0 ± 0.2)Oe with a loading rate of 9.63 x 
10-4 cm/mi n. Reproduc i bi 1 ity of ice contents for a 
given ··test set was good with values ranging by less 
than 3.5% (Table 1). 

Although the frozen dry samples F01 to F08 are 
indicated as having zero ice content they were not in 
fact totally devoid of ice because a small amount of 
water (1.4 - 2.3%) had to be added to the sample prior 
to testing to ensure proper mixing of the fines. As a 
result these samples actually contained approximately 
1.5 - 2.5% ice by volume (Table 1). Tsytovich (1973) 
however, suggests that such small quant ities of ice 
have vi rtually no effect on the shear-strength char­
acteristics of coarse-grained soils. It is therefore 
assumed that these samples will react in a similar 
manner to those with zero ice content. 

In addition to the frozen matr i x samples, four 
tests were also run on pure polycrystalline i ce for 
varying normal loads at (-1.0 ± 0.2)Oe. 

Frozen test sampLes: zero ice content 
The zero ice content stress-strain curves for bulk 

samp les I and , I[ are shown in Figure 3, and indi cate 

TABLE I. THE SHEAR-TEST DATA 

Test nwnber NormaL Load Void ratio Ice content 
kgf crn2 % 

FD1 1.61 0.28 1.83* 
F02 1.61 0.28 2.04 
FD3 1.61 0.28 2.14 
FD4 1.08 0.28 2.51 
F05 0.54 0.28 1.65 
F06 0.54 0.28 1.56 
F07 1.08 0.28 1.90 
F08 1.61 0.28 1. 96 

FTl 0.54 1.00 100 
FT2 1.08 1.00 100 
FT3 1.61 1.00 100 
FTl6 0.30 1.00 100 

FT4 0.54 0.64 63.59 
FT5 1.08 0.61 60.50 
FT6 1.61 0.63 62.55 
FTl7 0.30 0.60 60.12 

FT7 0.54 0.47 46.99 
FT8 1.08 0.46 46.26 
FT9 1.61 0.49 49.04 
FTl8 0.30 0.48 47.66 

FTlO 0.54 0.30 30.06 
FTl1 1.08 0.31 30.95 
FTl2 1.61 0.28 27.90 

FTl3 0.54 0.25 25.09 
FTl4 1.08 0.25 25.07 
FTl5 1.61 0.24 24.48 
FTl9 0.30 0.24 24.42 

FT2/l 1.61 0.59 58.87 
FT2/2 1.61 0.51 50.51 
FT2/3 1.61 0.31 30.69 
FT2/4 1.61 0.25 25.44 

IFTl 1.08 0.53 53.36 
IFT2 1.08 0.37 37.1l 
[FT3 1.08 0.26 25.58 
IFT4 1.61 0.59 58.79 

* Ice contents of tests FD1 to F08 are assumed to 
approximate zero per cent, see text. 
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Fig. J . 0% ice content stress-strain curves. 

3.5 

the similarity of strength characteristics between 
these two sampl es. In both cases peak resi stance to 
shear occurred between 0.9 and 1.6 cm of displacement 
and was achieved sooner in those runs subject to lower 
normal loads. The difference between the peak and 
residual strength is rather small considering the 
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coarse texture of the material and the relatively high 
normal loads. 

Frozen test sampLes: 100% ice content (pure poLycrys­
taUine ice) 

The results of the shear tests on pure polycrys­
talline granular ice are shown in Figure 4. Peak 
strength occurs between 0.5 and 0.8 cm of displace­
ment followed by ultimate strength (T r ) which aver­
ages just 15% less than peak strength. The actual 
difference between peak strength and residual strength 
is a function of the sample temperature and strain­
rate; where the difference is significant, brittle 
failure occurs and where the difference is minimal, 
a very plastic or ductile failure occurs (Gold, 1970). 
Since the test samples were close to pressure-melting 
temperatures (warmer than -3.0°C) and the rate of 
strain quite low, the ice most probably responded to 
the shear stress by ductile failure (Hobbs, 1974). 

Frozen test sampLes: ice saturated 
All FT tests (Table I) are assumed to be approxi­

mately ice saturated as a result of the method used 
for sample preparation. Thus it is assumed that all 
void space is filled with ice and consequently the 
void ratio (e) approximates to the ice content. It is 
noted, however, that it was not possible to eliminate 
all air space during sample preparation, but the ice 
condition in the samples is thought to be similar to 
that which would exist under natural in situ con­
ditions in the rock glacier. 

The stress-strain curves for all FT tests are 
given in Figure 5. Each plot presents the results of 
four tests on Sample I at constant temperature and 
ice content with increasing normal load (on)' (N.B. 
in Fig. 5c, data for the on = 0.3 kgf cm-z , 30% ice 
content test are not available because of equipment 
failure during the sample run.) 

The stress-strain curves of the saturated samples 
lack the smoothness or regularity of those of the 
polycrystalline ice samples. While the polycrystalline 
ice quickly reached peak strength (T p) then fell 
smoothly to the respective residual strengths (Tr), 
the higher saturated samples with ice content (e.g. 
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48% and 61%) rose intermittently to peak strength then 
fell in an i rregul ar manner to the residual strength. 
This was more clearly indicated by the detailed strip­
chart recorders which monitored the sample continuous­
ly, unlike the computer plots (Fig. 5) which plot data 
points at 2 h intervals. 

On average, the 0% ice content samples reached 
peak strength after 1.4 cm of displ acement. In com-

TABLE 11. STRESS-STRAIN DATA ANALYSIS SUMMARY 

Ice 
content 

% 

100 

61 

48 

30 

25 

NormaL 
Load 

kgf/cm2 

1.61 
1.07 
0.54 
0.30 

1.61 
1.07 
0.54 
0.30 

1.61 
1.07 
0.51 
0.30 

1.61 
1.07 
0.54 
0.30 

1.61 
1.07 
0.54 
0.30 

DispLacement 
peak strength 

cm 

0.79 
0.69 
0.47 
0.47 

1.04 
0.59 
0.89 
0.59 

0.91 
0.90 
0.91 
0.69 

0.91 
0.91 
0.83 
N/A 

0.99 
0.88 
0.91 
0.67 

Mean T rh p Mean 

0.870 
0.800 
0.875 
0.857 

0.61 0.851 

0.717 
0.674 
0.694 
0.781 

0.78 0.717 

0.764 
0.694 
0.769 
0.818 

0.95 0.761 

0.750 
0.768 
0.796 
N/A 

0.88 0.771 

0.656 
0.622 
N/A 
0.658 

0.86 0.645 

https://doi.org/10.3189/S0022143000006201 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000006201


NickLing and Bennett: Shear strength characteristics of frozen debris 

5 

4 

N 

§ 3 

61 % ice content 

o 
0 .5 1 .0 1 . 5 2 .0 

Displacement (cm) 

5 

N 

§ 3 

30 % ice content 

o 0 .5 1 .0 1 .5 2 .0 

Displacement (cm) 

........ 

2 .5 

2. 5 

an (kg I c m 2 ) 

1.61 

1.08 
0 .54 
0.30 

(al 

3.0 3 .5 

an (kg I cm 2 ) 

1.61 
1.08 

0.54 

(cl 

3 .0 3.5 

N 

E 
3 0 

'" .. 
~ 

0 

N 

§ 3 

o 

",,-

/ ' 
I ' 

I 
I 

I 

0 .5 

0 .5 

---
--- -- ---

48 % ice conte nt 

1.0 1 .5 2.0 

D isplacement (cm) 

,-

25 % ice content 

1 .0 1 .5 2 .0 

2.5 

2.5 

Displacement (cm) 

(bl 

3.0 

1.6 1 

1.08 
0 .54 
0 .30 

3.5 

On (kg I cm 2 ) 

1.61 
1.08 
0 .54 
0 .30 

(d) 

3.0 3.5 
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Fig . 6 . RepLicate stress-strain curves for varyi ng ice 
contents carri ed out on buLk SampLe II. 

parison, the 25% ice content samples reached peak 
strength at 0.9 cm of displacement while the polycrys­
talline ice reached peak at 0 . 6 cm of displacement 
(Table 11) . The greatest difference between Tp and 
T r (35%) as indicated by the T r/T p ratio is found 
in the 25% ice content samples. The polycrystalline 
ice samples disp l ay a residual strength which is 
app roximately 15% less than the peak . Samples of all 
other i ce contents have ratios rang i ng from 0. 72 to 
0. 79 (Table II) . 

In Figure 6 the results of a ser ies of Shear tests 
on Sample 11 with increasing ice content but the same 
normal load are shown. This figure clearly indicates 
the effect of i ce content on peak shea r strength. The 
sample providing the least resistance to shear (and 
thus , di splaying the lowest peak and residual 
strengths) had a 0% ice content . The sample providing 
the gr eatest resistance to shear had a 25% i ce con­
tent . As the ice content of the sampl es increased be­
yond 25%, the peak shear strength of the matrix de-

353 

https://doi.org/10.3189/S0022143000006201 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000006201


JournaL of GLacioLogy 

creased. While the pure polycrystaTline ice provided 
less resistance to shear than the saturated samples, 
it was 1.5 to 2.5 times stronger than the frozen dry 
sampl es (Fi g. 6). 

Mohr-CouLomb faiLure enveLopes 
Failure envelopes for the test samples are shown 

in Fi gure 7. The data poi nts of the 0% ice content 
samples can be fitted by the standard linear Mohr­
Coulomb equation (Equation (1)). The cohesion con­
stant (0.39 kgf/cm2) for the 0% ice content sample is 
considerably lower than the cohesion constants (!C) 
for the frozen saturated and supersaturated samples 

2 

l- 14.98'" 12 .38 0 10 .5 

r· (4.57 + 11 .640,0 .5 

r· 13.98 + 8 .9301°. 5 

r· 13 .74 + 8 .170 ,0.5 

i- ( 2.82 + 6 .0501°. 5 

r· 0.39 + 0 .930 

o cllcullted dl" point 

o~------,-------~------~ 
2 3 

Ice Content 

25" 
30" 

48% 

6'" 

lOO,," 

0" 

Fig. 7 . FaiLure enveLopes of the frozen sampLes. 

(1.94 to 2.23 kgf/cm2) and the polycrystall ine ice 
1.68 kgf/cm2) indicating the limited significance of 
the small amount of ice in the frozen dry samples. 

At ice contents greater than 25% the data show a 
distinct curvilinearity which is typical of frozen 
soils (Sayles, 1973). Although several general equa­
tions can be fitted to the data they are best fitted 
by 

(3) 

where rc is the cohes i ve force at zero normal load 
and b is a function of internal friction (<1». This is 
in agreement with Ladanyi (1972), who argues that the 
failure envelopes of frozen soils generally have a 
parabol i c shape. 

In general the data of Figure 7 represent a fam­
ily of curves that show a decrease in cohesion and 
rate of change of peak shear strength with increasing 
ice content above 25%. This is characterized by the 
coefficients band c of the failure-envelope equations 
(Fi g. 7). 

As the ice content of the matrix increases from 
o to 25% by volume, the cohesion constant increases 
significantly. Above sample saturation (approximately 
25%) it was found that the coefficient c decreases as 
an exponential function of ice content. At 100% ice 
content (pure ice) the constant lies between that of 
an ice-free and ice-saturated sample (25% ice con­
tent). Similarly, the b coefficients, which are an 
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indirect measure of internal friction, also decrease 
a s an exponent i a 1 function of ice content. 

DISCUSSION 

Stress-strain c urves 
The strength of frozen soils is primarily derived 

from cohesion resulting from ice-to-ice or ice-to-rock 
contacts. At temperatures above -100°C, ice crystal 
boundaries become non-rigid (limited cohesion) and 
sl iding is the dominant response to shear stress. In 
systems with a high ice concentration, shear stresses 
are transferred easi ly from one crystal to another. 
However, as the concentration of mineral grains in­
creases, the shear strength - due to the cohesive ef­
fects of the ice is supplemented or substituted by a 
rock-to-rock frictional component since individual 
particles come into contact with one another 
(Tsytovich, 1973). This transition is indicated by 
the stress-strain curves for the frozen and poly­
crystalline ice samples (Figs 4 and 5). 

The shear tests on pure polycrystalline ice (Fig. 
4) produced rel atively smooth stress-strain curves 
which are similar to the findings ' of Gold (1970). 
However, at lower ice contents (e.g. 48% and 61% ice 
content curves, Figs 5a and 6) the curves are some­
what irregular and display one or more "penultimate" 
peak strengths followed by the "ultimate" or true 
peak strength. Irregular stress-strain curves of many 
frozen soils have shown this characteristic (e.g. 
Chamberlain and others, 1972; Sayles, 1973) but in 
general are somewhat less spiked, which most probably 
results from the finer texture of the sediments used 
in most other studies. 

Irregular peaks below the true peak strength of 
the sample result from the random interlocking of 
coarse particles. When two or more coarse grains 
interlock, especially across the potential shear plane, 
shearing is impeded and stresses build up unti lone 
or more of the particles fail (by fracturing or crush­
ing) or are forced to slide or roll around one another 
causing dilation. When this occurs excess shear 
stresses are relieved and sample strength is quickly 
reduced. 

Although the above suggests that samples with 
lower ice content are subject to significantly more 
interlocking than samples with higher ice content, 
the stress-strain curves of the samples -with 25% and 
30% ice content (Fig. 5a and b) appear much more 
regular than those of the samples with the higher ice 
content. In the cases with lower ice content, par­
ticle interlocking is less of a random occurrence and 
the effect of individual particles interlocking is 
less obvious, resulting in somewhat more regular 
stress-strain curves. 

Mohr-CouLomb faiLure enveLopes 
The curvilinear failure envelopes for the frozen 

samples also indicate the importance of ice content 
on peak shear strength. At low normal stresses, pore 
ice, although significantly increasing cohesion, 
separates the particles reducing the internal fric­
tion (<1» of the sample. This is indicated by the 
slight bending down of the failure envelope which 
would normally remain relatively constant on a dry 
unfrozen sample (Fig. 7). 

As the normal stress increases, pressure-melting 
is enhanced thereby reducing the rate at which shear 
resistance increases. In addition, ice-filled voids 
1 imit dilatation at the higher normal stresses increas­
ing particle fracture and crushing. In general, lower 
shear stresses are required to produce crushing and 
fracturing than those needed for dilatation in this 
situation. Both factors (pressure-melting and 1 imited 
dilatation) cause a further bending down of the fail­
ure envelope at the higher normal stresses where un­
der other circumstances it would remain constant. 

The two components of sample strength (cohesive 
force and internal friction) collectively generate 
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Fig. 8. Variation of peak shear strength with ice content. 

the peak shear strength of a part i cular sample. How­
ever, peak strength is also significantly affected by 
ice content because of its direct influence on these 
two components . As indicated in Figure 8 peak shear 
strength appears to increase dramatically from 0% ice 
content to saturation (25% ice content) and then de­
creases as ice content approached 100%. Although 
tests were not conducted on samples wi th ice con­
tents between 0% and 25% (saturated) rapid increases 
in strength with increasing ice content up to satura­
tion have been noted by Baker (1979) and Tsytovich 
(1973) for fine-grained soils. Moreover, decreases in 
strength with increasing ice content above saturation 
for well-sorted frozen sands have also been reported 
by Goughnour and Andersland (1968) and by Tsytovich 
(1973) • 

The sharp initial increase in peak strength re­
sults from increased cohesive forces produced by 
pore ice which effectively cement together individual 
particles . As a result of these ice-cementation bonds 
dilatation is impeded thereby increasing shear resis­
tance in a manner similar to increasing normal stress. 
At sample saturation maximum strength is derived from 
the combi ned effects of ice cementati on bonds, i n­
ternal friction, and normal stress (Goughnour and 
Andersland, 1968). 

As the ice content is increased above saturation 
pore ice begins to dominate the sample and peak 
strength is reduced . Initially only a few particles 
will be pushed out of contact reducing internal fric- . 
tion. However, since cohesion during dilatation is 
primarily a function of ice cement bonds, and not the 
cohesivenesss of ice itself, an increase in volumetric 
ice content causes an initial sharp decrease in ice 
cement bonds and hence sample strength (Babcock and 
others, 1978) . 

Goughnour and Andersland (1968) suggest that as 
ice content increases above saturation, a critical 
point is reached when almost all grains are out of 
contact with one another. As a result, the shear 
strength of the sample becomes almost totally depend­
ent on the strength of the ice rather than the inter­
nal friction of the soil particles. This point is 
indicated by a sharp inflection on the peak strength/ 

ice-content curve presented by Goughnour and 
Anders 1 and (1968). 

Their data, for well-graded sand, plot as a bi­
linear curve with the intersection of the straight 
segments representi ng a critical ice content of 
approximately 58 %. Although data are limited, no in­
flection pOint is readily apparent in any of the peak 
strength/ice content curves for the frozen rock­
glacier matrix debris used in the present study. 
Rather the data plot as relatively smooth power fun­
t ions of the form 

T (4) 

where C is ice content by volume and T is peak shear 
strength (kgf/cnf.) (Fig. 9) . 

In well-mixed samples with a limited range of 
grain-sizes, such as those used by Goughnour and 
Andersland (1968), there will be a discrete point when 
virtually all the particles are placed out of contact 
by ice because of the relatively uniform packing arr­
angement of the particles. Conversely in more hetero­
geneous material (i.e. rock-glacier debris) there will 
be a gradual reduction in the solid-to-solid contacts 
because of the more random packing arrangements 
associated with poorly sorted samples. 

Since test conditions for all samples were simi­
lar, one might expect a family of parallel curves 
separated by a di stance proportional to the normal 
load. However, with consideration for the data limit­
ations, there is a tendency for the slope coefficients 
(8 ) of the regresion lines to increase with increasing 
normal load up to 1.08 kgf/cn!!. Thi s is supported by 
the significant difference in the 0.3 and 1.08 kgf/cnf. 
normal load slope coefficients at 95% confidence level 
using a modified t - test (Table III). This apparent 
decrease in the slope coefficient with increasing nor­
mal load is thought to result from changes in sample 
dilatation, particle fracture, and pressure-melt. 

At low normal loads, for a given ice content, 
sample dilatancy is only moderately impeded during 
the shearing process . As normal load increases, grea­
ter energy is required to unlock the rock particles 
and produce dilatation. This is particularly true of 
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TABLE Ill. CALCULATED t-VALUES FOR THE COMPARISON OF 
SLOPE COEFFICIENTS S FROM THE REGRESSIONS OF NORMAL 
LOAD AGAINST ICE CONTENT 

NormaL Load 1.61 1.08 0 .54 0 . 30 
kgf /cnf 

1.61 x 

1.08 -2.16 x 

0.54 -0.69 1.85 x 

0.30 0.82 3.16* 1.62 x 

* significant at the 95% confidence limit. 

samples with low ice contents which have a greater 
number of solid-ta-solid contacts per unit volume. 
With increasing i ce content, particles would become 
more separated by pore ice, decreasing internal fric­
tion and dilatation during shear. In addition higher 
normal stresses may al so promote pressure-mel ti ng 
along the shear plane at solid-to-ice contacts which 
would reduce shear stresses. This process would be 
enhanced as ice content increased. Thus as normal 
load increases the slope of the peak strength/ice 
content curve should increase as suggested by the 
data presented in Figure 9. 

When ·normal load reaches a critical level the 
energy required for dilatation may exceed the shear 
strength of individual particles. At this point the 
dilatation process may be replaced, at least in part, 
by particle fracturing and crushing which would be 
most significant at lower ice contents when particles 
are in closer Juxtaposition. Since less energy is 
required to promote fracturing than to promote dilat­
ation the negative slope of the peak strength/ice 
content curve may begin to decrease or remain 
relatively constant above this critical normal load. 
This is suggested by the somewhat lower, but statist­
ically insignificant (Table Ill), slope coefficient 
associated with the higher 1.61 kgf/crrf normal load. 

Boulton and others (1974) suggest from their work 
on subglacial tills that dilatation processes are 
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almost eliminated when normal loads exceed a critical 
value. Above this value, shear strength remains 
essentially constant regardless of increasing normal 
load because sample strength is related more closely 
to the shear strength of the rock particles than the 
interlocking of the particles. 

Based on the limited data presented in Figure 9, 
it is suggested that the critical dilatation value 
of the coarse frozen rock-glacier debris used in the 
present investigation is approximately 1.0 kgf/cnf. 
Although equipment limitations precluded testing at 
normal loads greater than 1.6 kgf/cnf it is thought 
that for normal loads above this critical value, es­
pecially at lower ice contents, dilatation is impeded 
with shear strength becomning dependent on the frac­
turing and crushing of individual particles. In con­
trast, at lower normal loads (any ice content) or 
high ice content (any normal stress) particles may re­
adjust to accommodate shearing resulting· in the shear 
strength of the sample being more dependent on par­
ticle interlocking (internal friction) and dilatation 
processes. 

SUMMARY AND CONCLUSIONS 

Laboratory shear tests indicate that pore ice can 
significantly increase the strength of frozen coarse 
granular debris. Maximum strength is achieved with 
the sample at its minimum void ration and ice-saturated. 
As ice content increases above saturation, shear 
strength decreases because of the reduction in inter­
nal friction caused by the separation of individual 
particles by pore ice. 

As normal load is increased, particle separation 
by pore ice and ice creep causes shear strength to 
increase less rapidly than in un frozen samples pro­
ducing a distinct parabolic failure envelope. The 
curvilinearity of the failure envelope is enhanced at 
higher normal loads because of particle fracture, 
pressure-me It i ng at ice- rock contacts, and the sup­
pression of particle dilatation during shear. 
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