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ABSTRACT. Cylindrical samples containing 0.59 mm to 0.84 mm diameter silica sand at about 97 % and 
55 % ice saturation (the ratio of ice volume to sand pore volume) were tested at a temperature of - 12 ° C 
in triaxial compression. Both constant axial strain-rate tests and step-stress creep tests provid e information 
on the influence of confining pressure on the shear strength and creep behavior of the sa nd- ice material. 
Changes in the degree of ice saturation help show the influence of the ice matrix versus the sand material on 
the mechanical behavior. Data a re discussed in terms of the Mohr- Coulomb failure law and creep theories. 
I t is shown that the cohesive component of strength depends on response of the ice matrix, whereas the 
frictional component of strength responds in a manner very similar to unfrozen sand tested at high confining 
pressures. Experimental data show that creep rates decrease exponentially and creep strength increases with 
an increase in confining pressure. 

RESUME. L es ejJets de la press ion ambiante sur les proprieliJs mecaniqlles dll melange sol- glace. D es echantillons 
cylindriques contenant un sable siliceux de 0,59 a 0,84 mm de diametre a environ 97 % et 55% de saturation 
en glace, ont ete essayes a une temperature de 12° C en compression triaxiale. Les essais a vi tesse de deforma
tion axiale constan te comme ceux montrant le f1uage sous contra inte croissante procurent des informations 
sur l'influence d e la pression ambiante sur la resistance au cisa illement et sur le comportement au fluage du 
melange sable-glace. Les changements dans le degre de saturation en glace montreron t, espere-t-on, les 
influences respectives de la matrice de glace et du materiel sableux dans le comportement mecanique. Les 
resultats sont discutes a partir d e la loi de rupture d e M ohr-Coulomb et des theories du f1uage. On montre 
que la composante d e cohesion de la resistance depend de la reponse de la matrice de glace, tandis que la 
composante de friction d e cette resistance repond d e maniere tres analogue a celle d 'un sable non gele sous 
fortes pressions. Les donnees experimentales montrent que les vitesses d e f1uage d ecroissent exponentielle
ment, et la resistance au ftuage croit lorsque s'accroit la pression ambiante. 

ZUSAMMENFASSUNG. D ie Wirkung allseitigen D ruckes mif die mechanischen Eigenschaften eines Sand-Eis-Cemisches. 
Zylindrische Proben von Si-Sanden mit Korngrossen von 0,59 mm- o,84 mm und Eissattigungen von 
ungefahr 97 % und 55 % wurden bei einer Temperatur von - 12 ° C unter dreiachsigem Druck untersucht. 
Sowohl die Versuche mit konstanter axia ler Belastung a ls auch die Kriechtests mit schrittweiser Spannungs
anderung liefern Informationen Liber den Einfluss d es a ll seitigen Druckes auf den Scherwiderstand und das 
Kriechverhalten d es Sand-Eis-Gemisches. Mi t Hilfe von Veranderungen des Grades der Eissattigung kann 
der Einfluss der Eismatrix gegenLiber dem sandigen Material a u[ das mechanische Verhalten gezeigt werden. 
Die Ergebnisse werden aus der Sicht d es Mohr-Coulomb'schen Bruchgesetzes und der Theorien des Kriechens 
diskutiert. Es wird nachgewiesen, d ass die Kohasionskomponente der Festigkeit von der Reaktion d er 
Eismatrix abhangt, wahrend die R eibungskomponen te der Festigkeit si ch sehr ahnlich wie bei nichtge
frorenem Sand verhalt, d er hohen allseitigen Drucken ausgesetzt ist. Die Versuchsergebnisse zeigen , class m it 
a nwachsendem allseitigen Druck die Kriechgeschwincligkeit exponentiel l abnim mt und die K riechfestigkeit 
zunimmt. 

SYMBOLS 

b intercept of the axial strain-rate versus deviator stress curves. 
c cohesion. 

ei intercept of the ith segment of the m versus confining pressure curve. 
D er ,- er 3 = axial stress difference = deviator stress. 

DH applied deviator stress for high ice content. 
D L applied deviator stress for low ice content. 
Gi slope of the ith segment of the m versus confining pressure curve. 
J degree of ice saturation. 
m slope of axial strain-rate versus deviator stress curves. 
p (er l + er3)!2. 
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q (a,-a3)/2. 
IX. slope of qr versus Pr curve. 

E, axial creep rate. 
c/> angle of internal friction. 

a l major principal stress. 
a z intermediate principal stress. 
a3 minor principal stress = confining pressure. 

am mean normal stress = -}(a ,+ aZ+ a3 ) . 

aff normal stress on failure plane at failure. 
Tff shear stress on failure surface at failure. 

INTRODUCTION 

Confining pressure alters the m echanical behavior of sand- ice materials primarily by its 
influence on sliding friction, particle re-orientation , and reduction in dilatancy effect. Particle 
crushing under high pressures serves to increase sand density with a corresponding increase in 
shear strength . For low sand contents and particles not in contact, the frozen soil behavior 
is d ependen t on the properties of the ice matrix (Goughnour and Andersland, 1968). Confin
ing pressures limit or reduce crack and cavity formation and alter accommodation cracking 
and distortion along grain boundaries within the ice. With confining pressures greater than 
62 MN Imz and ice saturated sand materials, pressure melting and ice/water phase changes are 
responsible for a decrease in shear strength (Chamberlain and others, 1972). Increased pore 
pressures and no drainage reduce effective intergranular contacts thereby reducing sliding 
friction. Other factors responsible for altering the m echanical behavior include strain-rate, 
temperature, stress history, and the presence of impurities such as air bubbles, salts, or organic 
matter in the ice matrix (Scott, 1969 ; Tsytovich, 1959, p. 108- 52). 

To provide additional information on the influence of confining pressure on the shear 
strength and creep behavior of sand- ice materials, a series of constant axial strain-rate tests and 
uniaxial, confined and step-stress creep tests were performed using triaxial apparatus (Alkire, 
unpublished) . 

TEST MATERIALS AND SAMPLE PREPARATION 

A pure silica (Ottawa) sand with particle diameters from 0.59 mm to 0.84 mm was used 
for all sand- ice test samples. Sand- ice samples, 2.87 cm in diameter by 5.74 cm high , were 
prepared by pouring sand into an aluminum mold and vibrating until the predetermined 
amount of sand was level with the top of the mold. Precooled , distilled , d e-ionized , and de
aired water was next poured into the sand and frozen at a temperature close to - 18° C. A 
few sand particles were lost dependent on the amount of trimming needed to permit uniform 
seating of the loading cap. H ence void ratios computed on the basis of trimmed sample 
volume, oven dry weight of sand, and specific gravity of the sand did show a small scatter. 
Since vacuum saturation was not used, a few a ir bubbles trapped in the sand lowered the 
d egree of ice saturation to about 97 % . An intermediate d egree of ice saturation, close to 
55 % , gave approximately equal amounts of ice (less than 4% difference) in the upper and 
lower halves of the frozen sand- ice sample when prepared in a similar manner. After a 
24 h freezing period the samples were trimmed, removed from the mold, and weighed in air 
and kerosene. Density of the polycrystalline ice within the sand pores ranged from 0.854 
Mg/m 3 to 0.9 18 Mg/m 3 • Friction reducers were placed at each end of the sample prior to 
mounting in a precooled high-pressure triaxial cell . Three or more thin rubber m embranes 
protected the sample from the coolant liquid. Immediate placement in a cold bath and 
storage for 12 h before testing permitted temperature equalization throughout the sample and 
cell. 
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EQUIPME NT AND TEST PROCED URES 

The triaxial cell was immersed in a coolant mixture of ethylene glycol and water main
tained a t a constant temperature of - 12 ° C by coolant circulation through an adjacent 
portable refrigerated bath. Sample temperatures during a tes t vari ed by no more than 
± 0 .0 5 d eg. Axial loads were m easured by m eans of a force transducer mounted in the base 
of the triaxial cell , thereby avoiding ram fri ction in load observations. Axial deformations, 
d etermined by m eans of a linear differential transform er, were recorded with an accuracy 
better than ± 10- 3 cm . Confining pressures up to 7 MN 1m2 were applied to test samples via 
pressurized nitrogen acting on the coolant liquid in the lriaxial cell. Constant axial deforma
tion rates were a pplied to the loading ram of the triaxia l cell by m eans of a vari a ble-speed 
mechani cal loading sys tem . Axial loads for creep tests were applied to the ram and sample by 
m eans of a load frame supporting a dead load of lead bricks. Confining pressure was removed 
or added to produce step changes in deviator stress . During sample deformation, a constant 
uni t stress was maintained by adding lead sho t to the dead weights to compensate for the sm all 
increase in sample area. Constant sample volume was assumed for thi s correction. 

EXPE RIMENTA L RESULTS 

Constant axial strain-rate tests 

T ypical stress-s train curves for sand- ice sampl es deformed at 0 .002 66 min- 1 are hown 
in Fig ure 1 . For convenience and clarity, only selec ted data points are shown. These were 
based on a continuous record obtained using load a nd displacement tra nsducers (Alkire, 
unpublished). For the higher confining pressures, the curves show an initia l yield fo llowed by 
a second, approximately linear, portion leading to failure at a larger d eviator stress. The first 
yield occurs at around 0 .0 I axial strain which is close to that observed for yield of poly
crys ta lline ice (Goughnour and Andersland, 1968) . The peak stress occurs at la rger strains 
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and appears to be related to the increase in frictional resistance. This behavior has also been 
observed for unfrozen clay soils in which the cohesion component of strength develops to its 
maximum value at small axial compression strains, while the frictional component of strength 
requires larger strains to fully develop (Schmertmann and Osterberg [1961] ) . 

It is essential that samples with similar void ratio be used in making the above comparisons. 
Stress- strain curves for three sand- ice samples with slightly different initial void ratios are 
shown in Figure 2. For the same confining pressure, 4-826 MN/m 2 , a change in void ratio of 
less than 0.03 results in a significant change in the stress- strain curve. 
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The influence of reduced ice content on stress- strain curves is shown in Figure 3 for the 
same axial strain-rate and temperature. For an ice saturation of 55 % , the initial yield followed 
by a second linear portion again develops at higher confining pressures. The peak deviator 
stress has been reduced in comparison to the curves on Figure 1 with similar confining 
pressures. This is an indication of the reduced load-carrying capacity for samples with smaller 
amounts of ice in the void spaces. 

Creep tests 

Step-stress creep data shown in Figure 4 include three levels of deviator stress D = (O'[ - 0'3), 

and seven levels of confining pressure 0'3. Minimum creep rates and the percent of maximum 
deviator stress are given for each section of the curve. The jump in strain at each increase in 
confining pressure corresponds to cell expansion as recorded by the displacement transducer. 
Step-stress creep data shown in Figure 5 include two levels of deviator stress and seven levels of 
confining pres ure for an ice saturation of60% . For the same deviator stress, comparison with 
Figure 4 shows a much larger creep strain with the reduced ice content. The per cent of 
maximum deviator stress shown on Figures 4 and 5 refer to the maximum shear strength based 
on the constant axial strain-rate tests. 
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Step-stress creep curves for low ice saturated sand- ice samples and constant deviator stresses. 

I NTERPRETATlO OF RESULTS 

To interpret the experimental results, several factors need to be discussed. They include 
confining pressure, void ratio, reduced ice content, failure criteria, and creep behavior. 

Confining pressure 

Constant axial strain-rate tests summarized in Figure I show that confining pressure has a 
substantial strengthening effect on the sand- ice samples. The curves show that the cohesive 
component of strength due to the ice matrix develops to its maximum value at axial com
pression strains close to 0.01, while the frictional component of strength continues to develop 
to its maximum value at a much larger axial strain. Failure strains up to 0.06 correspond 
to the higher confining pressures. As the confining pressure is increased the material appears 
to become increasingly dependent on the frictional nature of the sand. This fact is more 
clearly shown in Figure 6 where the maximum principal stress ratio has been plotted against 
confining pressure. Comparisons with data for unfrozen silica sand shows that the cohesive 
component becomes very small when confining pressures approached 7 MN/m 2 • For the low 
ranges of confining pressure, the behavior of sand- ice m aterial depends primarily on the 
cohesive nature of the ice matrix. 

Void ratio 
The large influence which small changes in initial void ratio have on the stress- strain 

behavior of sand- ice material is shown in Figure 2. For a constant confining pressure of 
4.826 MN/m2 th.e sliding friction and particle reorientation effect should be relatively con
stant. Particle crushing is negligible for silica sand for the range of confining pressures used in 
this study (Lee and Seed, 1967). Therefore, the dilatancy component would appear to be 
primarily responsible for the change in the stress- strain curves. For unfrozen sand dilatancy 
increases the shear strength by requiring energy to move particles up and over one another. 
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For a sand- ice material energy is required to overcome the forces of adhesion between the ice 
and sand, hence it would be expected that the increase in deviator stress for a small change in 
void ratio would be greater than for unfrozen sand. Equipment limitations did not permit 
measurement of volume changes during the triaxial tests, however volume measurements 
taken before and after each test, given in Figure 7, show a volume increase for all samples 
tested at the lower confining pressures. Data from Lee and Seed (1967) given in Figure 7 
for unfrozen silica sand show that the dilatancy factor is suppressed with increased confining 
pressure. A similar trend is noted for the sand- ice material. 

Reduced ice content 

A comparison of stress- strain curves in Figures 1 and 3 show a reduced deviator stress for 
sand- ice samples with an ice saturation of 55 %. A summary of these data shown in Figure 8 
suggests that the reduction in deviator stress is in proportion to the amount of ice in the sand 
voids. Only two levels of ice saturation are included because of difficulty in obtaining a 
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uniform ice distribution within the samples at other ice contents. For the four levels of con
fining pressure and small differences in void ratio, the parallel lines indicate that the reduction 
in peak deviator stress is due primarily to a decrease in cohesion of the ice matrix. A similar 
relationship has been reported by Kaplar (1971 ) and Vyalov (1959). A linear extrapolation 
of the lower curve to zero deviator stress suggests that about 18% ice saturation is required to 
develop any significant strength for zero confining pressure. The curves do not extend 
beyond 100% ice saturation. 
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Failure criteria 

Constant strain-rate data are summarized in Figure 9 in terms of the maximum shear stress 
at failure. I t was convenient to let 

and 

p = H a 1+ a 3) 

q = H a r- a 3) 

( I a) 

(I b) 

represent the coordinates ofa stress point. The normal stresses, a 1 and a3 , represent the major 
and minor principal stresses at fai lure, respectively. A series of tests with different confining 
pressures define Kf-lines as shown in Figure 9 for silica sand at two levels of ice saturation. 
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Fig. 9. Kc failure lines for frozen and wifrozen silica sand based on constant axial strain-rate triaxial tests. 

The slope angle IX appears to be reasonably constant for the range of normal stresses considered 
and the intercept a is dependent on the degree of ice saturation. Geometric transformation 
gives 

1> = sin- I tan IX (2a) 

and c = a/cos 1> (2b) 

where 1> is the angle of internal friction and c the cohesion. Using the Mohr- Coulomb 
failure law (Lambe and Whitman, 1969 ; Wu, 1966) the shear strength of the sand- ice 
materi al will be 

Tff = c+ aff tan 1> 
where Tft is the shear stress on the fai lure surface at failure and aCf the normal stress on that 
plane at failure. The apparent angle of internal friction, 1>, for the high ice saturation, equal 
to 31.4°, is less than the friction angle of 37° for the unfrozen sand (Alkire, unpublished ). 
The ice interferes with full development of frictional resistance, perhaps by limiting effective 
intergranular contact between sand particles . Using the Kc-line for un frozen sand as a basis 
for separating the frictional and cohesive components of shear strength , the data also suggest 
a decrease in the cohesion as confining pressures increase, in agreement with data shown in 
Figure 6. 
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The above a nalysis, by necessity, must be based on total stresses. When the ice saturation 
approaches 100% the sand- ice behavior may be analogous to undrained tests on saturated soil 
where the slope angle et would decrease to zero. Evidence of this behavior has been given by 
Chamberlain and others (1972). Their data show a decrease in strength when confining 
pressure becomes large enough to induce pressure melting and ice/water phase changes in 
ice-saturated sand . The development of excess pore-water pressures reduces intergranular 
contacts, thereby reducing sliding frict ion. 

Creep behavior 

Step-stress creep tests were used by Andersland and AINouri (1970) to show that a linear 
relationship exists between secondary creep rate and a term which included both deviator 
stress, D = (0'1-0'3)' and mean stress, ! (O" + O'Z + 0'3) ' Using the same test techniques, the 
data shown in Figures 4 and 5 extend the range of confining pressures to 6.89 MN/m 2 • The 
new data confirm earlier results for confining pressures up to abou t 1.38 MN/m 2 • At higher 
pressures the observed strain-rates are greater than would be predicted on the basis of data 
taken at low confining pressures. 

A plot of deviator stress versus axial strain-rate for each level of confining pressure, as 
shown in Figure 10, illustrates their inter-relationship. Time dependency has been eliminated 
by using the minimum strain-rates observed at the end of each hour during step loading. The 
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decrease in strain-rate with increase in confining pressure corresponds to the decrease in slope 
of the family of lines. The axial creep rate El may be expressed as 

El = b(t ) exp mD. (4) 

Taking the logarithm of both sides of Equation (4) gives 

log El = log b(t) +(0.4343m)D (5) 

where (0-4343m) is the absolute value of the slope of the lines of equal confining pressure, D 
is the deviator stress equal to (al -a3) , and b is the time-dependent intercept on the ordinate. 
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Value ofm versus confining pressure plotted in Figure I [ give a bilinear relationship with the 
equation 

mi = Ci + Cia3 (6) 
where Ci is the intercept and Ct the slope for the respective segment. The two lines intersect 
at a confining pressure of 1.38 MN jm z. Combining Equations (4) and (6) gives 

El = b(t ) exp (CiD) exp (Cia3D ) (7) 
where b(t ) equals 4 .7 X 10- 6 min- ' for time intervals equal to 60 min during step-stress 
loading. For a3 ~ 1. 38 M N jmZ, Cl equals 0-432 min- I (MN jm Z) - l and Cl equals 0.127 

min- 1 (MN jmZ)-Z; and for a3 > 1.38 MN jmZ, Cz equals 0.282 min- ' (MN jmZ)-1 and Cz 
equals 0.020 min- I (MN jm z) - z. Equation (7) shows that creep rates are more responsive to 
confining pressures below 1.38 MN jm z. The term b(t ) presumably is r elated to the structural 
changes which occur in the sand- ice material during creep . 

For the reduced ice content step-stress creep data shown in Figure 5, Equation (7) is a lso 
applicable. The deviator stress [or the reduced ice content DL is set equal to the deviator 
stress for the high ice content D H times the degree of ice saturation J expressed as a decimal. 
Substitution into Equation (7) gives 

El = b(t ) exp (C~L) exp (Ci}DL). (8) 

The parameters b(t ), Ct, and Ct for the low degree of ice saturation approximate the values 
based on the high degree of ice saturation. Calculated and experimental strain-rates were in 
excellent agreement (Alkire, unpublished ). 
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SUMMARY AND CONCLUSIONS 

Constant strain-rate tests and step-stress creep tests show the effect of confining pressure on 
the mechanical behavior of sand- ice samples prepared from 0.59 to 0.84 mm diameter silica 
sand at a temperature of - 12

0 C. R educed ice contents help show the dependence of cohesion 
on the ice matrix and the dependence of the frictional component of strength on the sand 
material. Conclusions given below reflect the findings of this investigation. 

J. The mechanical properties of frozen silica sand (initial void ratio of 0.59) in a confined 
stress condition are dependent on the cohesion of the ice matrix and the sliding friction, 
particle reorientation, and dilatancy effect of the sand grains. After the ice matrix fails at an 
axial strain close to one per cen t, the sand resistance becomes a function of the normal stress. 
Development of frictional resistance may be reduced when sand pores are fully saturated 
with ice. 

2. For confining pressures approaching 7 MN jm2 and relatively dense sand samples, the 
cohesive component of strength appears to become very small. 

3. Small changes in initial void ratio of the sand have a large influence on the stress-strain 
relationship of confined sand- ice materials. 

4. R educed ice contents appear to affect only the cohesion due to the ice matrix. For a 
constant temperature, the linear relation between degree of ice saturation and peak deviator 
stress suggests that decrease in strength is directly related to the area of ice in a cross-section 
of the sand- ice material. 

5. Creep rates decrease exponentially and creep strength increases with an increase in 
confining pressure. Reduced ice contents appear to reduce the area of ice effective in the creep 
process without altering the basic creep process. 
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