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Mcasuremcnts of snow crecp pressures from the cenlrc scction of a 3.4 ru high and 15 ru long avalanchc-ddcncc supporting 
structurc locatcd on a mountain in western Norway are prcscnlcd. The sile has a deep snow cover and an average slopc angle 
of 25°. The mcasurerncnt configuration corrcsponds to plane-strain conditions and the data. along with mcasurcd snowpack 
parameters. allow comparison with simple thcorctical prcdictions. The analysis shows Ihallhe average pressure on Ihe slruClure 
may be ealculated fairly accuratcly using linear. viseous made! ling forthe snow dcfomlalion. The maximum pressures proved to 
be higher than that provided by a linear model and this is considered characteristie of nonlinear material. The implieations of these 
results for estimales of design loads are diseussed. 
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L'artkle presente des Olesures de pression de fluage de la neige sur la scction centraie d'une struclUre de proleelion conlre les 
aval anc hes de 3,4 m de haut el 15 Ol d!.! long, siluee sur une mon lag ne dans I'ouesl de la Norvege. Le sile presenle un couvert de 
neige cpais cl une pente moyenne de 250

• La configuration de I'inslallation de I11csur!.! correspond a d!.!S conditions de deformation 
plane cl les donnees. associees aux parametres mesurcs du couvert de neige. pemleltent une comparaison avec des prcdictions 
theoriques simples. L 'analyse montre que la press ion moyennc sur la slruclure peut etre cakulee avec une prccision acceptable au 
moyen d'un modeIe visqueux lincaire des dcformations de la neige. Les pressions maximu1l1 se sont averees plus fortes que celles 
dcduites d'un modeie lincaire, cc qui esl considere typiquc d'un maleriau non-lineairc. Les implicalions de ces resultats sur 
I'evaluation des charges de cakul sont discutees. 

Mors-eJes: pression de neige, fluage. rnesure, viscositc, dCformation plan!.!, elements finis. 
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Introduction 
An important engineering problem concerning the 

design of structures on mountains with dec p snow cover 
is the cakulation of expeeted pressures due to interrup
tion of snow ereep (internal defonnation) by the strueture. 

The simplest problem in relation to snow ercep 
pressures is predietion of pressures at the eentre of a long 
avalanehe-defenee supporting strueture. This problem is 
of long-standing intcrest in snow mechanics: it was 
originally posed in the doetoral thesis of R. Haefeli 
(Bader er al. 1939). It is also the only ereep pressure eon
figuration for which scrious analytic solutions have bcen 
proposed to date. These solutions are used extensively to 
aid in design eonsiderations for struetures. 

In this study, creep pressures measured on the centre 
seetion of an avalanehe-defenee supporting strueture are 
presented. The measurement site is in western Norway 
(altitude 1170 m) on a mountain with a deep snow cover 
on a nearly constant incline (average angle 25°). This 
eonfiguration eliminates edge effects ncar the lateral 
ends of the strueture, where fully three-dimensional 
modelling may be required, and it produees plane-strain 
measurement conditions. 

The analytic models to date assurne that snow behaves 
as a linear, Newtonian viscous fluid. This is obviously 
not a realistic assumption. It is of interest, however, to 

ITraduit par la revue] 

compare the field measuremcnts with these modeis. This 
comparison has two important motivaling aspects: (l) 
by comparing actual mcasurcmcnts with a linear, viscous 
defonnation model, those features of the problem that 
deserve attention for future, more realistic constitutive 
equations can be pinpointed; and (2) it would be very 
convenient for applications if a linear defonnation 
model should prove useable for estimating the expeetcd 
pressures, because of the simplieity of the solutians. 

In the present paper field data are compared with the 
existing models of Haefeli (1948) and MeClung (1982, 
1984), and rigorous two-dimensional finite element 
cakulations of the linear problem are providcd as a 
cheek. The analysis indieates features of the linear 
problem worth retaining in a predictive scherne and illu
minates some features of the data that disagree with the 
linear defonnation made!. 

Experimental methods 
Sinee the experimental methods for obtaining the 

pressures are discussed in detail in another paper, I only 
a short summary of the proeedures is included here. Twa 

IJ. O. Larsen, M. D. McClung, and S. B. Hansen. The 
temporai and spatial variation of snow pressure on slructurcs: 
in preparalion. 
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FIG. l. Measurerncnt site and Ioc at ion of strain gauges on structure. Prirned variables denole quantities above the structure (p' . 
H'); unprirncd variables refcr to quanlities below the tap of the struclurc (p, Il). 

methods were employed: (I) direct measurement using 
laboratory-calibrated earth pressure cells mounted on the 
central portion of the structure; and (2) measurement of 
strains in the steel beams of the structure using vibrating 
wire strain gauges. These strains are subsequently uscd 
to deduce moment, shear, and pressure diagrams that 
describe the pressure dependenee with depth on the 
structure. 

Results have consistently shown that the earth pres
sure cell measurements are in fairly good agreement 
with the estimates deri ved from the strain-gauge data, 
provided the snowpack is dry. However, the earth 
pressure cell data are highly unreliable when the 
snowpack is wet. Thus, the pressure cell data are 
regarded as a check on the second measurement method 
whon the snowpack is dry. 

The second measurement method is used for the 
analysis in the present paper, since the results appear to 
be consistently reliable. Figure I is a schematic of the 
experimental setup, show ing the location of the strain 
gauges on the structure. Because the structure is very 
rigid, the results lose accuracy when the product pgH is 
much less than 5 kPa (p is average snowpack dens it y , g 
acceleration due to gravity, and H snowpack depth 
perpendicular to the ground surface). For values of PIiH 
at 5 kPa and above, the ave rage pressure can be 
estimated with less than 10% error; there is definitely 
more eITor for estimates of max.imum pressure because 

the pressure distribution cannot be detennined uniquely. 
The rigidity of the system invalidates most of the 
early-season data, when the snowpack is shallow. This 
resuIted in the loss of data for three winters when the 
snow cover was shallow. 

Figure 2 gives an example of the pressure distribution 
with depth constructed from measured strains in the stecl 
beams of the structure. Ideally , the average of two such 
diagrams, ane from each of the main supports of the 
structure, should be used. However, because of harsh 
operating conditions. same gauges do not operate for a 
portion of the winter so that suffieient data are usually 
available for only one pressure diagram. The pressure 
does not go to zero at the top of the structure in Fig. 2 
because the snowpack exceeds the structure height. The 
maximum pressure, (TnH and the average pressure, IT, 
are identified in Fig. 2. 

To compare the measured pressures with simple 
theoretical modeIs, the following properties of the 
snowpack were measured: density, temperature, and 
rammsonde hardness profiles, layering, and crystal 
types. Estimates were made of the free water content 
through the depth of the snowpack. These observations 
were made at least monthly, and sometimes more 
frequently, throughout the measuring period (Dcc.-May) 
forthe wintersof 1975-1976, 1978-1979, 1980-1981, 
and 1981-1982). Glide shoes were placcd on the rock 
surface uphill from the structure and it was verified tha! 
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FIG. 2. Typical pressure distribution (-) on the structurc 
versus relative height (zl H), where z = O represcnts the 
snow I ground interface. Constructcd from strains mcasured in 
the stcel bcams of the structurc for this examplc from 81-05-11. 
(am) maximum pressure; fr (---) avcrage prcssurc. 

there was essentially no slip of the snow cover over the 
ground at the site. 

Resul!s and !heoretical models 
The measurements from the four winters are Iisted in 

Table l, where li is the average snowpack density and H 
is the snow depth measured perpendicular to the ground 
surface (snowpack depth lower than or level with the tap 
of the structure (3.4 ml). For partians of the snowpack 
higher than the structure, the ave rage density is p' and 
the height for the snow above the structure is H' (see also 
Fig. I). The snow depth values in Table I are average 
values measured upslope from the structure within its 
lOne of influence for creep processes predicted by simple 
theory (McClung 1982). The densities wcre taken from 
snow pits nearthe site. Analysis of the data from Table l 
in relation to measured values of temperature and hard
ness from the snow profiles is given in Larsen et al. 1 

It is necessary to modify the previously deri ved snow 
pressure equations to account for extra body forccs when 
the snowpack depth exceeds the structure height. This 
may be accomplished by modifying the free surface 
boundary conditions that are appropriate when the snow 
depth is precisely equal to or less than the structure 
height. For the case of free surface boundary conditions 

at the tap of the snowpack, following McClung (1982, 
1984), the average creep pressure on the face of a 
strueture perpendicular to the ground on a slope with 
average angle tV is given by 

[IJ P;H =sin tV [ (I = J(~) ]"2 + co~ tV (I ~ J 
where v is the viscous analog of Poisson's ratio for the 
assumed constitutive equation, which is a Newtonian 
viscous fluid with neglect of the static fluid pressure 
term. For [I]. LI H is given by an empirical equation 
derived from numerical calculations (McClung 1984). 
and it is assumed that there is no glide. The expression 
for LI H is given as 

[2J ~ = 0.3[2 cot tVJ"2(~) ". 
H 1-2v 

When the snowpack exceeds the height of the 
structure by H' and the average density above the 
structure is p' (Fig. l), the free surface boundary 
conditions may be replaced by imposing initial shcar and 
normal stresses on the surface leve I with the tap of the 
structure. The new shear and normal boundary condi
tion stresses are given by p' gH' sin tV and p' gH' cos tV, 
respectively. By repeating the derivation given by 
McClung (1982), [Il may be modified to give 

[3J (pH + :' H')(g) - sin tV[ (l =v) (~) ] "2 

+ co~ tV [ + I + ~J C ~ J 
For a simple comparisan with the theory, it is 

convenient to approximate the expression in brackets in 
the second term as 

~+ I+~=l 
sa that [3J becomes 

[4J 
(pH + p' H')(g) sintV[C =J(~)r 

+ cos tV (_v) 
2 I - v 

The advantage of this approximation is that for teITain 
of constant incline tV, the stress ratio is a funetion of v 
on ly . Calculation with the data from Tablc I shows that 
the maximum eITor introduced by use of [4J instcad of 
[3J would be less than 7% in the worst case (76-04-14) 
with v taken as 0.4, which is considered an upper limit. 
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TABLE I. Measurcd va1ucs of average and maximum prcssure and rclatcd snowpack data 

Average Maximum Stress up to top Exccss stress over Total snow 
pressure. pressure. of structure, top of structure, depth, 

Date IT (kP.) (7 m (kPa) jigll (kP.) ji' gli' (kP.) /I + H' (Ol) 

76-01-21 9 17 
76-02-29 10 19 
76-03-10 13 20 
76-04-14 16 23 
76-04-30 17 24 
76-05-18 13 20 

79-01-25 6 8 
79-02-20 6 9 
79-03-01 7 10 
79-03-26 8 I1 
79-04-15 8 I1 
79-04-27 8 I1 

81-01-23 5 9 
81-02-06 7 I1 
81-02-19 9 14 
81-03-01 Il 17 
81-03-27 I1 19 
81-04-07 I1 17 
81-04-17 Il 19 
81-04-27 12 18 
81-05-04 13 20 
81-05-11 12 18 

82-02-17 4 7 
82-03-05 4 7 
82-03-25 4 7 
82-04-07 6 8 
82-04-14 6 8 
82-05-09 6 9 

The maximllm error for (76-03-10) and (81-05-04) would 
be about 4% and for all the otherdata points the maximum 
error would be negligible. 

Haefeli's (1948) model gives the average creep 
pressure similar to [I J as 

[5J 
O- _ 2 ( I - v ) 112 ,I, cos tjJ ( v ) 

---- -- tan'l'+----
pgH 3 I - 2v 2 I - v 

By the samc procedurc, Hacfeli's modcl is modified 
to account for nonfree surface conditions at the tap of the 
structure: 

O- 2 (I-V)"2 
[6J (pH + p' H')(g) = 3' tan tjJ I - 2v 

+ costjJ (_v) 
2 l-v 

for cases in which the snow depth exceeds the structure 
height. 

Equations [4J and [6J do not account for extra shcar 

13_6 0_5 4.1 
14.3 0.3 4.3 
14.2 2.3 4.3 
15.0 5.0 4.9 

17.0 1.2 3.7 

8.3 0.0 2.3 
8.0 0.0 2.4 
8.7 0.0 2.4 
9.6 0.0 2.5 
9.4 0.0 2.5 
9.9 0.0 2.5 

11.5 0.0 3.1 
12.0 0.0 3.2 

13.0 0.0 3.2 
14.3 0.0 3.4 
14.3 0.0 3.4 
14.4 0.0 3.4 

14.5 2.7 4.1 
15.7 0.4 3.5 

5.9 0.0 1.8 
7.0 0.0 2.1 
6.2 0.0 1.7 
7.2 0.0 2.1 
7.3 0.0 2.2 
8.9 0.0 2.3 

forces due to edge effects at the top of the structure when 
the snowpack is higher than the structure (Fig. 2). This 
consideration will be morc important than the nonfrec 
surface effccts introduced in these equations in some 
instances. It implies that the estimates of ave rage 
pressure will be slightly low for these conditions. 

Comparison with theorelical predictions 

Given the measuremcnt si te with a slope of nearly 
constant ineline, the only free parameter in [4 J and [6J is 
v. This is also true for the full two-dimensional 
plane-strain solutions. 

Clearly an important consideration for evaluation of 
the modelling is the range of expcctcd valucs of v in the 
dens it y range of the experiments (300 kg/m' :5 p :5 

550kg/m'). Salm (1977) has carefully revicwed the 
data and theoretical predictions; a summary of his work 
is as follows: Bader et al. (1951) provided an extensive 
range of laboratory estimates and they found values in 
the range 0.09 :5 v :5 0.33 for dcnsities from 200 to 
550 kg/m'. Pressure-at-rest field measurements by de 
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FIG. 3. Stress ratio IT /(fJgfl) versus v for the range 0:5 v ::s 
0.4 fOT tV = 25°, Predietions shown are: (e-.) finitc element 
caJculations; (0·--0) anc-dimensional madel with cmpirical 
corrcctions; (0-' -O) Hacfcli's made!. 

Quervain (1966) and E. Klausegger (unpublished data), 
quoted by Salm, indicate values in the range 0.08:5 v :5 
0.35 for this same dcnsity range. llaefeli (1966) 
provided creep angles for alpine snowpacks from which 
v may be extracted. These values are 0.16:5 v :5 0.30 
for p bctwcen 350 and 550 kg/m'. McClung (1975) 
provided similar data, which indicate values betwcen 
0.23 and 0.38, with an ave rage value near 0.29 for final 
densities between 500 and 550 kgl m'. 

Haefeli (1966) and Bader et al. (1951) also gave 
expressions for v as a function of dcnsity bascd on 
theoretical arguments and their data. These predietions 
areO.18:5 v:5 0.31 andO.13:5 v :50.22 for300kg/m 3 

:5 p:5 500kg/m'. 
With the above considerations, in order to ensurc that 

the extreme limits of the data and theoretical predietions 
are included, the limits are taken as 0:5 V :5 004. Figure 
3 gives a comparison using [I], [2]. and [5] for <iJ = 25°. 
Also shown in Fig. 3 are two-dimensional finite element 
predictions. The assumptions for all of these calcula
tions are: no slip on the structure, no glide, a frec surface 
at the snow / atmosphere interface and snow deforming 
as a linear. Newtonian viseaus material with neglect of 

the statie fluid pressure tenm. The finite element cakula
lions assume plane-strain conditions and these resuIts 
give the 'dynamic' pressure due to interruption of creep 
defonmation by the structure. In addition, a 'static' 
pressure tenm must be superimposed to represent the 
initial stresses in the fonnulation. This reprcscntation is 
analogous to the second tem1S on the right sides of [ I] 
and [5] and is defined as 

[7] V Ilk Po(z) = -- p cos <iJ dz' 
l - v () 

= _v_ pgH cos <iJ( I -..:) 
I - v H 

where z is measured perpendicular to the ground starting 
from z = O at the snow /earth interface. For the 
cakulations given in Fig. 3, the maximum difference 
between the predietions of the model ofMcClung (1982, 
1984) (given by [I] and [2]) and the finite element 
calculations is 2%. This agreernent is fortuitous because 
deviations up to 6% have been found for other slopc 
angles (McClung 1984). 

For the data in Table l, the stress ratio, fr /[(pH + 
p' H')(g)]. has a mean of 0.73 and a standard deviation 
of 0.10. This implies ii = 0.25 for the mean value for the 
predietions of the mode! given by [2] and [4] and it 
implies ii = 0.36 for Haefeli's modc!. The stress ratio 
spans a range of 0.44 :5 fr([(pH + p'II')(g)] :5 0.85. 
which implies a range of -0.05'" v :5 0.33 for [2] and 
[4] and 0.16 :5 v :5 0.40 for Haefeli's modc!. Cakula
tion of the implied value ofv foreach data point from the 
measured stress ratio gives v = 0.25 and a standard 
deviation of 0.09 for the average value of v implied for 
[2] and [4]; it also gives ii = 0.36 and a standard 
dcviation of 0.05 for Haefeli's modc!. lf the lowest 
value of the stress ratio is discarded as a statistical 
outIier, the implied values of v for the estimated values 
of the stress ratio are 0.11 :5 v :5 0.33 for [2] and [4], 
which is very close to the measured values for field and 
laboratory experimcnts in the density range. Figure 4 
shows the comparisan of rneasured valucs of <1 versus 
(pH + p'H')(g) and eqs. [2] and [4], finite element 
cakulations, and Haefeli's mode!. 

Of further interest with respeet to the average pressure 
estimates are the results of the regression analysis 
reported by Larsen et al. I A regress ion analysis of the 
data in Table I showed that 

[8] fr = O.77(pH + p' H')(g) - 0.40 kPa 

with fl = 0.89 and the standard deviation of the 
residuals 1.1 kPa. This shows that fr is linear with (pH + 
p' H')(g) to a good approximation, and the small 
intercept gives some added confidenee in the data. The 
regressicn line is shown in Fig. 4. This analysis should 
not be extended beyond the current data set. 
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FIG. 4. Average pressure fr versus (pli + p'll')(g) forduta 
from Tablc I. (O) cSlimatcs from ticld rncasurcrncnts: (---) 
prcdiclions of one-dimensjonal made I with empirieal eOITec
lions; (-) finitc element calculations. Dnc-dimensional model 
and finite element calculations are shown for the limits v = 0.0 
and v = 0.4. ( ... ) regression line. 

Data analyzed from similar mcasurerncnts taken in 
Switzerland during the winters between 1950 and 1956 
are presented in the Appendix. These data were taken on 
a slope with a near-constant incIinc of 37" (Salm 1977) 
and Iiule or no glide. The Swiss data also indicate that å 
is approximately linear with (pH + p' H')(g) as is 
shown in the Appendix. 

The one-dimensional modcls cannot be used to predict 
the maximum value, CJ'm. of the pressure distribution. 
However, it is possible to caleulate (10. by finite element 
methods. Regression analysis of the data from Table I 
shows that (10. is given by 

[9J (1m = 1.25(pH + p' H')(g) - 1.25 kPa 

with yl = 0.92 and the standard deviation of the 
residuals lA kPa (Larset et al. I). The implication is that 
(1m is linear with respect to (pH + p' H')(g) to a good 
approximation. From Table l, the mean value of the 
stress ratio (1m/[(pH + p'H')(g)] is 1.13, with a 
standard deviation of 0.13. Finite element caleulations 
show that the ratio increases with v, and has a value of 
0.87 for v = 0.25 and 1.13 for v = 0040. This result 
indicates that on the average the ratio exceeds predie
tions for linear modelling by about 30%, if v = 0.25 is 
accepted as the mean value of v from the results of the 
average pressure measurements. 

Figure 5 depicts the relationsh!p between (Tm and fr for 
the data as compared with finite element calculations. A 

E 
b 
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. u· 0.25 

15 
-'- \.I. 0.40 
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;; • le. Pil 

FIG. 5. Values of (Tm versus fr from the data and finite 
element caJculations. (O) measured data points; (-) finitc 
element calculations; (-. -) regress ion line. 

regression analysis gives the result that 

[10] (1m = lA8å + 0.58 kPa 

with r' = 0.93 and the standard deviation of the 
residuals lA kPa. Finite element calculations actually 
show that the stress ratio (Jm/fr declines as v incrcases. 
From Table l, the mean value of (1m/å is 1.55, with a 

standard deviation of 0.18. For v = 0.25, which 
represents the average implied value of v for the data if a 
linear viscous model is chosen, the finite element results 
give a value of (1m/å = 1.20. Thc ratio thus exceeds the 
predictions for a linear material by about 30%. 

Conclusions and discussion 
From snow pressure measurements and analysis, the 

following conclusions have been reached. 
l. The average pressure appears to be adequately 

explained by calculations assuming linear, viscous 
modelling. In this regard, the one-dimensional model of 
MeClung (1982, 1984) with empirical corrections pro
vides a fonnulation that agrees with field measurements 
as well as with finite element calculations. 

2. The implied average value of v is ne ar 0.25 for the 
present measurements of fr when linear modelling is 
assumed. This is areasonable value for alpine snow 
based upon experimental results in the density range of 
300-500 kg/ m3. 

3. The maximum and the average pressures are linear 
with respeet to (pH + p' H')(g); the maximum pressure 
increases linearly with ave rage pressure to a good 
approximation. The values of (1m from field measure-
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ments exceed predietions from linear modelling by 
about 30%. 

4. Data from Switzerland analyzed in the Appendix 
give an implied average valuc of v ncar 0.00, which is 
lower than measured values from other experiments for 
this density range. Regression analysis of the data from 
Switzerland shows that O- is approximately linear with 
(pH + p' H')(g). in agrcement with the data from the 
present study. 

The implications of the resuIts for maximum pressure 
must be accepted with caution because the accuracy is 
less than that for estimates of ave rage pressure. If the 
results are accepted as valid in a qualitative sense, this 
feature of snow defonnation implics nonlinear bchaviour. 
Previous caleulations by McClung (1976) showed that 
nonlinearity assumed by tak ing the effective shear and 
bulk viscosity proportional to the bulk stress provided 
relative ly unchanged estimates of average pressure over 
a linear model, whereas the ratio ITm!o- incrcased by 
about 15% for an example with ~ = 45°. Thcsc 
nonlinear examples were complicated by glide but they 
seem to indicate qualitative agreement with the effects 
seen in the present data. 

It was pointed out previously (McClung 1982) that the 
linear viscous model may be extended to the simplest 
viscoplastic model by making v time dependent. It 
seems c1ear from Fig. 5 that this would not be sufficient 
to explain the present data. The finite element caleula
tions in Fig. 5 show that the ratio ITm!o- would dec!ine as 
the snow densities and v increase. The data in Fig. 5 
seem to imply the opposite. 

The most important result of this study with respect to 
applications is that the ave rage pressure appcars to be 
suitably described by the linear mode!. Since the 
one-dimensional model with empirical corrections pro
vides a fairly accurate representation of the linear 
problem, a simple analytic method is available to prediet 
average pressures. In addition, although the maximum 
pressure appears to exceed the predietions for a linear 
material, it may be accounted for in design by the usual 
engineering safety factors. The regression analysis for 
the data presented shows (eq. [10]) that ITm is about Il 
times the average pressure. The standard deviation of 
the residuals (1.4kPa) used in connection with [9] 
would allow estimates of IT m to any chosen confidenee 
limit for the data presented. Study of more accurate 
nonlinear viscoplastic models for snow deformation that 
prov ide the descriptive features seen in the data may 
permit predietion of the maximum pressure from a better 
theoretical framework. 
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Appendix 

Data have been obtained from an observation sitc at the 
Weissflujoeh (altitude 268001) in eastem Switzerland. 
The experirnents have been deseribed by Salrn (1977) 
from the original report of Kiimmerli (1958). The 
observation site has a configuration similar to (hat for the 
data reported from Norway. The slope angle is a nc.rly 
constant incline of 37° and measurements showcd no 
glide upslope from the strueture. The measurements 
were taken from the centre scction of an aval anc hc
defenee strueture, where lateral edge effeets would be 
largely absen!. The average snowpaek densities ranged 
from 220 to 520 kg/m3

. 

There are twa potentially important differenees in the 
data sets from Switzerland and Norway: (I) snowpaek 
properties and (2) measurement teehniques. Without 
further analysis, it is not possible to quantify the 
differences.in snowpack structure bctwcen the se two 
sites. Salm (1977) and Kiimmerli (1958) have dcseribed 
how the loads were. ealculated from the defarmation of 
spri ngs on each of the horizontal crossbearns. Kiimmcrli 
(1958) lists data for the total foree on the strueture for six 
winters of observations. From the se resultant forces, the 
average pressure on the structure has been calculated 
using [4] and ]6]. Figure AI shows the comparisan of 
the predietions of finite element calculations and ]1] and 
]5] over the range of interest: O :5 v :5 0.4 for t\J = 37' 
analogous to Fig 3. In Fig. A2, the implied values of" 
are plotted versus (pH + p' H')(g), similar to the com
parison in Fig. 4 for the Norwegian data. From Fig. A2, 
nearly half of the data points imply negative values of v. 
For the 78 data points in Fig. A2, the average value of 
,,/[(pH + p'H')(g)] is 0.58, with a standard dcviation 
ofO. 12. This implies an average value ofv = 0.0 forthe 
finite element calculations, v = -0.02 for [4], and v = 
0.10 for Haefeli's model (eq. [6]). Figure AI shows that 
Haefeli's made I provides fairly accurate estimates of the 
linear problem for t\J = 37'; this is fortuitous. The data 
imply a stress ratio in the range 0.34 :5 ,,/[(pH + 
p' H')(g)] s 0.86. This yields -0.50:5 v :5 0.26 for the 
predietion of [4] and -0.38 :5 v :5 0.31 for Haefeli's 
model. 

Aregression analysis was perforrned for the data 
depicted in Fig. A2, This analysis gave the relalion" = 
0.69(pH + p' H')(g) - 1.05 kPa with r' = 0.82 and 
standard deviation of the residuals 1.2 kPa. Power law 
regression gave fr = 0.36[(pH + p'H')(g)]1.20 with r' 
= 0.84 and the standard deviation of the residuals 
approximately 1.2 kPa. 

1.1,---,,---,---,---,---, 

I.l 

1.0 

O. , 

pfR 0.8 

0.7 

0.5 

0.4 L--:.L--,-L---"L---::L---:' o O.l 0.2 0.3 0.4 0.5 

FIG. A l. Stress ratio fr /(pgH) versus v forthe range O $ v $ 

0.4 for ~ = 37°. Predictions shown are (e-e) finite element 
calculations; (O-O) one-dimensjonal model with empirical 
corrections; and (0-' -O) Hacfeli's mode!. 

'or---,----r---,---r---, 

IS 

'b 

25 

(pH +P'H'J (gl, kPa 

FIG. A2. Average pressure fr versus (pH + p' H')(g) for data 
from Switzcrland. (O) measurcment points; (-) limits of 
finite element calculations; and (---) one-dimensjonal model 
for v = 0.0 and v = 004. These latter two predictions are 
idcntical for v = O A. 
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The following conclusions seem evident from this 
data analysis. 

l. The implied values of vand vare too low when 
compared with laboratory and field measurements for 
the density range in question. The measurements imply 
average pressures that are less than the value for a linear 
viscous material. 

2. The regression analysis shows that rr is approxi
mately linear with (pH + (J' H')(g). Although the 
power law regression analysis shows a slightly better fit. 
the se results must be accepted with caution because the 
actual values of rr appear to be less than that implied by 
the linear constitutive equation. 


