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Harding Lawson Associates

G. Thaw Consolidation Testing of Bonded Soil

Unfaxial thaw consolidation tests were performed on 28 undisturbed samples
of bonded permafrost in accordance with the procedures developed by HLA. The
testing device was a specially developed consolidometer that'was designed to
satisfy the necessary stress and thermal boundary conditions during one-
dimensional thaw consolidation. The apparatus consists of a rigid, steel,
thick-wall cyclinder, with porous stones at the top. and bottom to allow the
sample to drain. A vertical load is applied to the sample using a loading

"hanger which bears on a Toad cap assembly.

The samples were prepared in our cold rooﬁ at a temperature of - about
-8%C. Each sample was extruded from a 6-inch long brass Tiner having an
inside diameter of 2.43-inches and approximately 1 inch of the soil was
removed for electric conductivity tests. Next, the sample was trimmed to a
length that varied between 4.5 and § inches, and the ends of the samples were
cut flat. The sample was then inserted into the tésting cyclinder, and the
unit was transported from the cold room to the testing foum. It was then
mounted inte the consolidation apparatus, and the sﬁmple was loaded to 500 psf
aéd allowed to thaw at a room temperature of approximately 20%C. The load
was then incfeased to 100 psf and the deformation recorded.

The results of the thaw consolidation tests are summarized on Plate
D-146. 1In addition to a description of the sample, this plate contains infor-

~ matien on the frozen state properties and the uniaxial thaw-strain. Data for
lthaw consolidation tests which were carried out to 58,000 psf load are pre-

sented on Plates D-147 through D-149.
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Frozen Fhﬁse Thawed Phase
Boring | Depth USCS Dry Ice Yold ] Saturation | Ory ¥aid Thaw Thaw
No. [Pensity Content Ratio Oensity Ratio Load Strain
(ft) (pcf) {%} {2} {x} {psf) (%)
1 2.7 | oL ¥x/¥r 15 301 10 78 39 3.0 - 1000 62
1 4.2 | ML uxsvr 47 92.5 2,60 97 105 0.610 | 1000 55
s |as.7 | eLve 86 33.6 0.977 93 es 0.93¢ | 1000 2
‘5 |46.0 | cLww 67 36.2 1.50 &5 70 1.4 1000 5
7 0.5 | oL, vx/¥r 34 108 1.80 74 40 3.1 1000 15
7 2.0 [ oL,v¥x/¥r 19 250 70 { - 88 51 2.2 1000 63
10 | 3.0 |cLyr 108 21.6 0.574 100 15 0.574 | 1000 7
12 0.5 | O, ¥x/vr 18 27.6 1.168 70 97 0.743 | 1000 - 20
12 9.1 SM,¥x 93 19.2 0.818 70 115 0.470 | 1000 20
13 | 0.3 | oL,¥xsvr 53 54.9 2.06 78 66 1.458 | 1000 20
13 3.0 | SP-SM,¥x a2 21.0 1.06 59 115 0.470 | 1000 29
13 f1s | M, 52 76.1 2.30 98 9] 0.e59 | 1000 “
15 |39.6 | ci,msvr 102 23.5 0.649 98 14 0.457 | 1000 8
15 | 49.1 | cLvx/wr 92 27.7 0.318 98 102 0.658 | 1000 9
16 | 3.1 { SMvcres 79 48.9 1.141 1a0 87 0.944 | 1000 )
16 5.1 | ML, Vc/¥s 73 42.6 1.316 96 9% 0.724 1000 26
16 | 9.7 | smyesws 93 28.5 0.813 100 96 0.762 | 1000 4
16 {286 | M,V 98 25.5 a.726 100 100 0.691 1000 k]
18 1.0 | o, bonded | 55 56.2 1.950 | 80 60 t.a1a | 1000 17
1 {245 | M,vr 108 21.6 1.03 98 114 @787 | 1000 5
23 { 00 | M, 55 42.9 2.075 61 72 1.368 | 1000 23
23 1.0 § #L,¥x 107 - 23.2 0.580 | 100 120 0.409 | 1000 n
23 | w.e | A, 54 64.6 2.132 50 el 1.088 | 1000 33
23 J19.0 | cLvr 83 .9 1.037 91 94 0.799 | 1000 14
23 ] 39.5 cL,¥r 89 27.7 0.900 9 97 ‘0.743 | 1000 8
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A general relationship for thaw consplidation was obtained by comparing
the values of thaw straiﬁ and frozen dry density plotted on Plate IV-22 for
fine-grained soil while data for gravels are presented on Plate V-8. The data
for Plate V-8 are based on other studies.A Because samples having a broad
range of frozen dry densities were used, it was possible to establish a curve
from which thaw consolidation could be estimated. The curve on Plate Iv-22
represents the mean thaw ﬁtrain plus one standard deviation and shows that
when the frozen dry densities are gréater than ﬁpproximate]y 95 pcf, the thaw
strains are less than 8 percent. As the frozen dry densities of the samples
decrease, the scatter of thaw strain values becomeﬁ greater. The increase in
thaw strain is approximate]y 0.7 percent per pctf decrease in dry density.

Literature on thaw consolidation is very Timited, particularly for Beau-
fort Sea soils. The results of the thaw consolidation tests that were per-
formed for this project can be compared with the results obtained for three
other Beaufort Sea projects. These results are contained in the following
reports: “Subsurface Soil Investigation, Duck Island Wild Cat, Beaufort Sea,
Alaska® (R & M Consultants, 1978), "Geotechnical Investigation, Beaufort Sea,
Alaska" (HLA/USGS, 1979} and ®Duck Island Development Project, Beaufort Sea,
Alaska® (HLA, 1981). The.data are in agreement.with the results of our tests

for this project;

H. Thermal Conduétivity

. Measurements of radial thermal conductivity were made using the “thermal
needle method.® A detailed discussion of the theory and deye]opﬁent of this

method is presented by Mitchell and Kao (1978).

D-196

4



HardingLawson Associates

In simplified terms, thermal energy is applied at a known constant rate to
a probe embedded in a sample. The temperature of the.probe is measured as a
fqnction of time. By plotting the temperature change versus the log of time,
a straight-line relationship is produced with a slope that is proportional to
. the thermal conductivity. The general equation used for caicu]ating tﬁe

thermal conductivity is:

K = 0 {Ina t] (D-3)
4 xAT
Where: K = thermal conductivity (Btu/ft-hr—OF)
Q = thermal energy input per unit length
per unit time (Btu/ft-hr)
T = temperature change correspanding to time
t = time change corresponding to témperatuhé-

By substituting specific probe information, Equation D-3 yields the

following:
2
4= (T2 - Ty)
Where: C = constant (1 watt/ft = 3.413 Btu/hr)
12 = current (amp)
R = probe unit resistance {4.503 ohm/ft)
By substitutign: 2
(T2 - T})

The following equipment was used for the conductivity tests:
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Thermal needle: The thermal needle consists of 1/8-inch
0.D. stainless steel tube, Copper Constantan 0.003-inch-
diameter thermocouple wire, Constantan #30 heat source
wire, and #16 copper wire leads.

Heat source power supply: A Hewlett-Packard Model 6284A DC
Power Supply, with constant voltage from 0 to 20 volts, and
constant current from 0 to 3 amps, was used as the heat
source, '

Thermocouple signal amplifier: This device is our Omega
"Omni-Aunp 1IB" with built-in ice point reference, that is

capable of amplifying the thermocouple signal 100 times.

Recording equipment: An Omega single-channel strip chart
recorder, Model 555 was used.

Most of the samples tested were unbonded soils. However, five bonded
samples were tested as frozen samples. The testing procedure for these
samples was as follows:

1. The bulk weight and sample dimensions were measured to
determine soil density.

2. An 1/8-inch-diameter hole was drilled from top to
bottom through the center of the sample, and the probe
was inserted into the hole. Next, both ends were
capped and the sample was immersed in a constant tem-
perature bath, maintained at the specified initial
temperature until ~the sample temperature was
stabilized. :

3. Power was applied to the Constantan line, and the
change in temperature with time was recorded on the
chart recorder. The input power generally varied from
0.400 to 0.450 amp for both the frozen and the thawed
tests. The test was run for 10 minutes, after which
the power was turned off. This procedure was repeated
until consistent results were obtained at each
temperature, '

4, The temperature, expressed in millivolts, plotted
against the log of time, and the slope of the straight
line portion of this curve was determined. The radial
thermal conductivity was then calculated using Equa-~
tion D-5.

5. Finally, the moisture content was determined. [Index
property tesis were also performed when necessary.
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A summary of the thermal conductivity test results is presented on Plate
D-150. The results of. individual thermal conductivity tests, plots of
millivolts versus log time, and any index tests that were performed on the
sample are presented on Plates D-151 thraugh D-163.

Two log cycles of data are produced when our test procedure is used. For
this report, the first log cycle, which contains the time increment of 0.1 to
1 minute, was omitted because a nonlinear relationship was produced due to
problems associated with the seating of the probe. This nonlinearity disap-
peared within 1 minute of applying the probe, and the thermal conductivity was
determined from the straight line portion of the plot in the second log
cycle. Two conductivity tests were made on each sample to ensure that the
correct thermal conductivity was determined. ‘

The variation of thermal conductivity with density is plotted for the
tested samples on Plate IV-23 along with the data from the Ouck Island
Development project (HLA, 1981). On this plate, the two thermal tonduétivity
values for each sample are connected by a line. It can be seen that the
thermal conductivity increases with increases in dry density for both the
thawed and frozen samples. Typically, the thermal conductivity will also
increase with increases in moisture content. However, this was not observed
in these tests, perhaps because of the small range of moisture contents tested.

In general, the thermal conductivity varies with the texture of the soil.
At a given density and moisture contént, thé_conductivity is relatively high
in coarse-grained soils, such as sands and gravels, and lower in fine-grained

soils, such as siilts and clays. For the one thermal conductivity test that
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Boring | bepth uscs - Dry Moisture Content (%) Thermal
No. Density | - Conduct ivity
' _Btu/ft-hr-OF
(ft) (pcf} LL PL. Natural } FrozenX Thawed
4 12.4 ML 78 -—— L =-- 38.8 --—- 1.09
5 19.2 cL: 79 K1 21 39.5 - 0.99
8 12.2 ML 103 -— - 22.6 -—- 1.38
9 0.5 SM 105 - ——— 22.1 - 1.41
g 46.4 CL 93 | --- - 29.3 | --- 1.30
2 ] 0.0 |oL,vx/vr 1 — ] - 406 0.55 | ---
13 18.0 ML, Vx/Vr 29 34 25. 154 1.20 -
14 31.1 ML _ 105 ——— -— 22.8 -—-- 1.24
18 0.3 oL 31 ——— -—- . 149 1.07 -—-
21 6.0 | M 97 | --- .- 273 | --- 1.42 |
21 | 310 oL 101 . |- - 24.4 | --- 1.49
23 0.5 ML, Vx. 78 21 13 30.3 1.46 -——
23 ) 12.5 CL, Vr 70 1 33 22 43.9 1.17 -—

* Test run at temperature of 15 F
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was performed on silfy sand (SM), the value obtained was higher than values
recorded for the_fine-grained sdils. We observed no substantial difference
between the clays, silts, and organic silts.

Un.PIaté 1v-24, thermal conductivities from this study are plotted against
thermal conductivities from Kersten's work (1949). It can be observed that
the thawed thermal conductivities of Beaufort Sea soils are greater than those
predicted by Kersten's #aIues. From the limited data developed during this
study, it appearé that thé frozen thermal cqnductivities agree with Kersten's

values.
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APPENDIX E
EXPLANATION OF ANALYTICAL PROCEDURES

MECHANICAL PROPERTIES OF FILL MATERIALS...csecesnccorcannsoas P
1. Mechanical Properties of Unbonded Fill Materials............
2. Mechanical Properties of Bonded Fill Materials..............
a. Creep and Strength Properties of Bonded Fill Materials.

(1) Temperature.......... sescesasrasessscontsascn aeene

{2} VOid Rati0uescuuascoivssasensceassnssscacossoansnans

3) Ice Saturation..cciieiciecianeenironannnnns PP

(4) Brine Content....iceiiciiecacannnanecss casene csnans

(5] Confining Pressure....cccceccscercssccccssccaannnns

b. Elastic Properties of Bonded Fill Materials............

c. Compressibility..cciveaaennn. ecacassnssaanns assseseans

PILE SETTLEMENT. i iuvvnuvenvencoanccesnccanssonnesocasanssansnnans
ANALYSIS OF LATERALLY LOADED PILES...cvuiseeceenenesassvnannnaana

t ] ]
ox-h--oowr.!ru.nww—-—-

I'ﬂl'l'll'ﬂl'l'll"ﬂmml“l“l

I
|

m m
I i
n el
o Vel



Harding Lawson Assoclates

APPENDIX E
EXPLANATION OF ANALYTICAL PROCEDURES
This apﬁendix contains detailed discussions of the methods used to define

the mechanical properties of fill materials as presented in the Duck Island
Development (DID} report (HLA, 1981), the meghods used to define pile settle-
ment and the analysis of laterally loaded piles in permafrost. Subsurface
soil and gravel fill materials from the DID area are similar to those found in
the PTD area; consequently, the relationships and analytical procedures used

in the DID study are applicable to this study.
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A. MECHANICAL PROPERTIES OF FILL MATERIALS

1. MECHANICAL PROPERTIES OF UNBONDED FILL MATERIALS

| Both materials placed in the summer and gravel-ice mixtures placed in
the winter will behave as unbonded soils until freezeback of free pore water.
The parameters governing the behavior of fill materials in the unbonded condi-
tion include elastic modulus and Poisson's ratio, shear strength and com-
pressibility. Estimated values for these parameters, based on index proper-
ties, laboratory test data and correlations available in the literature for
similar soil types, are presented in Table [V-6.

Table IV-6. Mechanical properties of unbonded fill material

L I . ] 2 . .
{nitiat Paisson’s | Shear Strength Or{I:e Dimensional
Tangent. Ratio Eric  [Pcoh ompression
' tion one- Modulus
Modulus ¢ Angle | sion
k n | ¢ c,psi m a
Ice-Free Gravet
Placed in the dry, 250 04 0.30 4q° 0 1000 09
compacted to Rq = 0.7
Placed below sea level, 200 { 04 0.30 367 0 800 0.9
Rq = 0.5 :
Gravel-Ice Mixtures
Placed in the dry, 100 0.4 0.30 20° - o 400 0.75
* compacted _
Placed below sea level 60 o4 0.35 15° 5 230 0.50
Silty Sands-
Hydraulic Fill
uncompacted, Rg = 0.3 75 | 0.25 045 2g° 0 40 0.10
compacted, Ag = 0.7 150 0.26 0.45 32 0 80 0.25

- o
1. g= (LT }; = kP, -(P—s )" {Afrer Duncan et.al., 1980)
a

. .
2. M= 4 = m P, ;.;111'3 (After Janbuy, 1967)
1 a

where:F, = atmospheric pressure insame unitas ¢, and a,

3. All unbonded fill materials considered cohasionless, excapt gravel-ice mixtures
for which a2 nominal cohesion is assigned to aceount for some ice bonding when
very cold gravel-ice mixtures are deposited underwater.

E-1
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The shear strength is represented by the Mohr-Coulomb failure criterion:

{1v-8)

s=ct o, tand

where: s = shear strength
¢ = cohesion intercept
o n = normal stress on the failure plane
¢= angle of internal friction

The elastic moduli are presented as initial tangent moduli (Ei] in the form

(Duncan et al., 1980):
a] -9

3 73
g =t > L= klpa,.(-,-,-al" (v-9}

where: o1, r3 = major and minor principal stresses, respectively

€ = major principal strain
k = rr;odulus number
n = modulus exponent
P = atmospheric pressure

Assuming a hyperbolic stress-strain relationship, the tangent wodulus, Et’

for any stress condition, (ey - o3}, o3 , can be computed from

] =[“_ R (1sin$) (o, -03) ] _ (Iv-10)
t 2c {cos$) + 204 (singl] !

where: Rf = “faillure ratio™ = (.7 for moist soils

Similarly, compressibility 1is presented in terms of the one-dimensional

modulys (M), i.e.,

do Ty 1-a
= = ok | . .
M= dev = mlpa}(Pa’ “V“”

in which oy and ey are the vertical stress and strain in one-dimensional

compression, "m" is the modulus number, "a* is the stress exponent, and “Pa“

is atmospheric pressure {Janbu, 1967).

E-2

iwar



Harding Lawson Associates

2. MECHANICAL PROPERTIES OF BONDED FILL MATERIALS
Lacking reliable experimental data, the following discussion presents
methods for qualitative assessment of the mechanical properties of bonded fill
material. Direct measurements are needed to evaluate the validity of these
methods and the results and conclusions derived from them.
a. Creep and Strength Properties of Bonded Fill Materials
The stress-strain-time behavior of bonded fill materials will be
influenced by several material and environmental variables, of which the fol-

lowing could have a significant effect:

: Material type; i.e., silt, sand, or gravel
: Strain rate (¢)

: Temperature ( ¢ }

* Void ratio {e}

: Ice saturation {5.)

. Brine content (Sb)
: Confining pressure ( dr3)
Funct1onally, we may express the stress-strain-time relationship for a given

material type as:

=0 (f‘. LARy, Si. So.ay} (v-12)

M F = -_ = i
whaeare a - o deviatar stress
. . de .
‘ 1 =
It strain rate

t = time

Ladanyi {1972) has proposed the following creep law:

=4, (g—cl" {1V-13a)
é
,=%t§ﬂm _ {1v-13b)

where: ¢ = applied stress

creep modulus {a reference stress)

strain rate resulting from applied stress, o
strain rate corresponding to stress, ae
creep exponent

oo

- o™ *'nq
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This form of creep law assumes that steady-state creep dominates. [t is
assumed that primary (attenuating) creep is insignificant in comparison to
steady-state creep and that the creep rate does not accelerate (tertiary
creep) within the duration of lgading being considered. The implication of
these assumptions is illustrated on Figure IV-9.

1/2 (o) -03)

1+Sing
T-Sin

A - Attenuating creep |
B : Steady - state creep for 1o tg

C : Steady - state creep for 14
accelerating creep for teto

B = <1 1 <t =~

ok

te o3

Figure IV- 9 Strength versus time behaviar for
frozen soits (modified after
Ladanyi, 1975).

The strength of a frozen soil under various durations of leoading
are shown in % (oy- o3) i gy stress space on Figure IV-9. The frictional
component of the frozen strength (represented by the slope of the failure
envelopes) is assumed to be independent of time whereas the cohesion component
(the shear strength when the confining pressure, o35 is zero) decreases with
time and eventually vanishes when time becomes infinite.

The line OABC represents a hypothetical loading path starting
from at-rest conditions {point 0). Because the 1lpading represented by OA
never exceeds the ultimate long-term strength, the creep rate decreases with
time and eventually stops. This is the case of attenuating creep. On the
other hand, the loading OC exceedé the service 1ife strength; failure by
tertiary creep will occur at time t:2 before the service life is reached.
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Loading 08 exceeds the ultimate long-term strength but is less
than the service life strength. It is this type of loading condition for
which Equation {IV-13a,b) is assumed to be valid. The requirements for valid-

ity of the creep law are as follows:

Oyt < %app = %l {V-14)
where: oy = ultimate long-term creep strength

Tapp applied stress

oy = service life creep strength

As a practical matter, these requirements are usually satisfied
because, on the one hand, proper design cannot permit the applied stress to
exceed the service life creep strength and, on the other hand, the ultimate
long-term (frictional) strength is generally quite low, except in the case of
dense, ice-poor soils.

- It is assumed that the effects of the material and environmental
variables previously identified can be approximately accounted for in the

creep modulus term

@ =g {8 e, Si Spag) {Iv-15)

The effects of each of the variables are discussed below:
{1) Temperature
The qualitative effects of temperature on the .creep
behavior of frozem soils are well known. [In general, as the temperature
decreases, the creep rate decreases and the creep strength increases. The
quantitative functional relationships are less well established, but generaily
seem to be of the form suggested by Sayles and Haines (1974):

N |
(Zr=tg) (1v-16)

in which, ¢y and o, are stresses (or strengths) at temperatures of¢
and 6, (OF below freezing) and m is the temperature exponent.
Figure IV-10 shows peak strength versus temperature data reported by Sayles

and Haines (1974} for ice and four different types of soil.
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For the four different soil types the temperature expo-
nent, m, varies within fairly narrow limits, i.e., m = 0.48'1; 15 percent.
Therefore, we have assumed that m = 0.5 can be used for the sail types
expected to be used as fill for this project. The possible dependency of m on
salinity is assumed to be accounted for by the brine content factor discussed
below.

(2) Void Ratio

Goughnour and Andersland (1968) found that the shear
strength of frozen Ottawa sand varies considerably with the volume concentra-
tion of sand in a sand-ice mixture. Sand concentration is defined as the
ratio of sand volume to total volume; thus, sand concentration = 1/(1 + e).
As the sand concentration was varied from zero (pqre ice) to about 42 percent
(e = 1.38), only a minor increase in the shear strength was observed., How- .
ever, above 42 percent,_the shear strength increases rapidly, continuing up to
a sand concentration of about 63 percent {e = 0.59). Linell and Lobacz (1980)
have presented data for Manchester fine sand that show a peak strength at an
“ice content® of about 0.58, with the strength decreasing for hoth higher and
lower ice contents. (Note: “"ice content" is defined by Linell and Lobacz as
the volumetric ratio of ice to soil, which is equivalent to void ratic for 100
percent ice saturatiaon).

104 T r—t————TT

- - o . e m

L Graded Ottowa Sand ] _Q) (€

[ ] % v
- Oy
13 Manchester Fine Sand | Sall {psi) m
e
'é Giraded Ottaws sand Jaa a,48
z anovar Sik .
uw 103 3 Manchester fine sand 812 0.44
o ] Hanover slit 288 0.55
H sk Sufflaid Clay _| Sufflsid clay 204 0.43
- 222
. Avg.= 048

A’/‘:“

Avg, applied strain rate:  15%/min.
{Fairbeanks Skt 33%/min.}
IR | N PREETUNE PPN U

g - 101 102
7 TEMPERATURE FACTOR ({,= 1F)
(1]

102 —

_ Figure IV-10. Peak Strength vs. Temperature
{After Sayles and Haines, 1974}
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If the data of Goughnour and Andersland (1968) and Linell
and lobacz are normélized with respect to peak strength and plotted as a func-
tion of void ratio, the data appear as shown in Figure IV-11. Figure IV-11
also shows the relative strength reduction that can be expected for the vari-
ous fill material types being considered for this project., These reduction
factors must be considered as only rough approximations since there are no

corroborating test data for the materials.

1.0 |—
0497 (Compactsd Gravel - {ce Mixture)
; Q.87 (Compacted Silty Sand)
x o8}~ I ] 0.82 (Graval - ic& Mixture, below sea [evell
b | 1 _
z | ; : 0.69 (Uncomaactsd Silzy Sand)
x |
= =
i 0.6 I | : [
< I i
E “Icl Fres Gravel l : : l
A -
2 Y[ oss Lo
L
< 1 (I : [
2 l Iy '
0.2 - I I
1 | {
{ | |
1 I | : |
.0 1 i i Ll 11 : 11 1 ]
0.0 0.2 o4 Q.6 08 1.0 1.2 1.4

ICE VOLUME ,_ .
ms( e for 100% kca saturation)

Figure IV-11. Variation of peak strength with volumetric ice content
{Data from Lineil and Lobacz, 1980 and Goughnour and
Andersland, 1968)

(3} Ice Saturatien
Alkire and Andersland {1973) have addressed the effects of

ice saturation on frozen Qttawa sand-ice mixtures. Their data, reproduced in
Figure IV-12, show a reduction in strength with reduction in ice saturation.
Since only two values of ice saturation were used in their study, linear
interpotation and extrapoliation were u3Sed to develop approximate relation-
ships. Extrapolation was confined to ice saturation in the range of 0.18

Si " 1.00 because the curve for zero confining pressure indicates zero

strength for S1 0.18.
[f the data in Figure IV-12 are normalized with respect to

peak strength at Si = 7.0 and the effect of confining pressure omitted, the

relationship in Equation IV-17 results.
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20.0 [— initial void Ratio = 0578
v, - 483 MN/m2
E
z Fa
3 I ‘
. I y
"?h 15.0} P
B Injdal Void Ratlo=0.587
It o= 2.41 MN/m?
2 | 3 ,
x ' 7
5 V p
o 19-0F {nite) Void Ratle’ = 0,580
|°_ | o-a-ﬂ.ﬁﬂ MN.’mz
2 P tnitisl Vaid Ratic=D.574
o v o_=0.0 MN/mZ
a | ..-"’ 3
x M
< 5O L [ eyl
e | 7~ 7
Fd
| ~ //
%.59— 10 0.84- mm Silica Sand
'E,-z.ssxw‘a min*!, T=1z2.8%C
o-o M 4 L L

1
1] 0.20 .40 0.60 L E: 1 100
ICE SATURATION

Figure IV-12 Peak deviator stress versus ice saturation for varigus
confining pressures {After Alkire and Andersland, 1973}

The effects of confining pressure are quite apparent in
Figure 1V-12; this factor will be discussed below. Again, the data on the
effects of ice saturation described above are for one material type only,
Ottawa sand, and applying the effects to gravels and silty sands involves
considerable uncertainty.

S e p22+1225 '{for 0.18 «Si '-0} _ v-17)
Si=10 g3 =0

(4) Brine Content

Fill materials
from offshore sources or those
from onshore sources placed below
sea level will contain significant
brine in the pore water. Michel
{1978} has shown that brine con-
tent can have a substantial effect
on the strength of sea ice.
Michel's  data, reproduced in

a,%10% ps

Figure IV-13. Flexure strength of ;ea ice vs. brine
Figure IV-13, show that the volume {After Michet, 1978}.
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flexural strength of sea ice is-reduced.to 20 percent of the strength of
brine-free ice at a brine volume of about 0.16. At higher volumes, no further
strength reduction occurs because the excess brine drains out of the ice.
Michel suggests the following empirical relationship for strength reduction as
a function of brine volume:

v Y {foro =v = 016} {tv-18)
ol.'IF'_-O- 0.25

Ruedrich and Perkins (1974) investigated the effect of
salt concentration on the strength of Prudhoe Bay sands and silts. Some of
their results are reproduced in Fiqure IV-14; substantial reductions in
strength with increasing salt concentrations are readily apparent.

N
10‘2 a 1 71 SAN(DI T I,“’ T T TR 1462 T T SILTYSAI Pl i | = TTTTIT
- r ! L ! i1~ o T } =
,,EIE [ o |& A 4 O Jd o (_{.’ —i Temp] Salt
-~ ™ " E_ Conec.
g0 s I | | o aares
. R s . 2594 2-1 §
= 025 z1/2%| 4 - _
z | . 013% 21/2%
Z 403 : Q13| 22w =z 3 : i
<Yk 1 < "E «25% 1% 3
£ - ! } I « 259F 1% « = } } N
[ A A ; 3 Al 1%
9 - I. F } 7 { a1dFx ]« /0 f 7 , l" e o
E i m2s%|ox | ;- i : -
1
< A13%| 0% < . o%
104 P | 1 1"‘"" 1 11 il 10-4 1 (1 gadl i PRPRY P | Ml AW
10 100 1000 10,000 10 100 1000 10,000
MAXIMUM UNIAXIAL STRENGTH, psf MAXIMUM UNIAXIAL STRENGTH, psf

Figure {V-14. Influence of salt concentration on the sirength of Prudhoe Bay sand
and sifty sand {After Ruedrich and Perkins, 1974).

In order to determine whether the influence of salt éon-
centration in the frozen Prudhoe Bay sands and silty sands is similar to the
effect of brine volume on sea ice, we have plotted the strength (at axial

-3 min") from Figure IV-14 versus brine volume in the

strain rate = 10
form used by Michel (1978) for sea ice. Brine volumes were estimated from the
pore water salinity and test temperatures reported by Ruedrich and Perkins

{1974) for the Prudhoe Bay samples. The results are shown in Figure IV-15,
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X Silty Sand
o
o g 4 Ssnd
0 |la
-
‘\\
b,
~ s
. 0o 1 1 L I >l
0.0 Q.1 9.z 0.3 0.4 05 a6

Figure 1V-15. Influence of brine volume on the strength
of Prudhoe Bay sand and silty sand
{After Ruedrich and Perkins, 1974)

. Although the data are limited, the relationship proposed
by Michel (1978) appears to fit quite well., However, at brine volumes greater
~ than 0.16, the data indicate that the strength continues to decrease because,
in contrast to the natural freezing of sea ice, brine was not allowed to drain
from the Prudhoe Bay test samples. It is our opinion that when the offshore
fills freeze the brine will drain except possibly in the lowest portion of the
fills, where btrine may become trapped. For the case of gravel -ice mixtures
placed below sea level, the brine volume is replaced by brine content to
account for the initial freshwater ice content of the mixture (see Equation
IV-5). Therefore, after replacing v with S, Equation 1V-18 becomes:

Sy _ {foro < S, sn.ts} {1v-19)
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{5) Confining Pressure ‘
To account for the effect of confining pressure on creep
behavior, Ladanyi (1975) proposes to treat frozen soil as a {c, ¢ ) material

Harding Lawson Associates

by replacing the creep modulus in Equation IV-13, o by Tof i.e.,

o =% * % (N¢-ll
. 1+ sing
where: N¢ = W

{iv-20)

¢ denotes the friction angle of the frozen soil corresponding fo the creep

rate, e‘c, and ¢ is the cohesion intercept.

In this approach, ¢ and ¢ are

total stress parameters and ¢ is assumed to be relatively independent of time

and temperature.

4s 35
L ‘
ANGLE OF INTERNAL FRICTION ‘ | o -
- VS DENSITY -
(FOR COARSE GRAINED SOILS)

g : J g

@ o

5 40 = -3 &

a e
= Relative Material Type =

o s

5 o

a T TP =

8 TH w
1 -
2« o<
S oF
4= « éf i Z o
= w _ Obtained from 20 [e] &
5 E effective stress ©-
= failure envelopes _—

w w

O Approximate corelation Q
ut is for cohesjoniess 3

3 materizls withaul 5]

> plastic fines 15 =

< <L

Void Ratic ~{For G = 2,68}
1 0‘;6 1 P'|5 I ﬂ'f i o'|3 1 0‘121 0'] 5
110 120 130 140 150

DRY UNIT WEIGHT{ Y4). Pef

Figure IV-16. Angle of internal friction vs. density for frazen and unfrozen fill materials. Based on bonded
angle of internal friction being 10 degrees less than the unbonded value {After Navdacks, 1971)
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The angles of internal friction for ice-saturated frozen
s0ils reported in the literature are typically six to ten degrees less than
those for the same soil and density in the unfrozen condition (see, for exam-
ple, Alkire and Andersland, 1973, .Ladanyi and Johnston, 1973, and Sayles,
1973}. If the difference in friction angles between the frozen and unfrozen
state for the same soil and dry density is taken to be 10 degrees, the curves
shown in Figure IV-16 can be used to estimate the friction angles for frozen
fill materials.

v The effects of temperature, void ratio, brine content in
the pore fluid, ice saturation and confining pressure, as described in the
preceeding discussion, can now be incorporated into the creeb modulus, -

The parameters required to _app]y Equations IV-13 and
I¥-13b are as follows: |

Creep modulus, e, and the corresponding strain
rate, éc.
. Creep exponent, n

Temperature factor, m {see Figure IV-10 and
Equation 1V-16)

. Index properties which influence the creep modulus
Void-Ratjo (e} (see Figure IV-11)
Ice saturation (55) (see Equation IV-17)

. Brine content (Sy) (see Figure IV-15 and
Equation 1V-19)

Confining pressure o3 (see Figure IV-16 and
Equation IV-20).

The index properties of the fill materials have been dis-
cussed. hrevious]y and values for various typical conditions presented in
Tables IV-4, IV-5,. and IV-6. Representative values of creep modulus, creep
exponents, and temperature factors are presented in Table IV-7.

The values of creep modulus are equivalent to the peak
strength at a temperature of 31°F and a strain rate of 0.15 min.'] and are
estimated from the data of Sayles and Haines (1974) shown in Figure IV-10.
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TABLE Iv-7. Summary of creep properties for bonded fill materials’

Ice-FreeGravell Gravel-lce Mixtures Ice-Free Silty Sands
S (i)n placed below placed in the dry, placed below | uncompacted | compacted
% sea fevel compacted sea fevel, - ~
(Rd =0.5) {Recrystalized) uncompacted (Rg=0.3) -{Rd =0.7)
Creep Expanent, n 7.5 75 . 75 7.5 7.5
Creep Modulus, ¢, {ksf)
c 115 %57 115 20 90
(@ ¢ =0.15min ") _
Adjustments to
Creep Modulus
{1) Temp. Exponent, m 0.5 0.5 0.5 0.5 05
Femp. factor 24 - 24 24 24 24
{2} Void Ratio Factor 0.38 0.97 0.87 0.69 0.87
{3) lce Sat. Factor - 0.34 - - -
(4} Brine Content G.2 - 0.2 0.2 0.2
{5} Conf. Pressure Factor o ,
¢ {degrees) . 26 10 ' 5 18 22
- {Ng - 1) 1.56 0.42 0.19 089 1.20
. 2
mjltsg Creep 21.041.5604 | “(450 +0.4203) | 480+0.1904 2.98+0.8905 | 37.6 + 1200y

Notes:

1. For average fill temperature =-5°C.
2. Depends upon degree of recrystallization.
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The creep exponent was estimated from data on four different soil types
ranging from Ottawa sand to Suffield clay (Sayles, 1968; Sayles and Haines,
1974). The values were obtained from Fguation IV-13 rewritten as follows:

o [ %)
T |
_ L1100 "e) av-21)
[ “f100
' .
°d 7pk ]

Where, €, = failure strain
Y00~ 100 years
Ik T short-term creep strength
€% " strain rate for o
Tii00= CTEEP strength at 100 years

n=s

Values of n were computed for several pairs of data at the same temperature
for each soil type. In general, the computed n-values decreased with
increasing temperatures, but varied little with soil type. A value of n = 7.5
was selected as representative of the range of soil types reported for tem-
peratures of 26° to 31%F. This is believed to be a conservative value for
the project fill materials. _
Using the data presented in Table V-7 and Equation [V-13b,
the creep strength of the various fill materials can be estimated as a func-
tion of time. Design values for short-term (24 hours) and long-term (25
years) creep strength are presented in Table IV-8.
b. Elastic Properties of Bonded Fill Materials
Elastic moduli for frozen scils have been shown to be dependent
on temperature and strain-rate much like that of stress or peak strength., For
example, the data of Parameswaren, 1980 show the following approximate
relationship between initial tangent modulus and strain rate for frozen Ottawa

sand:

E=A (&)™ {tv-22}

E-14
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Table 1V-8. Mechanical properties of bonded f{ill materials _
Initial Tangent {Poisson’s| Shear Strength |One- Dimensional

Modulus (ksf) Ratio Compression
Short Long
Short Long L Term Term m a
Term Term {24 hrs.) | (25 yrs.)
Ice-Free Gravel _ .
Placed below sea level, 1400 200 0.25 4.6 1.4 1500 0.90

uncompacted
93 = 1.34 ksf @ 20 ft.

Gravel-lce Mixtures
Placed in the dry, com- 3000 550 0.25 10.0 3.7 400 0.75
pacted {recrystallized}

a3 = (.61 ksf @ 10 f_

Placed below sea level, 2850 400 0.15 9.5 2.8 6§25 0.90
uncompacted
o3 = 1.19 kst @ 20 fr.

Siity Sands -

Hydraulic Fiii

" 'Uncompacted 1850 250 0.25 6.1 1.8 125 0.75
o3 =090 ksf @ 15 .
Compacted 2300 350 0.30 7.6 2.3 220 0.90

o3 =004 ksf @ 156 fr.

Notes:
1. For average fill temperature = 5°C,

2. oqassumed = (.5 x (overburden pressurel for average depth within the fill.
3. Short-term assumed to be 24 hours; %',: 300,

4. Long-term assumed to be 25 years; % = 150.
1]
5.

Properties will vary from unbonded to fully bonded depending upon degree of recrystallization.
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Comparison of Equations IV-22 and IV-13 suggests that the initial tangent
modulus may be estimated from the creep strength if exponents m and n are
' approximately equal and if temperature effects are sjmilar. If the ratio
Ei/ opaxy i5 evaluated over the full range of strain rates and tempera-
tures reported by Parameswaren, the values range from 39 = Ei ,-“max <
221 with an average value of 133. In general, the lower values correspond to
Tower strain rates; however, the variations with temperature are
inconclusive.

Sayles and Haines (1974) reported peak strength and tangent
modulus data. for Hanover silt and Suffield clay for a range of temperatures
and a strain rate of about 0.1%5 min']. For temperatures between 3% and
15°F, the ratio of modulus to strength ranged from 273 to 138 for Hanover
silt and 124 to 165 for Suffield ¢lay. The values for Hanover silt are in the
S ame fange as Parameswaren's Ottawa sand data for comparable strain rates.
Temperature effects for these soils are similarly inconclusive.

Based on the data discussed above, we conclude that the initial

tangent modulus for bonded fill materials can be approximated by:

Ei Ei 300 for short-term toads
= {1v-23)

e, — o B _S: 150 for long-term loads
2! 3max

Vinson (1978) has tabulated values of Poisson's ratio for a wide
variety of soil types. The reported values for sands range from 0.23 to
0.28. For silts, the range is from about 0.28 to 0.39 with an average value
of about 0.30.

Recommended design values of initial tangent modulus and Poisson
ratio for the various bonded fill materials are presented in Table 1V-8.

¢. Compressibility

Tsytovich {1975} has repbrted measured values of the coefficient
of volume compressibility, m, = 1;? , for several frozen spils., These data
indicate that m, varies with soil type, density, and unfrozen water

content,
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Referring to Equation IV-11, it. can be seen that m, is the

inverse of the compression modulus, m, i.e.,

1 {1v-24)

In Figure IV-17, Tsytovich's data for a frozen sand and a silty sand are
superimposed on a plot presented by Janbu (1967}, for unfrozen soiis, showing
the variation of compression modulus number, m, and stress exponent, a, with
porosity. To make this comparison, the porosity for frozen soils is related
to only that portion of the pore volume not filled with ice, i.e.,

_ non-ice pore volurme ’ {1V-25}
total volume
_ e-H{G/G)
1+e

The data for frozen sand and silty sand are quite limited and
scover only a narrow range of non-ice porosity. However, these data can be
extrapolated by noting that as the amount of ice in the pores decreases to
zero, the curves for the frozen and unfrozen conditions must converge at the
porosity of the equivalent unfrozen soil. The resulting'curve defines the
variation of n with non-ice porosity for the frozen soils,

To obtain similtar curves for the project fill materials, a
family of parallel curves was constructed, each of which merges with the curve
for the unfrozen condition at the expected placement porosity. The assumption
that these curves should be paraliel is based on Janbu's data for unfrozen
soils. Values of the stress exponent, a, are obtained using the same type
assumption regarding the influence of non-ice porosity.

To illustrate the compression parameters in the frozen versus
unfrozen conditions, points for each of the fill materials for both conditions
are b]otted ont-Figure 1V-17. The compression parameters for bonded fill mate-
rials are also tabulated in Table IV-8.
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Figure IV-17. Compression parameters for island fill materials
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B. PILE SETTLEMENT '

As discussed in Section VII subsurface temperatures fluctuate seasonally
and cause variations in pile settlement velocity. To account for this change
in settiement velocity throughout the year, a representative soil temperature
profile, an average for the full year, was determined. The procedure pre-
sented on Plate E-1 describes the method used to determine the “average*
temperature prefile for a pile embedment depth of 10 feet. This procedure was
repeated for other pile embedment depths to allow development of a representa-
tive soil temperature profile. The procedure used to calculate the ground
temperature profiles is presented on Plate E-2. The ice flow law presented on
Plate E-3 was used to calculate pile settlement. |
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Procedure for determining a representative temperature profile and settlement
far a 10-foot pile embedment depth.

1. The year was divided into eight time periods of equal duration as
shown in Figure 1. '

2. The ground temperature variation with depth was determined for each
time period assuming a homogeneous soil beneath the active layer and
using Equation E1 (presented on Plate E-2)for a damped, sinusoidal
temperature oscillation.

3. The following was computed for the 10-foot pile embedment depth using
the Ice Flow Law presented on Plate E-3.

a. The settlement of the pile was calculated based upon an
average temperature along the pile at each time period
as shown in Figure 2 using Equations E2 and E3.

{pile settlement}/{pile diameter) Fquation E2

s/a

Equation E3

s7a = {0/a) (at) = 4.5 { Bave) ( rave") { At)
where Bave=f(T ave) From Figure 1, Plate E-3

5/a = 4.5 ( Bave)
( rave™) (at)

n
Note: Tave and At are constant.

b. The settlement for all time periods was added to determine the
total settlement of the pile for the year using Equation E4.
t/pz7/8 3/a

(8/a),= t/p=0/8( rave) ( at)
8

Equation E4

c. This settlement was used to compute a representative ground
temperature {Trep) using Equation E5, Morgenstern's flow law,
described on Plate E-3.

6 ;-3

Brep = 3/a ave = 3.4 x 1077 psi ” x year
4.5 ( rave") ( at)
T rep = -4.7° ¢ Ffom Figure 1, Plate E-3

DEPTH BELOW GROUND SURFACE, FEET

TEMPERAUTRE °C, T

-20.0 -15.0 -10.0 -5.0 0.0 45.0
:
time '
period=ih=\a/815/8 \3/8 68/  \es8 778 / 1/8| Jo/81  Active
o ——_ —_— B an— — P N r———
‘ Layer

10 o
Figure 1. Variation in temperature with time and depth

Average Temperature = T ave = Shaded Area
Depth Below Active Layer

Tave = -1.8% C for t/p = 0/8

t/p 0/8 18 {2781 as8 | as8 {578 | s8] /8

T ave -1.89 ¢ | -2.0} -5.4| -9.6]-14.2|-14.0 [-10.6] -6.4
8.4 x 107° | |

Bave psidyear | 7.6) 3.0] 1.7 t1.2] 1.2| 1.6] 2.6

3/a _
( Taven)(At]3.7B X 10’5 3.42| 1.35{ 0.77} 0.54] 0.54) 0.72} 1.17

Figure 2. Pile Settlement for Each Time Period

S=——=Harding Lawson Asscciates Procedure for Determining Pile
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 Ice-Flow Law (Morgenstern, Roggensack and Weaver, 1980)
. n+l _
E'l = :"-3( 2 ) ,s-,a" = 4.5 p,-a" Equation E5
a
n-1 :
where: '
u, = pile velocity
a = pile radius
Ty T constant tangental shear stress 6n'ice-rich soil
P = 5011 creep exponent
B = 50il creep constant - -
Temperature | -n -1 -1
C0C . o n 4-K Pag " x year ps1 X year
-1 3 © 8.5 x 1075 1.5 x 1073
-2 3 2.0 x 10_4 6.6 x 10_5
-5 3 “1.0 x 10 4 3.3 % 10_6
~-10 3 5.6 x 10 1.8 x 10
1x107°}
i
S.,
s prEptIr _ .
a
>y
. l
o
- 1x10%} o
a "
— l
o |
=]
~ i
o
_ . < lTrep -_-—4..?_
-100 : -10. - -1
| log (Temperature 9C)
Figure 1. Temperature Vs Soil Creep Constant
Ilce Flow Law PLATE
Pt. Thomson Development Project ) -
Winter 1982, Geotechnical Study [E':]

~EXXON Company, U.S.A.
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C. ANALYSTS OF LATERALLY LOADED PILES

ANALYSIS OF LATERALLY LOADED PILES IN PERMAFROST

The behavior of piles subjected:tpjlataral loadjng may bejana]&zed by

the subgrade-reaction method (Pou]os and Davis, "1980}. The method is

capable of treating non-linear 501} behavior, ddyered soils and non=
uniform pile sections, and is read1ly adaptable to computer solutlon “In ~
the so0il response to lateral loads is modeled as a series of

The P-Y

general,
unconnected non-linear springs repfesented.by "P-Y curves®.
curves are a representation of the;load—def1ection_characteristics of the
soil at a given depth along the pile and depend upan tha'piié dimesions

as well as the stress-strain and strength charactgrisiics of the soil.

“P-Y Curves

Procedures for constructing the P-Y curves for various {unfrozen)
soil types and Toading conditions have been summarized by Reese (1975).

An example of these procedures (for'soft, saturated clays) is as follows:

1. The uitimate soil resistances per unit length of p11e shaft,
Py1t. is computed using:
Pult = Np - ¢f . d (l;
where cf = shear strength
d = pile diameter or width
N = nondiméﬁs%onaI‘uit%mate resistance coefficient
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No increases from a value of 3 at ‘ground surface to a maximum
value of 9 at a depth of several pile diameters; vis.,

Ny = 3+ gi'-r J-3z (2)
where © 0, = overburden pressure at depth x
X = depth
" d = empirical. coefficient (typically, J = 0.5)

2. The P-Y curve is approximately by a cubic parabola:
' LY 1Y

= Y By l/)';_ ' | 3)

where P = 5071 -redction for lateral pile deflection, y

" Yo ="lateral.pile deflection at which P = 172 Pult

Note: This procedure is based on the concept that the stress-

. strain curve for the soil and the P-Y curve for soil reaction on
the pile should havé s1m11ar shapes as 111ustrated in Figure 1

(Matlock, 1970).

3. Y¢ is approximated by:
3 (4)
Y. 245 e_-d

where €, = strain ét which { o, - ] 172 (a- o uit

Stress=Strain-Time Beliavior of Frozen Soils

The stress-=strain behaviaor of-frozen soil depends upon, among other

factors, the duration of loading and the soil temperature. For example,

~when a sample of frozen soil is subjected to a constant uniaxial stress,

the sample continues to deform with time. As shown on Figure 2 a typical

strain-time {creep) curve for frozen soil may exhibit three stages: (1)

'Efés
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deccelerating, or primary, creep, (@] constant strain-rate, or secondary

creep; and (3) acceleratmg, or terhary, creep which usually leads

rapidly to failure.
Depending upon the type of frozen soil and the applied stress level,
any of the three stages of creep may dominate (Figure 2a).

Ladanyi (1978) has suggested: that:primary creep of frozen soils can

be described by the equation:

eé(}(“'—)

(.6-:J : (5)

in which E = Jééﬁ strain-rate
(a,~03 ) = applied principle stre.ss difference
t = elapsed time B
a. ¢ &£, = values of- (a‘ ) and & at'an arb1trarﬂy
selected time
n = stress exponent
b = time exponent

o. ? éc, n, b temperature-dependent material censtants

Equation (5) predicts that, in the primary creep stage, a plot of Tog
(£ ) vs. Tog (t) will be linear with-a slope eﬁua] to_(b%l__)-._

In secondary creep, the strain-rate is independent ;of time (b=1 in
fquation 5), so that: . |

, A a-a; y Y7 . - . }
£ e ()" [ sty o
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Equations 5 and 6 both predict_@ﬁat a plot of log (& ) vs. log &x.§) will -
be linear with a slope equal to n. However, the value of the stress
exponent, n, may be significantlg.different in the primary and secondary
stages. .

The ¢constants in Equations S_Qnd_ﬁ are tgmperature—dependent. The
temperature effects may be eva!uated by ﬁeffdrming creep tests at

.different temperatures or estimated from published data.

Evaluation of Créep'Parameters of Design

At;théwétféés'leve]s aﬁd Toad durations normally used in engineering
hﬁsign; it is often éﬁsumed that secondary creep dominates {Ladanyi,
1978). Hoﬁever, test durations of two weeks or more may be required to

estéblish secondary creep ratesJét design stress levels. An alternative

- approach is to pérfoﬁm fe1ati§é]j;$hort-term {(a Tew hours) creep tests

" and extrapolate the primary creep behavior to the onset of secondary

creéﬁ (Figﬁfe 3): This requires an estimate of the time at which the
tranSftion'froﬁ primary to;sqconﬂafy creep Will occur. If the time for
this transition to occur is underestimated, the extrapolated secondary
creep rate willzbe conservativé'(foo fast) and, if overestimated, the
Secondary creep rate will be unconservative (too slow). '

| Figure 4 shows the prim&ry'céeéh behavior of a sample which was step-
lToaded to three different stréss ieve]s. Except for the usual experi-
mental data scatter, the Tog‘fe;f Qs. log (t) relationship appears to be

linear as predicted by Equation 5. On the other hand, contrary to

Equation 5, the curves are not parallel; i.e., n # constant. These

E-28
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diverging curves éuggest that ﬁ“§£eadi1y'inéreases through the primary

stage to the onset of secondary Créep. Thus, the steady-state n value

obtained by extrapolation will be dependent upon the time estimated for

the onset of secondary creep. In this context, as noted previously,

underestimating the transition time From primary to secondary creep will

be conservative.
For our laboratory test data, we have estimated the time to onset of

secondary creep to be 24 hours._ Ve belleve th1s to be a conservat1ve

choice. The extrapolated 24- hour stra1n rates for severaT tests at

different temperatures are plotted vs. the applied stress on a log-log

scale in Figure 5. The slope of .the straight Tines fitted through the

data points for each teyperatureﬁjs_gqqal to the stress exponent, n, in
Equation 6. For these data n = 3, which is consistent with pﬁinshed
data on ice-rich soils (Morgenstérn et.al, 1980). The values of e;
and o can also be obtained fromm any convenient po1nt on each Tine

e.g., for 28° F, we could choose, say. é_c 10-6 min-] and cr;:

= 20 psi.

The effect of temperature can also be deduced from Figure 5. For

example, at €= 2 x 1078 min_1,.$p£”cnyresponding stress values at
280, 250, and 20° are 55 psi, 78 psi_and 150 psi respectively. As
shown en Figure &, the relationship between stress and temperature (for a

given strain-rate} is essentially Tinear.

© E-29
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Equation 6 and the Taboratory éreep:{ésf.results {examples of which

are presented on Figures 4, 5, agﬂ:ﬁljfbrm the basis for establishing the
P-Y curves for the ice-rich fine;éféined permﬁfrost in the upper 7.5 feet
of the subsurface profile. The*faét fhat the stress exponent, n, is

- .équal to 3.0. for 'the laboratory tést data is consistent with the use of a
cubic, parabola to rgprg;ent the ?-Y_curves since Equation 6 can be
fewritten in the form:

- g '_é_ yn ) (7]
g -0z = % (é;oa ) _ '

.

| in which t = any elapsed time (shoft of failure). In this application
“t* is the duration of loading for'the-various loading conditions.
" To cddgtéuct'the P-Y curves, the soil creep parameters required are
 -the creép shear strength (Eqﬁ&fioﬁ”f}"aﬁd the strain corresponding to
| half of the ultimate creep strength (Equation 4). For a given duration

':bf loadiﬁg and soil temperatpre,_Equation 7 can be solved for:

SRE N - o &, Y (8)
(=03, = 2¢, =00 (£ . ¢, |

o f
~Anwhich = c¢f =1/2 [o,-93)5 = creep shear strength
 cf  ='strain at which the soil fails in creep
tdg = load duration_for a particular design condition
- :Alse, foron = 3,
i . _f .- (9)
e = 41} N 65? .

E-30
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Consider the following example:

1. Assume T = 28%F
Ef = 0‘2{ IR
td = 24 hours
2. From Figure 5, say €="2°x 10~ min-1
. 6. =55 psi

a“;' )_Z%

3. From Equation 8, . - .. & , _ _ _
q C‘f = .-A.(Sf._x.z‘/a_4.‘ 3¢ XED = 24,4/05}'

*** The following steps deﬁéﬁd upon pile diameter and depth***

4. Substitue cf into Equations 1 and 2 to obtain Pyjt
5. From Equation 9, &, ='0.025

Substitute &, into Equation 4 to obtain Y¢
6. Construct the P—Y.curVéﬁdsing Equatidnf3

The foregaing procedure-wés:devéjopg@ spécifﬁcallyufor ice-rich fine-
grained soils for which laboratory creep data yag_avai]ab]e. _Basica]]y
the same procedure was used to develop the P-Y curves for the underlying
ice-poor granular soils except that the creep parameters ﬁere eséimated
from published data (Sayles, 1968) due to the Tack of suitable samples
for laboratory testing. As can be inferred from the Pdlt - Yc data
previously supplied, the iceroof soils have greater creep strengths and
fail at lower strains than the€%Cé;r%éh‘sbi1s. Also, the stress expo-
nent, n, was estimated to be ?:5_%6f ihé i&é-poor 50115;

Frozen soils tend to go from ductile behavior at low strain-rates to
brittle behavior at high strain-rates, Therefore,;_ec for three-minute

loadings were taken to be one-half the values used for 24-hour and

20-year loadings.
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Figure 2. Constant-stress creep test: (a) creep-curve variations;
(b) basic creep curve; (c} true strain rate vs. time.

{after Ladanyi, 1978)
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; Ice-Rich Soil
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