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ABSTRACT

Some of the underground excavation problems encountered in arctic
and subarctic environments associated with thermal disturbance' are
excessive settlement-; of ground surface and pronounced displacement
around openings. A

This study investigated the possible links between the
significant settlement, Ground temperature was found to be the most
influe.ntlal An empirical equation was developed for the USBM gravel
room to predict the effect of temperature on creep of frozen gravel.
ASeparla.xtion of the roof gravel and silt was observed as steady heating
process increéseé the grével temperature by one éegree.

The temperature dependent matérial constants were estimatéd from
the 1aborat6ry testings. The factors affecting the creep
characteristics were temperature and applied stress level. The
primary creep behavior of frozeﬁ gravel loaded under 18% of unconfined

. compressive strength at 259 and 29°F could be predicted empirically.
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INTRODUCTION

Inéreased demand for resources of all types will necessitate
further mining activities in arctic and subarctic environments. Be-
céuse of the high frequency of encountering frozen ground in these
regions, construction of a structure in the areas is often a
challenging task. Underground structures in frozen ground have pro—
nounced creep deformétion result';ing-f:om disturbance of thermal
equilibrium of the surrounding materials. E‘orv projects concerned with
safety of miners and cost of operation, the uncertainties in achieving
the final éoals are high unless certain information is well under-
stood. I£ is for this reason that the research was conducted to
identify a proper method which improves underground design and con-
struction in permafrost regions.

In the design of an underground placer miﬁe in arctic and sub--
arctic environments, the engineer has t-o- perform the following tasks:

- to understand the geological condition in which the excavation
will be made;

- to understénc} and to predict the response of the natural frozen
materials tol the change of environmenté imposed by excavation,
construction, and varlous types of activities; and

- to modify, if necessary and possible, the behavior of frozen

ground in order to ensure adequate performance of the structure.

These three tasks can be accomplished by means of geological
investigation and engineering analysis and design.
In order to obtain the necessary geological and engineering data

for a practical underground mine design in the northern region, the
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U.S. Army Cold Region Research and Engineering Laboratory (USA CRREL)
permafrost tunnel was used. The USA CRREL permafrost tunnel offers an
unique opportunity for monitoring and investigating the behavior of
frozen ground. The local geology and material properties of the
tunnel have been described by Sellmann (197 and 1972), Thompson and
. Sayles (1972), and Pettibone and Waddell (1969). Work accomplished by
those investigat_ors provided this research with a better understanding
of the tunnel complex, and therefore, the study could bé focused-upon
the more siqnificant factors. Parameters such as material type,
ground temperatm:e, thickness of overburden, and opemng geornetry were
thought to be crucial to the reSponse

One of the major objectives of this study was to establish the
long term convergence rates of different frozen materials. In addi-
tion, the measured creep rates were compared with the contributing
factors to find the possible relationships. The second prime obiec—
tive was to study the temperature effects on the creep responses of
frozen materials, Thermél influence on ground stability is, by far,
the most worrisome problem encountered in arctic engineering design.
In this x:éseaxch, the temperature effect was isolated and quantifigd
through field and laboratory studies. The thirld objective was to
inve.stigate the possible parting in the materials overlying the
opening., Strata separation was firs£ observed lﬁy Pettiboné and
Waddell (1969) immediately after tunnel excavation. It is likely to
ocm.ar agaiﬁ under certain conditions, Identification of the cntlcal

condition is the very reason which makes this research more

rneaningful .



USA CRREL PERMAFROST TUNNEL

History

The USA CRREL tunnel is llocated approximately 12 miles north of
Fairbanks in the towh of Fox, Alaska (Figure 1). In 1963, the tunnel
was cut ini:o a near-vertical silt escarpment formed by old placer
mining operaticns, During the following three winters the tunnel was
excavated through frozen silt of late Quatérnaiy age for the entire
360 f£ft, 2 Qertical shaft 45 ft. deep and 4 ft. in diameter ;vas
augered in 1966 for ventilation. In the winter of 1968-1969, the
Bureau of Mines dug a winze (approx. 100 ft. from the portal) from the
exisating tunhel throhgh the placer-gold bearing frozen gravel into
~ bedrock (Figure 2). Dux:iné the same period of time, three rooms were
also excavated in the gravel deposit which overlies bedrock. The
openings are acceéssible and have been well maintainea in a frozen
state since excavation. The materials and types of ground ice are
common tlo many permafrost areas, and provide a very useful site for

investigating the engineering properties of perennially frozen soils,

Tunnel Geology

The geology and material properties of the tunnel are described
in great detail by Séllmann (1967 and 1972). Thi§ pépef only sum-
marizes the geclogical studies conducted by USA CRREL in the turmel.
An idealized geological cross-section of thé tunnel Qaé cited from

Sellmann's 1967 report (I-‘igureAB) to illustrate the sedimentary forma-

tions in the area.

Silt. Silt is the dominant constituent of the }late Pleistocene de—

posits in the area. The silt sections are as much as 55 ft. thick.
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The analysis of silt samples from the tunnel section indicated that
683 of the material is within the silt sizé range and the uwniformity
coefficient is about 3.8, The index indicates that silt material is
fairly uniform in size. The bulk density of the silt ranges between

78 and 115 pcf and averaged 92 pcf, with moisture contents between 32

and 139% by dry we.xght. The ary dens:.’cy ranges from 33 to 87 pct with

an average of 54 pcf. The silt exposures in the tunnel contam mas-
sive 1ce—-wedges and small ice-lenses. 'I‘he large volume of ground ice,
53 to 80% by volume, generates unusual engineering problems. The silt

strength is influenced largely by its high ice volume.

Gravel. The early Wisconsin gravels were stream depolsited with
imbrication of the pebbles, cobbles and sands. Sand and silt lenses
of Illinoiaﬁ age aré common in the upper part of the strétified
gravel. The average thickness of the gold-bearing gravel in the
vicinity of the tunﬁel is around‘13 ft. Moisture contents of the
gravel range from 8.9 to 10.3% by dry weight. Particle size analysis
. Showed that 55% of the deposit is in the gravel range. The Lmifom;ity
coefficient is around 4.5 which indicates that the gravel deposit is
not well sorted. Although the gravel, similar to the 8ilt, is bonded
with ice, it does not contain massive ground ice. The absence of ice
wedges or ice 1en§es in the gfavel depoéit. in addition to its greétér
mechanical strength, make the formation much' more stable than the silt
formaticn, ' Ice is visible in the voids, but the gravel appears to re-
tain particle—to—particlé contact.

The 30 by 70 foot USBM gravel room has a floor of bedrock. The

walls and roof consist of coarse conglomerate. The grave) extends
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approximately 6 feet into the roof. The remaining overburden is silt

of 50 — 65 feet in thickness,

Bedrock., The bedrock in the area is Birch Creek schist of Precambrian
age. It 1s a gray to brownish graphite—quartz-calcite schist or
quar£z~mica échist. The bedrock is overlain by £rozen gravel. The
gravel-bedrock contact is very irreqular, The top surxface of the
bedrock is highly altered and forms a clay layer,:. Moisture contents
of the decomposed bedrock range from 6.5 to 19,93 by dry weight and

average 11.7%. Placer gold usually occurs at the contact zaone,

Ground Ice. The types of ground jice in the tunnel can be divided into
two groups: 1) the small lenses formed by ice segregation, and 2) the
massive ice wedges and ice lenses. There are several areas along the

tunnel exposure ini which massive ground ice is present.




FIELD INSTRUMENTATION AND MONITORING

Instrumentation

Instruments were installed in the USBM gravel room to measure
vertical and horizontal movements in response to thermal effects, to
jnvestigate the possibility of strata separation between x:oo.f gravel
and silt, and to record the air and ground temperatures at each sta-
tien,

The gravel IrOOm cansisted of 5 vertical conveféence stations, 5
thermistor strings, and two multiple-point boreholé extensometers

(Figure 4). There were alsc 3 vertical convergence stations and two

sets of thermistor strings installed outside the gravel room to record

the possible creep behavior changes due to temperature difference.

Tape extensometer points weré anchored in the walls, xoof and
floof (Figure 5). The floor closure point was placed to a depth of
1.5 feet and grouted with a layer of frozen slurry to ensure the
stability of thé point, A thin water mist was sprayed on eéch Closure

_point pericdically to reduce sublimation of bonding ice. Sublimation
transfers ground ice directly from the solid phase into a vapor. By
this pr@ss the strength of frozen soil greatly reduces. A constant
supply of water in the st;u:roundi-ng area of each closure point can
dramatically reduce the sublimation of the interstitial ice.

Air temperatures .inside the gravel room were recorded
continuously with a hygrothermograph (+ 0.2°P éccuracy). In addi-
tion, the relative humidity of the air was also monitored by the same
instrument,

Frozen soil temperatures at each monitoring station weré measured

with thermistors installed in a borehole. Pigure 6 shows a typical
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thermistor string installation., A thermistor (Omega 4400) calibrated
to an accuracy of + 0.1°F was mounted to a 1.25 inside diameter ABS
pipe. A groove was cut in the pipe so that the thermistor was flush
with pipe surface for protection dunng insertion into the borehole.
fFach string conslsted of several thermxstor:s ranging fron two to seven
pieces. Inside the pipe, fiberglass insulation was applied to reduce
thermal leakage, A thin layer of frozen silt slurry was utilized to
grout .thé thermistor string, ptoﬁdjng a continuity between thermistor
and the surrounding frozen material. In addition, high thermal

conductivity gel (DC 40) was applied around the thermistor to ensure

better contact with the borehole. Resistivity changes of the ther—

mistoz at each pomt was measured by a portable resistivity meter with
sensitivity of + 0.1°F,

Roof separation was monitored with two rod-type multiple position
borehole extensometers (Ml and M2) manufactured by Irad Gage Co. The
M1 stz;\tion (Figure 7) consisted of 4 C-anchors at 2.5, 5.5, 6.5 and
7.5 ft. position, and the fou-r anchors of M2 station Qer.e 1ocatea at
2.0, 5.0, 6.0 and 9 ft. position, Both borehole extensometers were
installed in 2.5 in. diameter holes, The M1 extensometer Qas i.nstal—
led vertically, and the M2 extensometer wa;e. placed 209 to the verti-
cal, The relative movements of anchors with respect to the head were
carefully measured with a depth micrometer (Figure 8). The data
provided :.nfomatmn concerning the parting,

Monitoring .
Alr Temperature, The ambient temperature of the tunnel varied with
the location of monitoring station and erith the various types of

.activities inside the tunnel.
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The air temperature inside the gravel room was controlled manual-
ly by means of a heating element (150W light bulbs) and a ventilation
fan. In order to maintain both the opening and the surrounding frozen
materials near. their ambient temperatures, an insulated bulkhead at
thé USBM gravel room ﬁas caonstructed.

In the first stage of the study, the insulated bulkhead was

removed and cold air was ventilated through a duct from outside to

ensure a wider range of working temperatures, Later ¢ this bulkhead

was positioned during the heating stage which started April 24, 1983
and ended July 27, 1983.
Figures 9 through 18 and Appendix A summarize air and ground

temperatures at stations S1 to S7. Stations Sl. S2., S3, 86 and S7

were located in the USBM gravel room, and stations $4 and S5 were at -’

the other side of the bulkhead. The string S1 and S2 were installed
in thé sidewall and in the face at depths of 4 ft. and 2,5 ft. respec~
tively. String S3 was placed in the roof at a depth of 3.0 ft,
Thermistors of strings 6 and 7 were attached to the anchors of Ml and
' M2, Station S4 and S5 were installed m the outelrl compartment of the
USBM gravel -room. .String S4 bad two thermistbrs at depths of 1.0 and
2.0 ft. String S5 had three thermistors located with 1.5 £t. interval
each.

The curves TH100, '].'d203; Ty300, TH600 and TH700 on Figures 9, 11,
12, 15 and‘l'} represent the gravel surface temperature variations
stérting from January 10, 1983 to July 27, 1983, Comparing the curve
THS00 with othef surface temperatures, the fairly constant tanperafure

distribution of station S5 during the heating stage indicates that
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Figure 17. Frozen gravel temperature variations at
station S7. (Thermistor location: 0.0, 2.0
md 5.0 fto). '
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heat loss from the gravel room through the insulated bulkhead was very
small.

A slight increase of temperature at station S5 was noticed after
two hy&lraulic jet cuttings. There were two cuttings conducted to
evaluate the performance of the watef jet, The first test was made on
May 24, 1983, 'I'hé second cutting ;vas testéd on June 23, 1983, All
400 gallons of water- used during both cuttings were pumped from the
sumip and sprayed on the floor of the winze and outside compartment of
the USBM gravel room. Release of latent heat during the phase changes
of water to ice increased temperature by 0.6 degrees. The aif temper—
ature jumped from its backgrowd temperature (24.6°F) to approximately’
25.4°F.

Due i:o a warm wintef, the coldest air temperature in the gravel
rdom was aroﬁnd 259F, much highe.x: than expected. Nevertheless, the
heating process began immediately after the refrigeration system was
turned on. The gravel room warrx;ed up gradually to a temperature which
was thought to be too dangerous to work with, requiring the hcéting
souxcé to be disconnected, The peak temperature in the gravel room
was 30.°F which was at the station S3 (Figure 12),

Alr temperature near the floor of the USBM room was monitored b_y
a hygrothermograph (Bendix Model 53%4) during the fixst 62 days of
study. The temperature variation was plotted and shown in Fiqure 10.
Compaxed with the air temperature variatmns at stat:.ons sl through
S3, these three curves showed very similax patterns. However, the
average air temperature near the floor was about two to three degrees
lower than that recorded close to the roof. The lowest temperature

recorded by the hygrothermograph was 19°F, This cold period was also
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Figure 19. Air temperature distribxition near the gravel
floor.
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monitored by the other stations. Nevertheless, the temperatures at
the other stations were not as low as that near the gravel floor.
Relativé humidiEy of the air inside the gravel room was recorded
continvously by the same hygrothermograph. Figure 20 indicates the
relative humidity changes of the gravel room during the first 62 days.
Variation of air humidity depended on the changes of air temperature.

The relative humidity ranged fram 79% to 59%.

_ij.md _Tgmmna.tm_e. Temperatures of frozen soils in the USBM gravel
room were recorded with a series of thermistors. Summary plots of the
thermistor data at seven ground temperature monitoring stations are:
shown in Figures 9 through 18. Also, the 2Appendix A lists the ground
temperature information. Figures 9 and 10 show t..he temperatures of
the gravel wall at the surface and at depths of 0.3, 0.5, 1.0, 2.0,
3.0 and 4.0 feet‘;.

By comparison of those temperatures close to the surface (TH103
and TH105) and those at greater depth (TH130 and TH140), it was
noticed that the fluctmation of temperature was relatively small for
thermistors '111130 and THI40.

The gravel temperature distributions in January, March and June
at' station Sl were plotted. The diagram (Fiqure 21) shows that a
possible thermal transitionizone existed somewhere at a depth of 1
foot from wall surface. Frozen gravel at shallow depths (less than 1
Ifoot) had a thermal gradieﬁt ranging from 0.2 to 0.379p/f¢. an:ing
January and from 0.54 to 0.64CP/ft. in March. Beyond this transition
zone thé gradient decreased to a r:a'mge of 0,07 to 0.189F/ft., in both

months, This information suggests that the short term climatic ef-
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fects probably only influenced the first one foot of permafrost.
After three months of heating, the temperature variation within the
gravel decreased, and the thermal transition zone shifted towards a
greatef depth,

Figux:els 15 and 16 represent the temperature data of string S6.
‘I‘hé trgr;ds of curveé are similar tb those at station Sl. The gravel
at 4.6 fé. had less temperéture disturbance than gravel at 2.6 ft.
Fiéu:e 14 indicates the temperature variations at station SS.

Overall ground temperature of the outside roam was 2.5 degrees colder.

Creep Deformation. Creep movements of the USBM gravel room. in the
tunnel complex resulting from temperature variation weré identified
fdr a duration of 180 days. T‘hé deformations were taken with a steel
tape extensometer (Terrametrics model 50) which had an accuracy of
0.001 in.

Figure 22 and 24 summarizes 'the observation. The Appendix B
tabulates the vertical closure at each convergence station, Stations
-Cl to C5 were located within the USBM gravel room, and convergence
stations C6 to C8 \;zere in the outer compartment. .

After inﬁtallation of these meésuring ‘pointé, readings had been
reqularly takeﬁ at an interval of every 4 days. The convergence
information obtained for the period before heating was found to have
an averagé raté of 0.0007 inJ/day. A large deviation fro.m this creeé
'raté was notéd for thé réédiﬂgs taken between March 2 to March 6, 1983
(days 47 to 51). The reason for such a large jump is not known. A
relatively la:‘ge temperéture oscillation in the month preceding might

have created an unstable condition.
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Figure 23. Vertical deformations at convergence sta-
tions C4 and C5.
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Fiqure 24, Vertical deformations at convergence sta-
tions C6 to C8.

35

200



As thé steady heating process within the gravel room began, the
deformation rate of the roof indicated a significant increase, The
heating prooeés started at the refrigeration system was first turned
on April 24, 1983. During the first stage of heating, two 150 watt
light bulbs were placed on the floor of the room. At the later stage,
four lights wexe used, The energy feleased from these lights was
retained in the room and slowly absorbed by the surrounding gréund.
Por a better {1iustration of vertical closure changes caused by the
beatmg, t‘ne average creep rates for every two weeks at each station
were calculated along with average room temperature at 1 foot depth at
583.

The one~foot depth temperature from- string 3 was chosen for the
analysis. This string was chosen because of its vertical placement in
the robf and its proximity to the convergence stations. The depth was
selected to represent the thermal history of the roof for that
recording period. An analysis of the tré.nsient response of a one
dimensional, isothermal, semi-infinite, homogeneous medium undergoing
‘a sﬁ:face temperature step change, was used for the selection. The

temperature at a depth, x, and time, t, is given by Johnston (1981) as
T(X, t) = To + AT erfc x/(a,czt)"s 1)

where T is the initial temperature of the medium, (°F)
AT is the magnitude of the step change, (°F)
el;‘fc is the camplementary error function
a ig the thermal diffusivity, (£t2/hr)
A diffusivity of 0.08 ftZ/hr was estimated from Johmston (L98D)

for a frozen coarse grained soil with a density of 130 pcf and a 10%
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water content. A two degree increase in surface temperature was
imposed upon the 26°F medium. This would represent the effect of a
two degree increase in room temperature due to either increased

activity or a heating element., The results of the analysis are shown

in Pigure 25. A sienificant response at less than 1 hour is -

recognized at a depth shallower than one foot. Short term activities
assoclated with the data recording and tours,may have had a
significant effect on the shallow thermistor readings. At great

depths, the response may be too small or have a significant time 1lag,

causing the reading to have poor correlation with the temperature

history of tbé previous days, The one foot depth, showing a sizeable
responsé after 12 hours was therefore chosen,

A sefies of regressional analyses was carried out to find the
bést fitting curve for thermal effects on creep behaviolr of thé frozen
ground., The following four mode;s were thought to be reasonably

accurate within the testing temperature ranges, They ares

- Linear model

C=mT +b (2)
-~ Loqarithmic model |

C=alnT+b _ (3)

-~ Exponential model

C=aebl (4)
— Power model
C=aTDh A (5)
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If the boundary conditions are also considered as factors which
evaluate the accuracy of the model, the exponential model is superior
to the other equations mentioned above. Figures 26 through 30 show
the relationshipé between convergence rate and ground temperature.
Table I summarizes the coefficients "a", "b" and the coefficient of

correlation (r) of the exponential model for each set of data.

Table I. . Summary of regression analysis

Station ©a b

[at

9x100% o¢.3;1 0.
6 x1070 0.488 O,
6 x 1074 0.360 0.59
0 x 10~/ 0.614 0.
g6 x 1078 0,593 0.

RRA/E.
®

A randomized block analysis (see Appendix O was applied to this

exponential model in order to identify the influence of geometry and

overburden of opening. The calculated F value was 0,70 which indi-
cated the geometric and overburden factor did ndt signiflicantly
infltience the observed creep rate in this case, Therefore, the éve—
rage creep rate of those stations was usea to deVeJ.oin an emperical
equatidn which predicts the influence of temperature on behavior of
frozen ground in the room (Figure 31). It is:

Cm3.2x10 35 e0.473T ' (6)

where C is the convergence rate of gravel roof, (10~ in./cay).

e is 2,71828

T is temperature of frozen ground at 1 foot depth, (°F).
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station C3.

42

C3 CONVERGENCE RATE V8. TEMPERATURE
A= 6.906E-04  B=D.360 7
CORRELATION COEF=0.589 -
|

32

ldan o o 092 el

e m— e et ————



CONVERGENCE PER DAY, X 10° INCHES

100

(o)) [0 0]
(o} o
[JlllJ!Jl]JJIJJIJ[l|IllLJIlll]]l_(lllllljlllllII

=
(@]

N
(o]

C4 CONVERAGENCE RATE VS. TEMPERATURE

A= 6.550E-07 B=0.61Y o

CORRELARTION COEF=0.820

n

2

TEMPERATURE, DEGREES F.

Figure 29, Convergence rate vs. gr.avel temperature at
station C4.

43

32



-4

GCONVERQENCE PER DAY, X 10 INCHES

100

na = N e ]
o O o o

R-;_.L.LLU.J..LllLl.LlLLLJJ.Li.LIJ[JII!llIIl_[JJlIllJIJHJIII

(@]

C5 CONVERGENCE RATE VS. TEMPERATURE

A= 1.086E-06 B=0.593"

CORRELATION COEF=0.832 |

o © !
__________ @)
e ] T T N r T r T
24 26 28 30 32

YEMPERATURE, DEGREES F

Figure 30. Convergence rate vs. gravel temperature at
station C5.

44




CONVERGENCE PER DAY, X 10' INCHES

100

(00]
o

(o))
o

=
o

(58]
o

o

3 1
3 Cve CONVERGENCE RATE V8. TEMPERATURE ;

:

3

3 ;

= A= 3.200E-05 B=0.473

E CORRELATION COEF=0.914

3 0

1 VU S A s R AR

2 24 26 28 30 32

TEMPERATURE, DEGREES F

Figure 3l. Average convergence rate of the USBM gravel
room vs. gravel temperature,

45




The curve of the equation is subject to modification if more
creep information becomes available and a wider temperature range can

be achieved. However, a similar trend is believed to exist.

Strata Separation, Strata separations betweeh roof gravel and silt in
the gravel room were observed while thé air temperature of gravel
reached to 29.8°F (Figure 32). An intense heating raised the air
temper&tu:e to 29.8°F within 4 days duration, then room temperature
slowly dropped to 28,6°F in the next 12 days. Later on, the heating
procesé was intensified and air temperature moved up to 29,7°F within
one week, After that, the heating source were turned off and the room
temper‘ature gradually declined to the backgr:omd' value.

Separation between roof gravel (approx. 6 ft. thick at the Ml

station) and silt was observed 5 days after the heating process,

puring the first rapid heating stage, the average separation rate
between anchor #4 (7.5 ft. into th_é roof) and the head (at the roof
surface) was 0,0007 in./day and the rate was reduced to 0.0004 in./day
. during the second warming-and—cooling cyc).e.- After this the rate
aecreésed to 0.0002 in./day. The anchor #3 (6.5 ft. intd the roof)
also indicated a small parting (Figure 33). It hés been nbted from
observations that no> paxting§ _between head and anchors #l1 or &2 were
‘recognized. Both anchors 1 and 2 were locatéd in the gravel layer
(2.5 f£t. and 5.5 £t. into the roof surface). This information indi-
cated the gravel layer most Ilikely acted as a single unit during the

heating period.
The M2 extensbmeter was placed close to the buikheéd inclined at

a 20° angle with the vertical. The incline was necessary because of
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the drilling setup. Data recorded at this station did not indicate
" any formation separation. The inclined installation might not allow
for the sufficient connecting rod freedom necessary for accurate

readinés.
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LABORATORY CREEF TESTS

For engineering apélications where the stability of an
underground chamber depends upon the strength and .deformation
characteristics of the in-situ frozen soil, creep behavior must be

determined by tests on undisturbed soil samples under stress and

temperature conditions which are expected to continue during the life

of the structure. Alternatively, field: measuranents may be required
when considerable variability exists in the natutal permafrost.

The purpose of these laboratory tests was to 1nvestlgate the
stability of an underground placer mine due to temperature variations.,
The influence of temperature on creep and long—term strength of frozen

giomd ;«rere evaluated.

Creep.  Vialov and Tsytovich (1955) illustrated the process of creeb

in frozen soil by considering the condition of épplying a constant
load to a partially saturated soil mass, This applied load introduces

- stress conlcentrations; between particle—énd—particie contact, As the

load continues, surfacé ice starts to melt under pressure,

Differences in water concentration and the stress gradient cause the

unfrozen water to diffuse to regions of lower stress and lower water

content where it refreezes. The process of ice melting accompanied by

water movement breaks the structural bond betweeﬁ ice and soil
particlé, and results in a time dependent creep phenomenon. This
structural deformation readjusts particle arrémgements to a denser
packing texture, which in turn increases area and number of particle

contacts. The process tends to strengthen the frozen soil.
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on the other hand, the stress concentration between grain
contacts can introduce adverse effects which x-veaken the structural
cohesion and possibly increase the amount of unfrozen water in the
frozen soil. The phenomenon is particularly common in fine grained
solls, If the applied load does not exceed the long term strength of
the frozen soil, then the weakening process is compensated by the
strengthenihg effect. Under such a situation, the deformation rate
decreases .with time. BRowever, if the applied load exceeds the long
terﬁ strength of the frozen soil, the breakdown of internal bonds is
not completely balanced by the strengthening process and the rate of
deformation increases-with time, The process eventually develops into
visco-plastic stage énd causes failure of thé soil structures,

The time-~dependent deformation characteristics of frozen soil are
similar to those creep curves of metals (Figure 34). The primary
stage consists of continuously ded_reasing creép rate. The secondary
of steady-state stage is characterized by the minimum but congstant
creep rate, The final stage is the tertiafy stage in which the créep
rate accelerates until failure of the soil,

The presence of each stage and its du:atién depends not only on
the constituents of so0il, but ﬁlsb on the applied stress levels, and
the temperature rﬁnges. At the low stress levels, primary creep
dominates. *~ For a stress less Ehan the long term strength of the soil,
the creep rate will alﬁays reduce to zero, and eventuall§ soil becomes
stable, Thus, it is extremely important to determine 1£f the soil

stress exceeds the threshold stress level for a particular material,
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Under moderate stress level the steady-state creep is dominant,
When such conditions are iaresent, the weakening process is compensated
by the strengthening effect. Many materials undergo large creep
deformation during this period without apparent loss of mechanical
strength.

Por high stress levels, the soil may have a dominant acceleratéd
stage of creep. Under this condition, soil exhibits an almost
insta.ntaneous creep deformation,

Strenath. Strength of frozen soil, similar to £he unfrozen cohesion

s0ils, depends upon the cohesion and the internal friction of the

mass, According to Vialov and Tsytovich (1955) the cochesion of frozen.

soll consists of: (1) the attractive forces between particles; (2)
physical or chemiéal cementing of particles; and (3) bonding of soil
particleé by ice ¢rystals in the voids, Cementation of grains by ice
is the dominant strength factor in frozen soll even though the soil
particles are surrounded by a film of unfrozen ﬁater. The icé cohe—
sion is dependent_ upon the amount of ice, the strength of ice crystal,

the area of ice in contact with the particle and soil temperature,

" Cold Iaboratdry Facility

' tnsaturated soil specimens weré frozen and tested iﬁ a walk-in
type cold r_o-om in the University of Alaska, Fairbanks. The
teruper_ature of cold laboratory was controlled to within + 2.0°F by

means of a ther:mostat. The defrost system was tumed on for a couple

of minutes every hour of testing in order to remove accumulated.

moisture, During the defrost cycle room temperature was up by one or
two degrees.

53




Specimen Preparation

The testing soils were sampled directly from the USBM gravel room
of the USA CRREL tunnel. Particles passing through a 0.5 inche sieve
were collected and saturated in a cold watér bath overnight., Fiqure
35 shows the particle distributions of natural soil and the remolded
specimens, The curves 911A and 911B indicate the pﬁfticle rénges of
natural frozen gravel. Both samples show that the lmajority of grains
i8 in large sand size, Curves CR25 and CR29 indicate the particle
sizes of specimen CR25 and CR29 which were tested at 259F and 29°F
respectively. Those particle d;stributionsl were very similar to those
of the natural gravel except in the larger particle size. The
existénce of particles larger than 0.5 inches in diameter caused minor
tesﬁiné prloblems. The large grainé generated premature failure of
'samples under 1oading, therefore, it was necessary to sort out the
large particles.

Later, the soil particles were placed in an aluminum (6 in,
‘diameterl and 12 in. height) mold in three equal layera. The first
layer of soil was tamped 20 times with a standanzed Proctor tamping
rod. The other two layers were compacted 25 tlmes each, After the
mold was filled with soil the specimen was placed in a sink and was
saturated'fro;n the top by allbwing a sméll amount 6f water dripping
through the sample for several hours, When the saturation process was
completed, the sample was brought to the cold room. The top surface
of specimen was wrapped w1th a battery blanket (80 watts) and the top
half of the so:.l sample was insulated m.th fiberglass. On top of the

battery blanket a layer of styrofoam was applied to ensure a uniform
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thermal regime at the 'top end of the sample., The battery blanket was
turned on for 3 hours when the cold room temperature was 25°F and it
wag on for 6 hours when the cold laboratory was 29°F. With this
arrangement the freezing front moved from the bottom to the top of the
specmen. This one directional process allowed the entrapped air to
escape and prevented the unnecessary heave of sample, Soil samples

were frozen within a period of one or two days.

Before removing the frozen specimens from the meld, a fine layer .

of silt slurry was sprayed on the top end of the sample to obtain a
smooth surface. The thin layer of silt avoided local stress concen—
trations at the relatively large sand and gravel grains in contact
with the loading platen, After the slurry froze, the specimen was

removed from the freezing mold for creep testing.

Testing Procedures and Results

Creep test was performed at conetant stress level of
approximately 18% of the uniaxial compressive strength under specific
_temperature, The 18% of the unconfined compressive strength was
selected because the long term strength of frozen eoil ie usually less
than 20% of the unconfined compressive strength (Andersland and
Anderson, 1978). Both tests were performed on specimens with 6.0
inches diameter and 12.0 inches height. A summary of individual
specimen data is shown in Table II.

T™he lcading device used in the testing program is‘shown in Fiqure
36, The loads was applied to the test specimen by means of a 10,000
1b. mechanical screw jack. The magnitude of the force was recorded

with a 50,000 1lb. load cell. During the test, applied load was
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Table II. Material properties of testing specimens

Ave, Ave,

Testing  Particle size stress Unconf.

Temp, finer than , W . level strength
(OF) 0.5  #4 #10 $30 #70 $£)00 (%) (psi)  (psi)
CR 25 25 100 56.4 38.6 21.1 10.0 6.3 10.1 212 1178
CR 29 29 100 55.9 36,2 23.1 11.6 7.4 11.8 153 846
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manually adjusted to the predesigned magnitude, Average axial defor-
mations of test specimens in the creep test werelmeasured using two
dial gauges (0,001 inches sensitivity) mounted on the lcading frame.
Deformation and applied lcad were checked frequently forl a period of
one week., |
Data from the laboratory test are shown in Figure 37. The time-
strain curve CR2S summarizes the data for unsaturated frozen gravel
subjected to creep test at 25°p under‘ 212 psi of averaqe applied
stress. The initial strain was 7 x 1073 thch occurred almost
instantaneously; Data for the curve showed a typical example where
'primary creep is dominanb The curve asymptotically approaches a con-
stant deformation, The curve CR29 indicates time-strain data for the
gravel specimen loaded with 153 psi of stress at 29°P. The initial
strain was about 7 x 10”3 which was similar to that observed in CR25.
The specimen displayed only primary creep during one week of testing.
The axial strain of CR29 was about 1.6 times greater. than the strain
of CR25, The large difference occurred within the first three days.
For easier illustration of creep behavior of frozen specimens,
the strain rates were plotted., Strain rates were determined as the
slépgs of the strain vs, time curves. The rates for each testing
specimen were ccmputea by averaging three consecutive data points on.
thé time-strain curve, - |
New groups of three daté points were considered by advancing
along the time-~strain curve one point at a time. This process was
repeated for the entiré set of data. Typical strain raﬁe vy, time

curves for specimens CR2S and CR29 are plotted on Figure 38. Both
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damped creep curves have high initial strain rates which decrease
hyperbolically during primary creep stage and approach the zero rate.

As notéd from Figure 38, the creep rate of CR29 was two to three
times the amount recorded for CR25 which averaged arownd 0.00025/hr.
during the fitst thtee days. . After then, bqth samples had very
similar creep rates.

The prima:y creep of frozen so:.l under constant stress at con-
stant temperature is dependent upon temperature and material type.
The creep strain can be described by the creep law.

E(c)

And, the creep rate can be presented as follows:

,(C) « |
e =cC'tP (8)
where

Ve

) : €Ec
C is a constant {= (—-E—)b -2 M

ac
tis tbe t.une
€, is an arbitralr.ily selected creep rate (=10"> min™)
0 is the vniaxial normal stress applied. .
g is the material creep modulus {= M_} /n
n, b are tenperature dependent material constants
C', b' are temperature dépendent material constants (C' = Ch and

b'=b - 1)

Evaluation of b and C for a given £rozen soil can be made if the
experimental creep strain and time data linearize on a plot of log €
vs., 1log t., Also the parameters b' and C' can be determined by

plotting the log £ vs. log t . The parameters " and Y. are evaluated
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by plotting the different values of applied stress (g) vs, the
corresponding values of C derived from log t— log € or log t - log €
diagram on a log-loy coordinates. The slope of log ¢ ~ log € indi-
cates the value of parameter n . With the estimatéd parameters the
creep modulus of frozen soil at a given temperature can therefore be
determined.

E‘:Lgure 39 shows the strain vs, time curves for CR25 and CR29
plotted on log-log coordinates. By intercepting the linear line with
Y-axis at time =1 hr., the constant C was calculated The C value
for frozen gravel for sample CR25 was 0.005656 and was 0,007859 for
CR29. Slopes of the lines represent the material constant b. The
coefficient b was 0,200558 for CR25 and was 0.343845 for CR29. .

The strain ratl:e vs, time curves for the samples was also plotted
on log~log scales (Figure 40). The constants C' and b' were estimated
directly from the curves. The b' values calculated from the slope of
the time-strain rate curves were - 0,344506 and - 0.830102 for
specimen CR25 and CR29 respectivély. The coefficient C' wags 0.C0C2Z04
for CR25 and was 0.006372 for CR29. The summarized statistical data
are listed in Table III, It is interesting to note from the diagram
that the gradient of strain rate was also a temperature dependent
factor. The (R29 curve indicates a éreéter change of strain rate than
that of CR25. Both curves intercept at 631 hours when thé rate ap—
proaches 31.32 x 10 6/hr.

The 1mposed primary creep and cx:eep rate of frozen gravel by 212
psi of stress at 25°F can therefore be described as follows:

E(C)‘., 0.005656 t 0-200558 (9)
ana £!°) = 0,000284 t ~0.344508 (10)
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Table I1I. Temperature dependent material constants

Strain
Straln Constanft Correlation Rate Constant Correlation

Sample € x 1073 b x 103 ceefficient €' x 1073 b__x_J.O_ coefficient
CR25 5.656 200,558 0.96 0.284 -344,.506 -0.95
CR29 7.859 343,845 10.99 '6.372 -830.102 —0.86
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The primary creep and creep rate due to a 153 psi of applied

stress at 29°F are:

e{®= 0.007859 £ 0.343845 (11)
and  €‘“' 0.006372 +-0.830102 (12)
where G(c)is the creep strain at a given. temperature and stress,

(c) . .
€7 ig the creep strain rate

t is the time, (hr).
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QONCLUSIONS

An unsupported underground chamber constructed in a perennially
frozen soil is feasible if the thermal properties of materials are
understood and therfnal disturbance in the area 1s minimal., The
experience gained from this study has shown that the cyclic heating
and cooling effect introduced more instability of ground than the
other factors. Changes of ground temperatures can exponentially in-—
crease or decrease the loné term deformation of opening.

Data from field manitoring indicated that the average long term
- creep rate of frozen gravel in the tunnel site was about 0.001
in./day. The créep rate of gravel room changes with variations of
groumnd temperature and itl can be predicted by the fpllowiné empirical

equation:
C=-3.2 x 1073e 0.473T

wheré C is the mmeréence rate in 1074 in./day and T is the tempera-
ture of frozen ground at one foot depth in °F,

Separation of the roof gravel and silt was observed as three
maonths of heating increased the gravel temperature‘by one degree, The
average separation rate was 0,0007 in./day duriné the heating stage.
1t decreésed to 0.0002 in./day as the heating process was slowed down
gradually, Separation withih the roof gravel was not noticed, It is

very likely that the 6 ft. gravel behaves as a single unit,

The factors affecting the creep characteristics obtained from

laboratory tests on remolded frozen gravel are temperature and the

applied ‘stress. - The tests indicated that frozen gravel under 18% of
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unconfined compressive strength exhibited a primary creep dominant

stage.

a.

The results of this laboratory test show that

the primary creep of -frozen gravel loaded under 18% of the
unconfined compressive strength at 25°F can be predicted by
the empirical equation.

e = 0.005656 ¢ 0-200538

and for frozen gravel at 29°F:

e(C) = 0.007859 t 0.343845

where €(©) js creep strain and t is in hours.
the primary creep rate is temperature and stress dependent.'

It can be estimated by the following equation at 25CF:

é(C) = (0.000284 t‘0.344506

and at 29°F:

é(C) = 0.006372 t-0.830102

where €€} ig the creep strain rate and t is in hours.

The findings obtained from the laboratory tests also indicate

that the axial strain of specimen CR29 was about 1.6 times greater

than that of CR25, even the applied pressure to the CR29 was only 72%

of that loaded to the CR2S.
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STRINGE 1

THERMISTOR TH140 TH130

POSITION
DATE
1,15
1.16
1.18
1,19
1.20
1.22
1.25
1.28
1.31
2.04
2.07
2.10
2.13
2.16
2.19
2,23
2,27
3.02
3.06
3.10
3.14
3.19
3.23
3.27
3.31
4.04
4.09
4.13
4.17
4,21
4,25

- 4.29
5,03
5.06
5.10
5.14
5.16
5.20
5.24
5.28
6.01
6.05
6.09

NO., OF THERMISTORS 7

4.0¢

26.6
26.5
26.6
26.6
26.6
26 .6
26 .6
26 .7
2608
26.9
26.9
27,0
26.9
26,8
26 .s

27,1

26.8
26.8
26.8
26.8
26.7
26.6
26,7
26 .7
26,7
26.7
26.7
26.8
26.9
27.0
27.0
27.1
27,1
27.1
27.2
27.2
27.2
27.2
27.3
27.3
27 .3
27.3
27.3

3.0'

26.4
26.4
26.5
26.5
26.5
26.6
26.6
26.7
26.8
26.9
27,0
27.0
26.9
26.8
26.4
26.5
26.8
26.8
26,7

1 26.7

26.6
26.6
26.6

' 26.6

26,6
26,6
26.7
26.8
26,9
27-0
27,1
27.1
27.2
27.2
27.2
27,2
27.2
27.3
27.3
27.4
27.4
27.3
27.4

TH120
2.0"

26,1
26.1
26.3
26.3
26.3
26.4
26.5
26.6
26.7
26.8
26,9
26,9
26 .8
26,2
26.0
26.3
26.6
26.7
26.5
26.5
26.3
26.4
26.5
26.4
26.4
26.4
26.6
26,7
26.8
26.9
27,0
27.0
27.1
27.1
27.2
27.1
27.1
27.2
27.3
27.3
27.3
27.3
27.3

TH110
1.0'

25.8
25.9
26,1
26.1
26.2
26.2
26.4
26,9
26.7
26,7
26.9
26.8
26.6
25,7
25.7

26,2

26.5
26.6
26,4
26.4
26,1
26.2
26.4
26.2
26,1
26,4
26.5
26.6
26.8
26.9
27.0
26.9
27.0
27.1
27 .2
27.1
27.1
27.2
27.2
27.3
27.3
27.2
27.3
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26 .6

27.0

TH100
0.0

25.4
25.6
25.8
25.9
25.9
26.0
26.2
26.5
26.6
26.8

- 26.8

26.6
26.1
25,1
25,2
26.2
26.4
26.4
26.0
26.1
25.6
25.8
26.2
25.8
25.8
26.1
26.4
26.4
26.7
26.8
26.9
26.7
26.9
27.0
27.1
26.9
26.9
27.0

- 2741

27.3
27.2
27.1
27.2



THERMISTOR TH140 TH130 TH120

DATE
6.13
6.17
6.21
6.25
6.28
7.02
7,05
7.09
7.13
7.20
7.27

IEMPERATURES
27.4 27.5
27.4 27.5
27.5 27,6
27.6 27.7
27.7 27.8
27.6 27,7
27.7 27,8
27.7 27.9
27.8 27.9
27.7 27.7
27.6 27.6

27.4
27 .4
27.6

27.8

27.8
27.7
27.8
27.9
27.9
27 .7
27 .4

TH110

27.5
27,4
27.7
27.9
27.9
27.7
27.9
28,1
27.9
27,6
27.4
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TH105

27.4
27.4
27.8
27.9
27.9
27.7
27.9
28.1
27.8
27.5
27,2

TH103

27.3
27.2
27.7
27.9
27.9
27.6
27.8
28.0
27,7
27.3
27.0

TH100

27.5
27 .4
27.9
28.1
28.0
27,7
28.0
28,2
27.9
27.5
27.1



STRING #2 NO. OF THERMISTORS 3
THERMISTOR TH230 TH205 TH200

POSITION 2.50' 0.0"' ~.50"
DATE
1.15 26.8 25.1 25.4
1.16 26,8 25.8 25,3
l.18 26.8 25.3 25,9
1,19 26.9 25.9 25.3
1,20 26.9 26.1 25,6
1.22 26.9 26.2 25,7
1.25 2701 2656 26.1 !
1.28 27.4 27.2 26,8
1,31 27.5 27.2 26.8
2,04 27.5 27,2 27.0
2,07 27.7 27,4 27 .6
2,10 27.6 26.9 26.8
2.13 27.5 26.3 26.7
2.16 27.0 25.3 25,0
2,19 26.9 25.5 25.0
2.23 27.3 27.2 27.1
2.27 27.4 26,7 26.3
3.02 27.3 26,4 26,1
3.06 27.1 26,1 25.7 .
3.10 27.1 26.2 26.1
3.14 27.0 25.7 25.0
3.19 27.0 26.0 25,7
3.23 27.1 26,4 26,1
3.27 27,0 26,0 26.1
3,31 27,0 26.0 25.7
4.04 27.0 26 .4 26.1
4,09 27.2 26.9 26.4
4,13 27.3 26.6 26,5
4,17 27 .4 27.1 27.0
4,21 27.6 27.2 27.1
4,25 27.5 27.2 27.3
4,29 27.5 26,9 26,7
5.03 27.6 27.5 27 .5
5,06 - 27,7 27.4 27.3
5.1C 27,7 27.5 27.4
5.14 27.7 27.2 27.0
5.16 27.7 27.2 27.0
5,20 27.7 27.3 27.1
5.24 27.8 27.4 27.2
5,28 27.9 27.7 27.6
6.01 . 27.9 27.7 27.2
6.05 27.8 27.6 27.2
6.09 - 27.9 27.6 27.4
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THERMISTOR
DATE
6.13
6.17
6.21
6.25
6.28
7.02
7.05
7.09
7.13
7.20
7.27

TH230 TH205
TEMPERATURE
28,0 28.0
28,0 27.7
28.2 28.5
28,4 28.7
28.5 28,7
28.3 28.2
28.4 28.6
28.6 28.9
28,5 28.4
28.3 27.8
28.1 27.4

TH200

28.0
27.7
28.9
29,0
28.8
28,6
28.8
29.1
28.3
27.5
27.0
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STRING #3 NO.OF THERMISTORS 3

THERMISTOR TH330 TH310 TR300

POSITION 3.0° 1.0 0.0'
DATE - TEMPERATURES
1.18 25.4 25,2 25.7
1.19 25.4 25,2 25,6
1.20 25,7 25.3 25,7
1,22 26.3 25.4 25.8
1.25 26.7 26.1 26.1
.28 27,2 26.4 26.3
1.31 26,6 26,7 27.3
2,04 26.6 26.5 27,1
2.07 26.8 27.0 28.0
2,10 26,9 26.8 26.8
2.13 26.5 26.5 26.8
2,16 26.2 25,2 24,9
2,19 25.8 24,9 24.9
2,23 26.1 26,4 27.9
2.27 26.5 26.5 26.9
3.02 26.5 26.8 26,3
3.06 26.2 26.0 26.3
3.10 25.9 25.9 26.3
3.14 25,9 25,3 25.0
3.19 25.8 25,3 25,4
3,23 25.9 26.7 25.5
3.27 25,8 - 25,3 25.5
3.31 25.7 25.2 25.2
4,04 25,7 ' 25.4 25.7
4,09 25.8 25,7 26.1
4,13 26.0 25.8 26.2
4,17 26.2 26.1 26.9
4,21 26,3 26,3 26,8
4.25 26 .4 26,5 27.0
4.29 26,5 26.4 26.5
5.03 27.8 26.9 26 .6
5.06 26.8 26.8 27.2

- 5,10 27.0 27.1 27.6
5.14 26.9 26.7 26.9
5.16 26,9 26.7 26.9
5.20 26.9 ! 26.9 27.1
5.24 27.1 27.0 27.2
5.28 - 27.1 27.2 27.8
6.02 - 27.3 27,1 27.1
6.05 27.1 27.0 27,2 .
6.09 27.3 27.2  27.4
6.13 27.4 °  27.5 28.3
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THERMISTOR

DATE
6.17
6.21
6.25
6.29
7.01
7.05
7.09
7.13
7.20
7.27

TH330  TH310
IEMPERATURES
27 .4 27 . 4
27.7 28.5
28.2 28.7
28.2 28,7
27.9 28.0
28,1 28.5
28.3 29.0
28.3 28. 4
28,3 27,8
27.4

28.1

7

TR300

27.8
30.0
29.7
29.7
29.0
29,5
30,1
28,7
27.5
27.0



STRING %4 NO, OF THERMISTORS 2

THERMISTOR
POSITION

DATE
1.18
1.19
1.20
1,22
1.25
1,28
1.31
2.04 .
2.07
2.10
2.13
2.16
2.19
2.23
2,27
3.02
3.06
3.10
3.14
3019 )
3.23
3,27
3.31
4.04
4.08
4.13
4.17
4,21
4.25
4.29
5,03
5.06
5.10
5.14
5.16
5.20
5.24
5.28
6.02
6.05

TH420
2.0.

24.4
24,4
24,3
24.4
25,0
25,2
25.3

. 25.4

25.6
25.5
25.2
24.3
24,2
24.6
25-0
24.5
24,9
24.8
24,7
24,8
24,9
25.0
25.4
25.1
25.4
25.3
25.7
25.8
25.9
25.9
25.7
25.7
25.6
25.6
25.6
25.6
25.6
25.7
25.6
25.6
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TH410
1.0¢

24.8
24.8
24.8
24.8
24.7
24.9
25,0
25,2
25,4
25,2
24.6
23.3
23.6
24,2
24,6
24.9
24.5
24.3
24,1
24.5
25.1
24.7
24.6
24.9
25.3
25.3
25.7
25.7
25,9
25.7
25.4
25.4
25.3
25,2
25.2
25.3
25.3
25.4
25.3
25.3
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THERMISTOR

DATE
6.09
6.13
6.17
6.21
6.25
6.28
7.02
7.05
7.09
7.13
7.20
7.27

79

1 0
TEMPERATURE
25.7 25.5
25.8 25.5
25.8 25.6
25.9 25,6
25.9 25.7
25.9  25.7
25.6 25.9
25.9  25.6
25.9  25.6
25.9  25.6
25.8 25.5
25.8 25.5

N —— U S s e




STRING 45 NO. OF THERMISTORS 13 .

THERMISTOR THS30 TH515 TH500

POSITION 3.0’ 1.5° 0.0°
DATE TEMPERATURE
1,22 24.2 23,7 23.8
1.25 24.3. 24.1  24.2
1.28 24.5  24.4.  24.7
1.31 24,7 24.6  24.8
2,04 24.8 24.6 25,0
2.07 25.0 25.0 25,5
2.10 25,1 25.0  25.1
2.13 25.0  24.5  24.0
2,16 24.2 23,1 22,4
2.19 23.8 22.9  22.7
2,23 23.9 23,5 25,3
2.27 24,1 24.4  24.3
3.02 24.3  24.0 23.9
3,06 24.2  23.7  23.7
3.10 24.2  23.7  23.7
3,14 24.0 23.4 23,0
3.19 24,1 23.8 24,0
3.23 24,3 24,2  24.8
3,27 24,4 24,1 24,2
3.31 24,4  23.9  24.0
4.04 24,4 24,1  24.5
4,09 24.6 24.5 24,9
4.13 24.8 24.6 . 25.0
4.17 25.1 25.1 25.9
4.21 25.2 25,2 25,6
4,25 25.4  25.4  26.0
4,29 25.3  25.1  25.0 . g
5.03 25.3  25.0  25.0 , ;
5.06 25,3 25.1 25,0 _
5,10 25.2  24.9 24,9
5.14 24.8 24.8 24.8 |
5.16 25.1  24.7  24.8 ;
5.20 25.1  24.8  24.9 | ;
5.24 . 25,1 24,8 . 25.3 E
5.28 25.2  25.3 25,1 ;
6.02 25.2 24.8 24.9
6.05 25,1 24.8 24.8
6.09 25.1 24.9  25.4
1 6.13 . 25,2 25,0 . 25.2
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TAERMISTOR

DATE
6.17
6.21
6.25
6.28
7.02
7.05
7 L 09
7.14
7.20
7.27

THS30  TH515
TEMPERATURE
25.3  25.3
25.4  25.2
25.5 25,2
25.5 25,2
25,5  25.1
25.4 25,2
25.5  25.2
25.5 25.2
25.3 25.0
25,3  25.3
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TH500

25.4
25.5
25.5
25.4 .
25.2
25.3
25.4
25,2
25.0
24.9




STRING #&6
THERMISTOR
POSITION

DATE
1.15
1.16
1.18
1.19
1.20
1.22
1.25
1.28
1.31
- 2.04
2.07
2.10
2,13
2.16
2,19
2,23
2,27
3.02
3.06
3.10
3.14
3.19
3.23
3.27
3.31
4.04
4.09
4.13
4.17
4.21
4,25
4.29
5.03
5.06
5.10
5.14
5.16
5.20
5.24
5.28

NO., Of THERMISTORS 5

TH67S5 TH635
7.5 5.5
TEMPERATURE
26,3 26.6
26,2 26 .6
26,2 26 .5
26,1 26.5
26.1 26.5
26,1 26,6
26,2 26,7
26,2 26.8
26,3 27.0
26.4 27.1
26,5 27,2
26.5 27.3
26.6 27.3
26,6 27.1
26.5 26.8
26.3 26.7
26.3 27.0
26,4 27.0
26,4 27.0
26,4 26.9
26.3 26 .8
26,2 26.6
26,2 26,6
26,2 . 26.6
26.1 26.6
26,1 26,6
26.1 26.6
26.2 26.7
26.2 26.8
26,3 26.9
26.4 27.1
26.5 -27.1
26,6 27.3
26,6 27,3
26,7 27.5
26,8 27.5
26.8 27,5
26.8 27.5
26.8 27.6
26,9 27.6

TH6 45
4.5"

26.5
26.4
26,4
26 .4
26.4
26.5
26,6
26.8
27.0
27.1
27.2
27.3
27.3
27,0
26 .6
26.7
26,9
27.0
26.9
26.8
26.6
26.5
26.5
26.5
26,5
26,4
26.6
26.7
26,8
26,9
27,1
27.1
27.3
27 .4
27.5
27.5
27.5
27.5
27.6
27.7
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TH6 25

25.9
25.9
26,0

© 26,1

26,2
26.3
26 .6
26.9
27.2
27.2
27.5
27.5
27.2
26,3
25,

26,7
27.0
27.0
26.8
26,7
26,2
26,2

26,3

26.2
26,1
26.2
26,5
26,6
26.8

27,1
27.1
27.6
27.6
27.8
27.5
27.5
27.6
27.8
27.9

)
E
:
?
3
i
|
:
3
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THERMISTOR TH67S5 TH655 TH645 TH625 TH600

DATE TEMPERATURE

6.01 27,0 27.7 27.7 27,8 27.3 .
6.05 27.90 27.7 . 27.7 27.7 27.2
6.09 27.0 27.7 27.8 27.9 27.5
6.13 27.1 27.8 - 27.9 28.2 28.3
6.17 27.1 27.9 27.9 28.0 27.8
6.21 27.2 27.9 28.1 28.6 29.8
6.25 27,0 28,1 28.3 29,0 28.5
6.28 27.4 28.3 28,5 29.0 29,4
7.02 27.5 28,3 28.4 28.5 28,6
7.05 27.5 28.4 28,5 28.9 29.3
7.09 27.5 28.5 28.6 29,2 29.7
7.13 27.6 28.6 28.7 28.9 28,6
7.20 27.6 28.4 28.5 28.9 29.3
7.27 27.5 28,1 28,0 27.8 27.3
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STRING# 7 NO., OF THERMISTORS 5

TAERMISTOR TH7 90 TH760 TH750 . TH720 TH700

POSITION 9.0 6.0 5.0 2.0 0.0
DATE TEMPERATURE (DEGREES E.)
1.15 26,9 26.1 25.5 25,0 26,3
1.16 26,9 25.9  25.8 26,3 26,6
1,18 26,8 25.9 25,9 26.3 26,0
1.19 26,8 25,9 26.2 26.3 26,7
1.20 26.8 25,9 26.2 26.4 27.3
1.22 26.8 26.0 26,2 26.4 27.5
1.25 26.8 26,0 26,2 26.5 26.5
1.28 26.8 26.0 26,4 26.5 27,2
1,31 26 .8 26.1 26.6 26.6 26.8
2,04 26,9 26,2 26.6 26.7 28.4
2.07 26.9 26.3 26.8 26,8 28.0
2.10 26.9 26.4 26.9 26.8 27,1
2,13 27.0 26.4 26.9 26.5 26,4
2.16 27,0 26.3 26.7 25.7 24.9
2,19 27.0 26,1 . 26.4 25.4 24.7
2,23 26.0 25.9 26.2 25.9 26,6
2.27 26.8 26.0 26.4 26,1 26.0
3,02 26 .8 26.0 26 .4 26.1 . 25,9
3.06 26.8 26.0 26,4 25.9 25.6
3.10 26.8 26,0 26.3 25.9 25,7
3.14 26,8 25,9 26,0 25.6 25.3
3.19 26,7 25.8 26.4 25.7 25.4
3.23 26,7 25.8 26.2 25.9 25.9
3.27 26 .7 25.8 26,2 25.8 25,5
3.31 26.7 25.8 26.2 25,7 25.5
4,04 26.7 25.8 26.2 25.8 25.8
4.09 26.7 25,9 26.3 26,1 26.1
4,13 26,7 26 .0 26,4 26.2 26,3
4,17 26.8 26.1 26 .6 26.5 26,7
4,21 26.8 26.2 26.7 26.7 26.8
4,25 26.9 26.3 26.8 26.8 27.0
4.29 27.0 26.4 26.9 26.8 26.8
5.03 27.0 26.5 27.0 27.2 27.5
5.06 27.1 26.6 27,1 27.2 27.4
5.10 27.1 26.7 27.2 27.5 27 .7
5.14 27.2 26 .8 27.3 27.2 27.0
5.16 27.2 26.8 27.3 27.1 26.9
5.20 27.3 26.7 27.2 27.2 27.2
5.24 - 27.3 26.8 27,3 27.4 27.4
5.28 27.3 26.9 27.4 27.6 27.8
6.01 27.4  27.4 27.4 27,5 27.7

- 6.05 27.4 27.0 27.5 27.4 27.3
6.09 27.0 27.7 27.9 27.5 27.8
6.13 27.5 27.0 27.5 27.5 27.8
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THERMISTOR TH790 TH760 TH750 TH720 TH700

DRATE TEMPERATURE (DEGREES E.)

6.17 27,5 27.0 27.6 27.6 27.6
6.21 27.5 27.1 27.6 27.9 28.7
6.25 27.6 27.2 27.8 28.6 28.7
6.28 27.7 27.4 28.0 28.4 28.7
7.02 27.8 27.4 28.0 28.0 28.3
7.05 27 .8 27 .4 28.0 28.2 28.6
7.09 27.8 27.5 28.0 28.4 28.7
7.13 27.9 27.6 28.0 28.3 28.2
7.20 27.9 27.5 28,0 27 .8 27.6

7.27 27,9 27.3 27.4 27,4 . 27.2
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APPENDIX B

Summary of Convergence Measurements
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CONVERGENCE MEASUREMENTS

STATION
DATE
1.20
1.22
1.25
1.28
1.31
2.04
2.07
2.10
2.13
2.16
2.19
2,23
2.27
3,02
3,06
3.10
3,14
3.19
3,23
3.27
3.31
4.04
4,09
4.13
4.17
4.21
4,25
4,29
5.03
5.06
5.10
5.14
5.16
5.20
5.24.
5,28
6.01
6.05
6.09
6.13
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1 2 3
CUMULATIVE CONVERGENCE
.000 .000 .000
.002  .004  .003
.007  .003  .007
.003  ,016  ,003
.015  .013  ,008
.012  .014  .009
.022  .,022  .016
.036  .025  .018
022,025  .017
.029  ,027  .018
.029  ,027  ,018
.036  ,037  .015
.035  ,038  ,028
.035  ,043  .028
.057  ,043  .048
.062  ,048  ,052
.067 - ,050  .053
.074  .054  ,058
.074  .057  .063
.075  .057  .077
.075  .057 . .077
.077  .060  .075
.079  .064  .080
.082  ,065  .085
.089  ,074  ,089
.089 074  .095
.093  ,087  .095
.093  .087  .097
.099  .097  .108
100,097 .11l
.105  .099  .118
110,106  .122
112 101 .122
2117 .107  .123
119,109  .129
121,120 .140
2127 120 .142
137 .127 146
141,130,154
148  .137  .162



STATION

6.17
6.21
6.25
6.28
7.02
7.05
7.09
7.13
7.20
7.27

1 2 3
CUMULATIVE CONVERGENCE
.153 .14 .163
.155 J152 ,177
.158 .166 .177
.164 171,182
.164  ,185  .195
174,193 .201
.194  .209  .202
2197 .210 .217
.209  .225  ,220
219 .239  ,230
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«169
«176
.191
.199
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CONVERGENCE MEASUREMENTS

STATION 5 6. 1 8

DATE CUMULATIVE COMVERGENCE

1.20 .000 .000 .000 .000

1.22 .023 .003 .000 ,004

1.25 .023 .003 .026 .019

1.28 .021 ,003 017 .010

1.31 .029 .016 .023 - ,007

2,04 .027 .018 .019 022

2.07 .031 .028 .017 .022

2,10 .030 .028 .017 026

2.13 .032 .028 .013 .026

2116 . 4032 .024 .008 0032 P

2.19 .032 .024 .023 ,036 r
2.23 .039 .038 .025 .036

2.27 .037 ,022 .020 .036 :
3.02 .038 .032 .022 .043 : ]
3.06 .058 .054 .051 064 :
3.10 .064 .060 .052 .064 : ;
3.14 .066 .060 .052 064

3.19 .071 . .060 .052 .070

3.23 .072 .060 .052 L071 . S
3.27 .072 .060 .052 072 -

3.31 .076 .061 .053 .072 !
4.04 076 .068 .058 .078 :
4,09 .079 .072 .063 .082

4.13 .083 .077 .067 .083

4.17 .088 .082 .069 .093

4,21 .090 .086 .072 .099

4,25 .097 .092 . .072 104

4,29 .099 .093 .075 .104

5,03 .101 .093 .079 .105

5.06 .105 .096 .085 .120

5.10 .105 .096 .085 .120

S.14 . .106 101 .085 .120

5.16 .106 .101 .085 2124 -
5.20 L112 .114 .091 .127 ’
5.24 114 .115 .091 .132 '
5.28 117 .115. .095 .139 ‘
6.02 124 .123 .101 .141

6.05 .130 - .130 .101 .141

6.09 .134 JA31 . ,103 .141

6.13 .148 135 .106 .151
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STATION 2 [ 1 8

DATE CUMULATIVE CONVERGENCE

6.17 153 .137 .118 157
6.21 .155  ,140 .118 .160
6.25 157 141 .118 160
6.28 .171 .146 .122 .161
7.02 *xkw .146  .122 161
7.05 .190 .153 125 0 L162
7.09 rarw .153 126 166
7.13 .215 157 126 167
7.20 T .160 kaER 171

7.27 Kk R .171 kkkk 173

S0



APPENDIX C

Two—way Randamized Block Design and Analysis

In.order to identify the influence of geometry and overburden, a
random block analysis was used. Two independent factors, temperature
of frozen ground at 1 ft. and locality of convergence stations, were
used as column~ and row-factor., The recorded creep rate was the
observation., The randomized block for this case is(listed in Table
Iv. k

The missing data technique for the two way table was applied to

estimate the probable missing data at stations €5 and C4 at 27.3°°P,

The following equations were used:
(m-1) (n-1)x = mR1 + nCl- S~ y - | | ‘
(1) (n-1) y=mR2 + nC2 -8 - X

where

a8

is the number of rows F
is the number of colwiuas -
is the total known observation of row containing X.

is the total of known observation of row containing y.

E 8 B 5

is the total of known observation of column containing

8
7

the total of known observation of column containing

S is the total of all known results,
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Table IV. Summary of creep and ground temperature for USBM gravel roam

25,4 25.7 26,1 26,5 26,7 26.9 27.1 27.3 27.9 28,5

5.4 4.6 11.3 3.6 6.1 6.4 13.3 X 15.3 29.4 95,4 +X
3.1 3.1 9.4 12.9 6.4 9.3 17.3 y 24 16.3 101.8 +Y
3.1 6.2 8.8 9.3 10.0 10 147 143 10 15.6 102

54 6.2 13.1 5.0 9.7 7.1 15.3 20 24 2.7 127.5

2,3 18,55 9.4 7.9 11.9 7.9 16.7 14.3-15.3 17.2 121.4

19.3 38.6 52 38,7 44.1 4.7 77.3 X+ Y 88.6 100.,2 548.1 +
+ 48.6 XxX+y

.
A
9
y
y
'.
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The estimated creep rate was 11.2 x 1074 in.,/day at station C5
and was 12.1 x 1074 in./day at station C4 (Table III), With these two
Calculated values the zanciomized block was completed and shown in
Table V., Stép by stép, the corrections for the mean (CM), total sum
of squares (TSS), sum of squares between columns (55C), sum of squares
between rows (SSR), and sum of squares due to error (SSE) were

calculated. The analysis of variance is listed in the Table VI.

93

T R T

- R S Dbl b g e oo




Table V. Two—way randomized block design

94

25.4 25.7 26.1 26.5 26.7 26.9 27.1 27.3 27.9 28.5
C 5.4 4.6 11.3 3.6 6.1 6.4 13.3 11.20 15.3 29.4 106.6
¢4 3.1 3.1 9.4 12.9 6.4. 9.3 '17.3 12,10 24 16.3 113.9
a 3.1 6.2 8.8 9.3 10.0 10 14.7 14.3 10 15.6 102 .
2 5.4 6.2 13.1 5.0 9.7 7.1 15.3 20 24 21,7 127.5
3 2.3 18.5 9.4 7.9 11l.9 7.9 - 16.7 14.3 15.3 17.2 121.4
19.3 38.6 52 38,7 44.1 40.7 77.3 17.1 88.6 100.2 571.4



Table VI. ANOVA table for two—way analysis

F-Value

Source of Degree of Sum of Mean
Variation . Freedom Squares Sguare Calculated o= 0.05 a= 0.01

Tempera— 9 1210.11 134,46 8.7 2,16 - 2.9

ture
Locality 4 43.54 10.89 0.70 2.64 3.91
Error 36 556.39  15.46
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