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Some oE the underground excavatj.cn problems encountered in arctic 

and subarctic environments assoc ia ted  with thermal distwbance are 

excessive settlement of ground surface and pronounced displacement 

around openings. 

This study investigated the possible l i n k s  between the 

significant settlement. Ground temperature was found to be the most 

influential. An empirical equation was developed for the USBM gravel 

room t o  predict the effect of temperature on creep of frozen gravel. 

Separation of the roof gravel and silt: was observed as steady heating 

process increased the gravel tanprature by one degree. 

The temperature dependent material constants were estimated from 

the laboratory testings. The factors affecting the creep 

characteristics were temperature and applied stress level. The 

primary creep behavior of frozen gravel loaded under 18% of unconfined 

, compressive strength at 25O and 2 9 O ~  could be predicted empirically. 
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Increased demand for resources of all types w i l l  necessitate 

further mining activities in arctic and subarctic environments, Be- 

cause 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 deformation resulting from disturbance of thermal 

quilibrium of the surrounding materials. For projects concerned with 

Mety of miners and cost of operation, the uncerbinties in achieving 

the final goals are high unless certain information is well under- 

stood. It: 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 mine in arctic and sub- 

arctic environments, the engineer has to perform the following tasks: 

- to understand the geological condit ion in which the excavation 

w i l l  be made; 

- to understand and to predict the response of the natural frozen 

materials to the change of environments imposed by excavation, 

construction, and various types of activities; and 

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

ground in order to ensure adeguate performance of the structute. 

These three tasks can be accomplished by means of geological 

investigation and engineering analysis and design 

In order to obtain the necessary geologicdl and engineering data 

for a practical underground mine design in the northern region, the 



U.S. A m y  Cold Region Research and, Eagineering Laboratory (USA QW?U 

permafrost tunnel was used, The USA CRREX prmafrost 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 ~ellmann (1967 and 1421, Thornwon and 

Sayles (19721, and Pettibone and Waddell (1969). Work accomplished by 

those investigators provided this research with a better underslznding 

of the tunnel complex, and therefore, the study could be focused upon 

the more significant factors. Parameters such as material. type, 

ground temperature, thickness of overburden, and opehing geometry 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 relatianships. !The second prime objec- 

t i v e  was to study the temperature effects on the creep responses of 
. . 

frozen materials, Thermal influence on ground stability is, by far, 

the most worrisome problem encountered i n  arctic engineering design, 

In th i s  resezch, the temprature effect was isolated and quantified 

through f i e l d  and laboratory studies. The third objective was to 

investigate the possible parting in the materials overlying the 

-opening. Strata separation was f i r s t  observed by Pettibone and 

Waddell (1969) immediately after tunnel excavatioa It is likely to 

occur again under certain conditions, IdentXication of the critical 

condition is t he  very reason which makes t h i s  research more 

meaningful. 



U S A  CRRm PrnNAE'm=' - 
History 

me USA CI(REL tunnel is located approximately 12 miles north of 

Fairbanks in the town of  ox^ uaska (Figure 1). In 1963, the tunnel 

was cut into a near-vertical silt escarpment formed by old placer 

mining operations. During the following three winters the tunnel w a s  

excavated through f razen silt of late Quaternaey age for the entire 

360 ft. A vertical shaft 45 ft. deep and 4 ft, in diameter was 

augered in 1966 for ventilation. In the winter of 1968-1969. the 

Bureau of Mines dug a winze (approx. 100 f t  from the portal) from the 

existing tunnel thrdugh the placer-gold bearing f cozen gravel into . 

bedrodt (Figure 2). During the same period of t i m e ,  three rwms were 

also excavated in the gravel deposit which overlies bedrock. The 

openings are accessible and have been w e l l  maintained in a frozen 

state since excavation. The materials and types of ground ice are 

common to many permafrost areas, and provide a very useful site foe 

investigating the engineering properties of perennially £fezen soils. 

Tunnel Geology 

The geolcgy and material properties of the. tunnel are described 

in great detail by Sellmann (1967 and 1972). This paper only sum- 

marizes the geolcgical studies conducted by USA QlRa in the t m l .  

An idealized geological cross-section of the tunnel was cited from 

Sellmannls 1967 report (Figure 3) to illustrate the sedimentary forma- 

tions in the area, 

Sill. Silt is the dominant constituent of t h e  late Pleistocene de- 

posits in the area. The silt sections are as much as 55 ft. thick. 







Figure 3. USA (RREL perma£rost tunnel s s t i o n  showing site 
geology (Sellmann, 19671.. 



The a n a l y s i s  of silt samples from the tunnel  section ind ica ted tha t  

68% of the material is within the silt size range and the uniformity 

coefficient is about 3.8. The index indicates that silt material is 

fa i r ly  unif o m  in  size, The bulk density of the silt ranges between 

78 and 115 pcE and averaged 92 pcf, w i t h  moisture contents between 32 

and 139% by dry weighL The dry density ranges from 33 to 87 pcf w i t h  

an average of 54 pcf. The silt exposures in the tunnel  contain mas- 

sive ice-wedges and mall ice-lenses. The large voIume of ground ice, 

53 to 80% by volume, generates unusual engineering problems, The silt 

strength is influenced largely by its high ice volme, 

,-. The early Wisconsin gravels were stream deposited w i t h  

imbrication of the pebbles, colsbles and sands. Sand and silt lenses 

of I l l ino ian age are common in the upper part of the stratified 

gravel. The average thickness of the gold-bearing gravel in the 

vic in i ty  of the tunnel is around 13 ft, Moisture contents of the 

gravel range from 8.9 to 10.3% by dry weight Particle s ize  analysis 

- showed that 55% of the deposit is in the gravel range. The uniformity 

coefficient is around 4.5 which indicates that the gravel deposit is 

not w e l l  sorted. Although the gravel, similar to the silt, is bnded 

w i t h  ice, it does not contain massive ground i ce  The absence of ice 

wedges or ice lenses in the gravel deposit, in addition to its greater 

medm.n i ;cd l  strength, make the formation much more stable than the silt 

formation. ' Ice is visible the voids, but the gravel a-rs t o  re- 

M n  particleto-particle contacL 

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

walls and roof consist of coarse conglomerate. The gravel extends 



approximately 6 feet into the roof. The remaining overburden is silt 

of 50 - 65 feet in thickness. 

R.&a&. The bedrock in the area is Birch Creek schist of Precambrian 

age. It is a gray to brownish graphite-quartz-calcite schist OK 

quartz-mica schist. The bedrock is overlain by frozen gravel. The 

gravel-bedrock contact is very irregular, The top surface of the 

bedrock is highly altered and forms a clay  layer.^ . Moisture contents 

of the decomposed bedrock range from 6.5 to 19.9% by d ~ y  weight and 

average 11.7%. Placer gold usudlly occurs at the contact zone. 

G r o w l d a  me m s  of ground ice in the tunnel can be divided into 

two g r o w :  1) the small lenses formed by ice segregation, and 2) the 

massive ice wedges and ice lenses. There are several areas along the 

tunnel expsure in which massive ground ice is present, 



FIELD I N m m O N  AM3 M O N I T D r n  

Instrmentation 

Instruments were instal led in the USBM gravel room to  measure 

vertical and horizontdl movements in respme to thermal effect=s, t o  

investigate the p s s i b i l i t y  of strata sepration between roof gravel 

and silt, and to record the air and ground temperatures a t  each sta- 

tion. 

The gravel room consisted of 5 vertiCal convergence stations, 5 

thermistor strings, and two multiple-point borehole extensometers 

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

sets of thermistor strings installed outside the gravel r m  to record 

the possible creep behavior changes due to temperature difference. 

Tape extensometer points were anchored in the walls, roof and 

floor (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 the point; A thin water m i s t  was sprayed on ~ a c h  closure 

point periodicxilly to reduce sublimation of bending ice. Sublimation 

transfers ground ice directly from the solid pha& into a v q r .  By 

this process the strength of frozen soil greatly reduces. A constant 

supply of water i n  the surrounding area of each closure point can 

d r a m a t i d l y  reduce the sublimation of the interst i t ia l  ice. 

Air temperatures .inside the  gravel room were recorded 

continuously with a hygrothermogeaph (+ 0.2OE' accuracy). In addi- 

tion, the relative hurnidiw of the air w a s  also monitored by the same 

instrument, 

Frozen soil temperatures at each monitoring station were measured 

with thermistors in s ta l l ed  in a borehole, Figure 6 shows a typical 

I 9 





BACKFILL 

Figure 5, Diagram showing installation of convexgence station, 



Figure 6, Cross section view of thermistor string. 



thermistor string installation. A thermistor (Omega 4400) calibrated 

to an accuracy of + O . l O ~  was mounted to a 1.25 ins ide  diameter ABS 

pipe. A groove was cut in the pipe so that the thermistor was flush 

w i t h  p i p  surface for protection during insertion into the borehole. 

Each string consisted of several thermistors ranging from two to seven 

pieces. Inside the p i p ,  fiberglass insulation was applied to reduce 

thermal leakage. A thin layer of frozen silt slurry was uti l ized to 

grout the thermistor string, providing a continuity between thermistor 

and the surrounding frozen material. In addition, high thermal 

conductivity gel (IX: 40) was applied around the thermistor t o  ensure 

better contact  w i t h  the borehole. ~esistivity changes of the ther-' 

mistor a t  each point was measured by a portable resistivity meter with 

sensitivity of + 0J%. 
Rwf separation was mmitored with two rod-type multiple p s i t i o n  

borehole ext:ensometers (M1 and W2) mdnufactured by Irad Gage Co. The 

M1 station (Figure 7) consisted of 4 C-anchors a t  2.5, 5.5, 6.5 and 

7.5 ft. position, and the four anchors of M2 station were located a t  

2.0, 5.0, 6.0 and 9 ft. position. Both borehole extensometers were 

installed i n  2.5 in, diameter holes, The Ml extensmeter was instal- 

led vertically, and the M 2  extensometer w a s  placed 20° to the verti- 

cal. !J%e relative mwements of anchors w i t h  respect t o  the head were 

carefully measured with a depth micrometer (Figure 8). The data 

provided information concerning the parting. 

Monitoring 

Ak fie ambient temperature of the tunnel varied with 

the location of monitoring station and with the various types of 

a c t i v i t i e s  ins ide  the tunnel. 



Figure 7. Installation of mu1 t ip le  position borehole 
extensmeter in roof. 

. . 



Figure 8. Close-up of instrument head of MPBX and 
depth micrometer. 



The air: temperature inside the gravel room was controlled manual- 

ly by m e a n s  of a heating element (150W light bulbs) and a venti lat ion 

fan. In order to maintain both the opening and the surrounding frozen 

materials near their ambient: temperatures, an insulated bulkhead a t  

the  USBM gravel room was constructed. 

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

removed and cold a i r  was ventilated through a duct from outside to 

ensure a wider range of working temperatures. ~akkt, this bulkhead 

was positioned during ,the heating shge which started April 24, 1983 

and ended July  27 ,  1983. 

Figures 9 through 18 and Appendix A summarize a i r  and ground 

temperatures at stations SL to S7. Stations S1. S2. S3, 56 and S7 

were lwated in the USBM gravel room, and stations S4 and SS were at 

the other side of ' t he  bulkhead. The string S1 and S2 were installed 

in the sidewall and i n  the face at depths of 4 ft, and 2.5 Et, respec- 

t ively .  St r ing  S3 was placed i r i  the roof at a depth of 3.0 ft. 
, 

Thermistors of strings 6 and 7 were attached to the anchors of M1 and 

M2. Station S4 and SS were installed in the outer compartment of the 

USBM gravel room. .String S4 had two thermistors at depths of 1.0 and 

2.0 ft. String SS had three thermistors located with 1.5 ft; interval 

each. 

The curves TKJ.00, TH203, TEI300, 35600 and m 0 0  on Figures 9, 11, 

12, 15 and 17 represent the gravel surface temperature variations 

sbrting from January 10, 1983 to July 27, 1983; Comparing the curve 

- TI3500 w i t h  other surface temperatures, the fairly constant tmperature 

distribution of station S5 d u r i n g t h e  heating stage indicates  that 
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Figure 9. Frozen gravel temperature variations at 
station S1. (Thermistor location: 0.0, 0.25 
and 0.5 ft.) 
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Figure 10, Frozen gravel temperature variations at 
s ta t ion  S1. (Thermistor location: 1.0, 2.0, 
3.0 and 4.0 ft.). 
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Figure 11. Frozen gravel temperature variations at 
station S2. (Thexmistor locations: -0.5, 
0.0 and 2.5 Et.). 
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Figure 12, Frozen gravel temperature variations at 
station S3. (Thermistor location: 0.0, 1.0 
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Figure 13. Frozen gravel temperature variations at 
station S4. (Thermistor location: 1.0 and 
2.0 ft.). 
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Figure 14. Frozen gravel temperature variations at 
s ta t ion  SS, (Thermistor location: 0.0, 1.5 
and 3.0 ft.) . 
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Figure 15. Frozen gravel temperature variations at 
station 56. (Thermistor location: 0.0, 2.5 
and 4.5 ft.). 
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Figure 16. Frozen gravel temperature variations at 
station S6. (Thermistor location: 5.5 and 
7.5 ft.). 
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Figure 17. Frozen gravel temperature variations at 
station S7, (Thermistor location: 0.0, 2.0 
and 5.0 ft.). 
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Figure 18. Frozen gravel temperature variations at 
station S7. (Thermistor location: 6.0 and 
9.0 Et.1 



heat loss from the gravel room through the  insulated bulkhead was  very 

small. 

A s l i g h t  increase of temperature at station S5 was noticed after 

two hydraul ic  j e t  cu t t ings .  There were two cuttings conducted to 

evaluate the performance of the water jet. The first test was made on 

May 24, 1983, The second cu t t i ng  was tested on June 23, 1983, A l l  

400 gallons of water used during both cuttings were pumped from the 

sump and sprayed on the floor of the winze and outside compartment of 

the USBM gravel room. Release of l a t a t  heat during the phase changes 

of water to ice increased temperature by 0.6 degrees. The air temper- 

ature jumped Erom its background temperature (24.8%) to approximately' 

25.4%. 

Due to a warm winter, the coldest air  temperature in the gravel 

room was around 2s°F, much higher than expected. Nevertheless, the 

heating process began immediately after the refrigeration system was  

turned on, The gravel room warmed up gradually to a temperature which 

was thought t o  be too dangerous to work with, requiring the heating 

source to be disconnected. The peak temperatuxe in the gravel room 

was 3 0 ~ 9  which w a s  at  the station S3 (Figure 12). 

Air tmprature near the floor of the USBM room was monitored by 

a hygrothermograph (Bendix Model 594) during the f i r s t  62 days of 

study. The temperature variation was plotted and shown in Figure 19. 

Compared w i t h  the air temperature variations at stations SL through 

S3, these three curves showed very s imi lar  patterns. However, the 

average air temperature near the floor w a s  about two to three dqrees 

lower than t h a t  recorded close to the roof. The lowest temperature 

recorded by the hygrothennograph w a s  19%. mis cold period w a s  also 



Figure 19, Air temperature distribution near the gravel 
floor, 



monitored by the othe~:  stations. Nevertheless, the temperatures at: 

the other stat ions were not as low as that near the  gravel floor. 

Relative humidity of the air inside the gravel room was recorded 

continuously by the same hygrothermograph. Figure 20 indicates the 

relative humidity changes of the gravel goom during the f i r s t  62 days. 

Variation of air humidity depended on the changes of air temperature. 

Tfie relative hlrmidity ranged £ran 79% to 59%. 

Gzaund Temperatures of frozen soils in the USBM gravel 

room were recorded with a series of thermistors. Summary plots of the 

thermistor data a t  seven ground temperature monitoring stations are. 

shown in Figures 9 through 18. Also, the Appendix A lists the ground 

temperature information, Figures 9 and 10 show the 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 THlOS) and those at greater depth (TH130 and TH1401, it was 

noticed that the fluctuation of temperature was relatively small for 

thermistors m 3 0  and fITXl40. 

The gravel temperature distributions in January, March and June 

a t  station S1 were plotted, The diagram (Figure 21) shows that a 

possible thermal transition zone existed somewhere at a depth of 1 

foot from wall surface. Frozen gravel at shallow depths (less t h n  1 

foot) had a thermal ranging from 0.2 to 0.37~~/ft. during 

January and from 0 5 4  to 0.64%/ft i n  March ~eyond this transition 

zone the gradient decreased to a range of 0.07 to  0 . 1 8 O ~ / f t .  in both 

months, This information suggests that the short tern climatic ef- 
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Figure 20. Relative humidity changes of gravel'rocm, 



DEPTH. FT 

Figure 21, Frozen gravel temperature distribution at 
one foot depth (January, March and June, 
1983). 



fects probably only influenced t h e  f i r s t  one foot  of permafrost. 

Xter three months of heating, the temgerature variation within the 

gravel decreased, and the thermal transition zone shifted towards a 

greater depth, 

Figures 15 and 16 represent the temperature data of string 56. 

The trends of curves are similar to  those a t  stat ion S1. The gravel 

at 4.6 ft, had less temperature disturbance than gravel at  2.6 Et. 

Figure 14  indicates t h e  temperature variations a t  station S5. 

Overall ground t-rature of the outside roan was 2.5 degrees colder. 

D-. Creep movements of t h e  USBM gravel room in the 

tunnel complex resulting from temperature variatfan were identified 

for a duration of 180 days, The deformations were taken w i t h  a steel 

tape extensometer (~errarnetrics model SO) 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 

C 1  to C5 were located within the  USBM gravel room, and conversence 

stations C6 to C8 were in the outer compartment. 

Mter installation of these measuring ,points, readings had been 

regularly taken at an interval of every 4 days,   he convergence 

in£omatian obtained for the period before hating w a s  found to have 

an average rate of 0.0007 inJday,  A large deviation from this creep 

rate was noted for the readings taken between March 2 to March 6 ,  1983 

(days 47 t o  51). The reason for such a large jump is  not known, A 

relatively large temperature 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. 



Figure 24. Veztical deformations at convergence sta- 
tions C6 to -C8. 



As the steady heating process within the gravel room bqan, the 

deformation ra te  of the roof indicated a s ign i f i can t  increase, The 

heating process started at  the refrigeration system was figst turned 

on April 24, 1983, During the first stage of heating, two 150 watt 

l ight bulbs were placed on the floor of the room. At the later stage, 

four lights were used, The energy released Etom these lights was 

retained in the room and slowly absorbed by the surrounding ground, 

For abetter i l lu s t ta t ion~fver t i ca l c lo sure  changes causedby the 

healing, the average creep rates for wery two weeks at each station 

were calculated along withdaverage room tempratwe at 1 foot depth at 

s3. 

The onerfoot depth tempecature from string 3 was c h m  for the 

analysis, 'Ibis string was chosen m u s e  of its vertical placement in 

the rmf and its proximity to the convergence stations. The depth was 

selected t o  represent the thermal history of the roof for that 

recording period, An analysis of the transient response of a one 

dimensional, isothermal, semi-infinite, hmqeneous medium undergoing 

'a  surface temperature step change, was used for the selection. The 

tanperatwe at a depth, X, and time, t, is given by Johnston (1981) as 

T(3, t) = To + AT erfc X / ( 4 a t )  5 (1) 

where To is the initial tanperature of the mediumr (9) 

AT is the magnitude of the step change, (OF) 

erfc is the ca@anentary error function 

a is the thermal diffusivity, (ft2/hr) 

A diffusivity of 0.08 f t2/hr w a s  estimated from Johnston (198.l) 

for a frozen coarse grained so i l  with a density of 130 pcf and a 10% 

36 



water content, A two degree increase in surface temperature was 

imposed upon the 2 6 O ~  medium. This would represent t h e  effect of a 

two degree increase i n  room temperature due to ei ther increased 

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

in Figure 25. A s ignif icant  response a t  less than 1 hour is 

recognized at a depth shallower than one foot, Short term activities 

assoc ia ted  with the  data  recording and tours,may have had a 

significant effect on the shallow thermistor readings, A t  great 

depths, the respnse may be too small or have a significant t i m e  lag, 

causing the reading to have poor correlation with the temperature . 

history of the previous days, me one foot depth, showing a sizeable 

r e p s @  after 12 hours was therefore chosen. 

A ser ie s  of regressional analyses was carried out ta find the 

best f i t t ing  curve for thermal e£fects on creep behavior of the frozen 

ground. The following four models were thought to be reasonably 

accurate within the testing temperature ranges. They are: 

- Linear model 

C = m + b  

- Logaritbic model 

C = a l n T + b  



Figure 25. Temperature prof i les  of frozen gravel ob- 
tained from equation (1). 



If the bundary  conditions are also considered as factors which 

evaluate the accuracy of the mcdel, the expnent ia l  model is supxior  t 
to t h e  other equations mentioned above. Figures 26 through 30 show 1 
the relationships between convergence rate and ground temperature. I 
Table 1 summarizes the coefficients *an, "bn and t h e  coeff ic ient  of 

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

Table I. . Smnary of regression analysis 

Station a b r I 

A randomized block analysis (see m d i x  C) was applied to this 

expnential model in order t o  identify the influence of geometry and . 

overburden of opening. The calculated F value was 0.70 which ind;- 

cated the geometric and overburden factor did not significantly 

influence the observed creep rate in this case, Therefore, the a v e  

rage creep rate of those stations was used to develop an ernperical 

equation which predicts the influence of temperature on behavior of 

frozen ground in the rmm (Figure 31). It is: 

where C is the convergence rate of gravel roof, (low4 idday ) .  

T is temperature of frozen ground at 1 foot depth, (OF), 
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Figure 26. Convergence rate vs. gravel temperature at 
sbt ion CL. 
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Figure 27, Convergence rate vs. gravel temperature at 
station C2. 
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Figure 29, Convergence rate vs, gravel temperature at 
station C4. 
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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 klieved to e x i s t  

m a t i o q ,  Strata separations between roof gravel and silt in 

the gravel room were observed while the air temperature of gravel 

reached to 29.8O~ (Figure 32). An intense heating raised the a ir  

temperature to 29,8% within 4 days duration, then room temperature 

slowly dropped to 2 8 . 6 O ~  in the next 12 days. Later on, the heating 

process was intensified and air  temperature moved up to 29.70~ within 

one week, After that, the heating source were turned off and the room 

temperature gradually declined to the background value. 

Separation between roof gravel (approx, 6 ft. th ick  a t  the Ml 

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

During t he  first rapid heating stage, the average separation rate 

between anchor: #4 (7.5 E t ,  i n t o  the roof) and the head (at the roof 

surface) was 0,0007 inJday and the rate was reduced to 0.0004 inJday 

during the second warming-and-cooling cycle, Xter t h i s  the rate 

decreased t o  0,0002 in./day, The anchor 13 (6-5 ft, i n t o  the goof) 

also indicated a small parting (Figure 33). It has been noted from 

observations that no partings between head and anchors #l or #2 were 

recognized, Both anchors 1 and 2 were located in the gravel Layer 

(2-5 ft. and 5.5 ft. i n t o  the roof surface). This information indi-  

cated the gravel layer most l ikely acted as a sjngle u n i t  during the 

heating period. 

The M2 extensometer was placed close to the bulkhead inclined at 

a 20' angle with the vertical. The incline was necessary because of 
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Figure 32, Diagram showing relative movements between 
anchors and head at MPBX station Ml. 
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Figure 33. Detailed plot of strata separation at MPBX 
station Ml. 



the drilling setup. Data recorded at this station d i d  not indicate 

any formation separation The inclined installation night  not allow 

for the s u f f i c i e n t  connecting rod freedom necessary fo r  accurate 

readings , 



L M m x m R Y  CREEP TESrS 

For engineering applications where the stability of an 

underground chamber depends upon t h e  strength and deformation 

characteristics of the  in-situ frozen soil, creep behavior must be 

determined by tests on undisturbed s o i l  samples under stress and 

temperature conditions which are expected to continue during the life 

of the structwe Alternatively, f ie ld  rnmsuremmts may be rquired 

when considerable variability exists i n  the natural penrtafrost. 

The purpose of these laboratory tests was to investigate the 

stability of an underground placer mine due to temperature variations. 

The in£luence of temptature on creep and long-texm strength of frozen 

ground were evaluatd 

C r e w .  V i a l o v  and Wtovich (1955) illustrated the process of creep 

in frozen so i l  by considering the condition of applying a constant 

load to a partially saturated soil mass, This applied load introduces 

stress concentrations hetween particleand-par ticle contact. As the 

load continues, surface ice s t a r t s  t o  melt under pressure. 

~ifferences in water concentration and the stress gradient cause the 

un£rozen water to diffuse to regions of lower stress and lower water 

c o n t a t  where it refreezes. The process of ice melting accompanied by 

water movement breaks the structural bond between ice and s o i l  

paeticlb, and r e s u l t s  in a t i m e  dependent creep phenomenon. This 

structural deformation readjusts particle arrangemen- to a denser 

packing texture, which i n  turn increases area and number of particle 

contacts. The process tends to strengthen the frozen soil. 



On the other hand, the stress concentration between grain 

contacts can introduce adverse effects which weaken the structural  

cohesion and possibly increase the amount of unfrozen ,water in the 

frozen soil. The phenomenon is particularly common in fine grained 

soils, If the applied load d w s  not exceed the long term strength of 

t he  frozen soi l ,  then the weakening process is compensated by the 

strengthening effect. Under such a situation, the deformation rate 

decreases with t i m e .  However, i f  the applied l&d exceeds t h e  long 

term strength of the frozen soil, the breakdown of internal bonds is 

not completely balanced by the strengthening process and the rate of 

deeormation increases with t i m e .  The process eventually develops into 

visco-plastic stage and causes failure of the soil structures. 

The time-dependent deformation characteristics of frozen soil are 

similar to those creep curves of metals (~igure 34). The primary 

stage consists of continuously decreasing creep rate. The swondary 

or steady-state stage is characterized by the minimum but constant . 

creep rate. The final stage is the tertiary stage i n  which the creep 

rate accelerates until. f ailure of the soil. 

The presence of each stage and its duration depends no t  only on 

t h e  constituents of soil, but also on the applied stress levels, and 

the temperature ranges. At the l o w  stress levels, primary creep 

dominates. For a stress less Urn the long term strength of the soil, 

the creep rate will always reduce to zero, and eventually soil becomes 

stable. Thus, it is extremely important to determine if the soil 

stress exceeds the threshold stress lwel for a particular material. 



I RUPTURE 

Figure 34. Typical creep curve of frozen soil. 



Under .moderate stress level the steady-state creep is dominant; 

When such conditions are present, .the weakening process is comwated 

by the strengthening effect. Many materials undergo large creep 

deformation during t h i s  pexiod without  apparent loss  of mechanical 

strength, 
C 

For high stress levels, the soil may have a dominant accelerated 

stage of creep. Under t h i s  condition, soil exhibits an almost: 

instantaneous creep deformatian 

Skm&& Strength of frozen soil, similar to the unfrozen cohesion 

soils, depends upon the cohesion and the internal friction of t h e  

mass. According to V i a l w  and Tsytwich (1955) the cohesion of frozen. 

soil consists of: (1) the attractive forces between particles; (2) 

physical or chemical cementing of particles; and (3) bonding of soil 

particles by ice cxystals in the voids. Cementation of grains by ice 

is the dominant strength factor in frozen soil even though the s o i l  

particles are surrounded by a f i l m  of unfrozen water. The ice a h *  

sion is dewdent upon the amount of ice, the strength of i ce  cqstal, 

the area of ice i n  contact w i t h  the particle and soil temperature. 

Cold Laboratory Facility 

Unsaturated soil specimens were frozen and tested in a walk-in 

type cold  room i n  t h e  Univers i ty  of A l a s k a ,  Fairbanks, The 

temperature of cold laboratory was controlled to within 2 2 . 0 O ~  by 

means of a themostat The defrost system was turned 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. 



specimen Preparation 

The testing soils were sampled directly from the UsBM gravel room 

of the USA tunnel. Particles p s s i n g  through a 05 inche sieve 

were collected and saturated in a cold water bath overnight Figure 

35 shows the particle distributions Qf natural. so i l  and the remolded 

specimens. The curves 911A and 9118 indicate the particle ranges of 

natural frozen gravel. Both samples show that the majority of grains 

is i n  large  sand s ize ,  Curves CR25 and CR29 indicate the particle  

sizes of specimen CR25 and CR29 which were tested at 2 5 O ~  and 2 9 O ~  

respectively, Those particle distributions were very similar to those 

of t h e  natuxal gravel except i n  the larger particle size,  he 

existence of particles larger than 0.5 inches i n  diameter caused minor 

tes t ing  problems. The large grains generated premature fa i lure  of 

samples under loading, therefore, it was necessary to sort out the 

large pacticles. 

Later, the soil particles were placed in an aluminum (6 in, 

diameter and 12 in. height) mold i n  three equal layers, The first 

layer of soil  was tam@ 20 t i m e s  w i t h  a standarized Proctor tarnping 

rod. The other two layers were compacted 25 times each. After the 

mold was f i l l e d  with  soi l  the specimen was placed in a sink and was 

ssturatWfroln the top by allowing a small amount of water dripping 

through the sample for several. hours. When the saturation p r e s s  w a i  

completed, the sample was brought to the cold room The top surface 

of specimen w a s  w r a m  w i t h  a battery blanket (80 watts) and the top 

half of the so i l  sample was insulated with fiberglass. On top of the 

battery blanket a layer of styrofoam w a s  ae l ied  to ensure a uniform 
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Figure 35. Particle s ize  distribution curves of natural 
frozen gravel and test ing specimens, 



thermal regime at the top end of the sample The battery blanket was 1 
turned on for 3 hours when the cold room temperature was 25% and it 

was on for  6 hours when the cold laboratory was 2 9 O ~ .  With this 

arrangement the freezing front mwed from the bottcm to the top of the 

spec imen .  Ihis one directional process allowed the mapped air to 

escape and prevented the  unnecessary heave of sample. S o i l  samples 

were frozen within a pried of one or two days. 

Before removing the frozen specimens from the mold, 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 constant s tress  l e v e l  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 soil is usually less 

than 20% of the unconfined compressive strength (Andersland and I 
I 

Anderson, 1978). Both tes ts  were performed on specimens with 6.0 i 
inches diameter and 12.0 inches height, A summary of individual i 

specimen data is s h m  in Table 11. 

I The loading device used i n  the testing program is shown in Figure I 
I 

36. The loads was applied t o  the teat  specimen by means of a 10,000 
I 

lb. mechanical screw jack. The magnitude of the force was recorded 

with a 50,000 lb, load cell. During the test, applied load was 



Table IT. Material properties of testing specimens 

Ave. Ave. 
-sting Particle s i z e  stress Gnconf. 

T q *  finer than W . level strength 
(OF) 0.5- #4 0 $30 870 #lo0 % . (psi) (psi) 



Figure 36. Creep test apparatus. 



manually adjusted to the predesigned magnitude. Average axial defor- 

mations of t e s t  specimens in the creep test were measured using two 

dial gauges (0.001 inches sens i t iv i ty )  mounted on the loading f rme. 

Deformation and applied lmd were checked frequently for a pericd of 

one week.  

Data from the laboratory test are shorn in Figure 37. The t i m e -  

strain curve CR25 summarizes the data for unsaturated frozen gravel 

subjected to creep test a t  2 5 O ~  under 212 psi of 'average applied 

stress. The initial s tra in  was 7 x loM3 which occurred almost 

~tantaneous ly .  D a t a  for the curve showed a typical example where 

primary creep is dominant The curve asymptotically approaches a con- . 

stant deformation. The cume CR29 indicates timestrain data for the 

gravel specimen loaded with  153 psi of stress at 2 9 O ~ .  The i n i t i a l  

strain was about 7 x lod3 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 t h e  s t ra in  

of CR25, The large difference occurred within the first Wee days. 

For easier illustration of cteep behavior of frozen specimens, 

the strain rates were plotted, Strain rates were determined as the 

slopes of t h e  strain vs, t i m e  curves, The rates for each testing 

specimen were computed by averaging three aonswt ive  data points on 

the time-strain m e .  

New groups of three data points were considered by advancing 

along the time-strain curve one point a t  a time, This process was 

repeated for the entire set of data. Typical strain rate vs, t i m e  

curves for specimens CR25 and CR29 are plotted on Figure 38. Both 
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Figure 37. Results of laborato creep tests for frozen B gravel at 25' and 29 . 



damped creep curves have high i n i t i a l  s t ra in  rates which decrease 

hyperblical ly during primary creep stage and approach the zero rate. 

As noted from Figure 38, the creep pate of CR29 was two to three 

times the amount recorded for CR2S which averaged around 0.00025/hr. 

during the f i r s t  three days, After then, both samples had very 

similar: creep rates. 

The primary creep of frozen so i l  under constant stress a t  con- 

s tant  temperature is dependent upon temperature hnd material type, 

!Che creep strain can be described by the creep law. 

And, the creep rate can be presented as follaws: 

where 
P 

C is a constant {* 

t is the time 

fC is an arbitrarily selected creep rate (=lom5 minH1) 

a is the uniaxial normdl stress applied, 

( C  /b) bll/n 8 is the loaterial creep modulus {=. zo 
. . 

n, b are tanperatwe depzndent material constants, 

C m I  b' are temperature dewdent material constants (C' = CII and 

b' = b - 1) 

ktaluation of b and C for a given frozen so i l  can be made if the 

experimentdl creep strain and t i m e  data linearize on a plot of log & 

vs. log t. Also the parameters b' and C1 can be determined by 

plotting the l q  E VS, log t . me parameters and O, are evaluated 
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Figure 38. Creep strain rate and time for frozen gravel 
at: 25' and 29O~.  



by plotting the di f ferent  va lues  of applied s t ress  ( 0 )  vs. t h e  

correspnding values of C derived from log t- log E or log t - log 6 

diagram on a log-log coordinates. The slop of log 0 - log c indi- 

cates the value of parameter n . w i t h  the  estimated parameters the 

creep modulus of frozen so i l  at a given temperature can therefore be 

F i g u r e  39 shows the strain vs. time curves for C ~ 2 5  and CR29 

plotted on log-log wrdinates. By intercepting the linear l ine with 

Y-axis a t  t i m e  = 1 hr., the constant C was calculated. The C value 

for frozen gravel. for sample CR25 was 0.005656 and was 0.007859 for 

W 9 .  Slopes of the l i n e s  represent the material constant b. The 

cmfficient b was 0,200558 for CR25 and was 0,343845 for CR29. 

The strain rate vs, time curves for the samples w a s  also plotted 

on log-log scales (Figuxe 40). The constants C' and b1 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 

spximen CR25 and CR29 repx t ive ly .  The coefficient C1 w a s  U.C03Zh 

for CR25 and was 0.006372 for CR29. 'Ihe summarized statistical data 

a r e l i s t e d i n ~ a b l e  111, It is interesting tono te  fromthediagram 

that the  gradient of strain rate was also a temperature dependent 

factor, The CR29 curve indicates a greater change of strain rate than 

that of -5. Both curves intercept at 631 hours when the rate ap- 

proaches 3122 x loa/hr. , 

The i m p s e d  primary creep and creep rate of frozen gravel by 212 

psi oE stxess at 25% can therefore be described as follws: 

(c)', 0.005656 t 0-200558 ( 9) 

and 6 ( c )  = 0.000284 t 4,344506 (10) 
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Figure 39. Primary creep strain vs. t i m e  for frozen 
gravel at 25' and 29%. 
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Figure 40, Primary creep strain rate vs. t i m e  for 
frozen gravel at 25' and 2 9 9 .  



W l e  111. Temperature dependent material constants 
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The primary creep 2nd creep rate due t o  a 153 p s i  of applied 

stress at 2 9 O ~  are: 

E ( C )  = 0,007859 0,343845 

and = 0.006372 t-0.830102 

where & E ( C ) i ~  the creep s t ra in  at a given temperature and stress. 
(c) is the creep strain rate 

t is the time, (hr). 



C0NQ;USI;IS 

An unsupprted underground chamber constructed in a perennially 

frozen soil is feasible if the thermal properties of materials are 

understood and thermal disturbance in the area is 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 tempxatures can exponentially in- 

crease or decrease the long term deformation of opnhg. 

Data from field manitorling indicated that the average long term 

creep rate of frozen gravel in the tunnel site was about 0.001 

in./day. The creep rate of gravel room changes with variations of 

ground temperature and it can be predicted by the following empirical 

where C is the convergence rate in inJday and T is the tempera- 

ture of frozen ground at one foot depth in OF. 

Sepaxation of the roof gravel and silt was observed as three 

months of heating increased the gravel temperature by one degree. The 

average separation rate was 0.0007 in,/day during the heating stage. 

It dsreased .to 0.0002 inJday as the heating process was slowed down 

grzdually, Separation within the roof gravel was not noticed. It is 

very likely tht the 6 ft; gravel behaves as a single uniL 

The factors affecting the creep characteristics obtained from 

laboratory tests on remolded frozen gravel are temperature and the 

amlied stress. The tests indicated that frozen gravel under 18% of 



unconfined compressive strength exhibited a prinary creep dominant 

stage. Ihe  results  of th is  laboratory test show that 

a. the primary creep of frozen gravel loaded under 18% of the 
' 

unconfined compressive strength at 25'~ can be predicted by 

the empirical. spation. 

and for frozen gravel a t  29'~: 

= 0,007859 t 0,343845 

where & (C )  is creep strain and t is in hours. 

b. the primary creep rate is temperature and stress dependent. 

It can be estimated by the following equation at 25O~: 

and at 2 9 O ~ :  

where dc) is 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 ~ ~ 2 5 ,  even the amlied pressure to the Cm9 was only 72% 

of that loaded to the (1R25, 
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APPEKDIX A 

Summary of Teinprature Data 



STRING# 1 NO. OF THERMISTORS 7 ' 

THERMISTOR THlQO TH130 TH120 T H l l O  TH105 TH103 THlOO 
POSITION 4 .0 '  3.0' 2.0' 1.0' 0.5' . 2 5 '  0.0' , 

TEMPERATURE 
26.6 26.4 
26.5 26.4 
26.6 26.5 
26.6 26.5 
26.6 26,5 
26.6 26.6 
26,6 26.6 
26.7 26.7 
26,8 26.8 
26.9 26.9 
26.9 27.0 
27.0 27.0 
26.9 26.9 
26.8 26.8 
26.5 26.4 
27.1 26.5 
26.8 26.8 
26.8 26.8 
26.8 26.7 
26.8 . 26.7 
26.7 26.6 
26,6  26.6 
26.7 26.6 
26.7 26.6 
26.7 26.6 
26.7 26.6 
26.7 26.7 
26.8 26.8 
26-9 26.9 
27.0 27.0 
27.0 27.1 
27.1 27.1 
27-1 27.2 
27.1 27.2 
27.2 27,2 
27.2 27.2 
27,2 27.2 
27.2 27.3 
27.3 27.3 
27.3 27.4 
27.3 27.4 
27.3 27.3 
27.3 27.4 



THERMISTOR TH140 TH130 .TH120 THllO TH105 TH103 THlOO 



STRING # 2  NO. OF THERMISTORS 3 
THERMISTOR TH230 TH205 TH200 
POSITION 2.50' 0.0' -.50' 

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 

TEMPERATURES 
26.8 25.1 
26.8 25.8 
26.8 25.3 ' 

26.9 25.9 
26,9 26 .1 
26.9 26.2 
27.1 26.6 
27.4 27.2 
27.5 27.2 
27.5 27.2 
27,7 27.4 
27.6 26.9 
27.5 26.3 
27.0 25.3 
26,9 25.5 
27.3 27.2 
27 4 26.7 
27.3 26.4 
27.1 26.1 
27.1 26.2 
27,O 25.7 
27.0 26.0 
27.1 26 ,4  
27.0 26.0 
27.0 26 .O 
27 .O 26.4 
27.2 26.9 
27.3 26.6 
27.4 27.1 
27.6 27.2 
27.5 27 .2 
27.5 26.9 
27,6 27.5 
27.7 2 7 . 4 . ,  
27.7 27.5 



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 
2 8 , 6  28.9 
28.5 28.4 
28.3 27.8 
28.1 2 7 - 4  



STRING $ 3  NQ.OF THERMISTORS 3 

THERMISTOR TH330 TH31O TH300 
POSITION 3.0' 1.0' 0.0' 

TEMPERATURES 
25.4 25.2 
25.4 25.2.  



THERMISTOR 

DATE 
6 *.17 
6.21 
6.25 
6-29 
7 01 
7.05 
7.09 



STRING 84 NO. OF THERMISTORS 2 

THERMISTOR TH420 TH41O 
POSIT1 ON 2.0' 1.0' 

DATE 
1.18 

TEMPERATURES 
2 4 . 4  24.8 



DATE 
6 . 0 9  
6.13 
6.17 
6.21 
6.25 
6.28 
7.02 
7.05 
7 .09  
7.13 
7.20 
7.27 

TEMPERATURE 
25.7 25.5 



STRING 85 NO, OF THERMISTORS 3 

THERMISTOR THS30 THS15 TH500 
POSITION 3.0' 1.5' 0.0' 

DATE 
1.22 

TEMPERATURE 
24.2 23.7 23.8 
2 4 . 3 .  24 .1  24.2 
24.5 24 .4 -  24.7 
24.7 24.6 24.8 
24.8 24.6 25.0 
25.0 25.0 25.5 
25.1 25.0 2 5 . 1  
25.0 24.5 24.0 
24.2 23.1 2 2 - 4  



THERMISTOR 

DATE 
6.17 
6 . 2 1  
6.25 
6.28 
7.02 
7.05 
7.09 
7.14 
7.20 
7.27 

TEMPERATURE 
25 .3  25.3 
25.4 25.2 
25.5 2 5 . 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 



STRING 96 NO. OF THERMISTORS 
THERMISTOR TH675 TH655 

POSITION 7.5' 5.5' 

DATE TEMPERATURE 
1.15' 26.3 26.6 



THERMISTOR 

DATE 
6.01 
6.05 
6.09 
6.13 
6.17 
6.21 
6.25 
6.28 
7.02 
7.05 
7.09 
7.13 
7.20 
7.27 

TEMPERATURE 
27 .0  27.7 



STRING* 7 NO. OF THERMISTORS 5 

THERMISTOR TH790 TH760 TB750 TH720 
POSITION 9.0' 6 . 0 '  5,O' 2.0' 



THERMISTOR TH790 TH760 TH750 TH720 TH700 

DATE 
6,17 

TEMPERATURE (- 
27 - 5  27 . O  27.6 
27.5 27.1 2 7 . 6  
27.6 27.2 27.8 
27.7 27,4 28.0 



APPENDIX B 

S m r y  of Convergence Keasurements 



CONVERGENCE MEASUREMENTS 

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 



DATE 
6.17 



CONVERGENCE MEASUREMENTS 





APPmDIX C 

W a y  Fbndartized Block Design and Analysis 

In. order ta identify the influence of geometry and overburden, a 

random block analysis was used. Two independent: factors, temprature 

of frozen ground at 1 ft. and local i ty  of convergence s ta t ions ,  were 

used as column- and row-factor, The recorded creep rate was the 

observation, The randomized block for t h i s  case is l i s ted in Table 
I '  

Iv. 

The missing data teclmique for the two way table w a s  a-lied to 

estimate the probable missing data at stations C5 and C4 at 27.3O9. 

'Ilhe following quatiom were used: 

where 

m is the n-r of rcws 

n is the n&r of columns 

~1 is the total known observation of row containing X. 

R2 is the t o t a l  of known observation of row containing y. 

C1 is t k  total of known observation of column containing 

CZ is the tow of known obsematim of column containing 

Y o  

- S is the t o h l  of all known results. 



Table IV. Sumnary of creep and ground temperature for  U S F 1  gravel r m  

25.4 25.7 26.1 26.5 26.7 26.9 27.1 27.3 27.9 28.5 



The estimated creep rate was 11.2 x in./day a t  station C5 

and was 12.1 x low4 in./day at station ~4 ('Sable 111). With these two 

calculated values the randomized block was completed and shown in 

Table V. Step by step, the corrections for the mean (CM), total sum 

of squares ( S S ) ,  sum of squares b e t w e n  .cohmns (SSC), sum of squares 

between rows (SSR), and sum of squares due to error (SSE) were 

calculated, The analysis of variance is listed in the VI -  



W l e  V. Wcrway randmized block design 



W l e  VI. lWJVA table fox: heway  analysis 

F-Value 
Source of Degree of Sum of Hean 
Variation . Freedom Squares Square Calculated a= 0.05 a = 0.01 

m r a -  9 1210.11 134,46 8.7 2.16 2.96 
tur e 


