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Stabil i ty of Openings in  Alluvial Permafrost 

Final  Report 

BY 

Frank J. Skudrzyk 

1, ABSTRA(JT 

Alaska has tremendous aur i ferous gravel deposits many of which are 

located i n  penrefrost a t  depth both economically and environmentally too 

g r e a t  t o  a l l o w  conven t iona l  s u r f a c e  mining. I n  r e c e n t  y e a r s ,  w i t h  

regulatory pressure and inprovements i n  technology for  underground mininq 

of hardrock deposits, the  Alaskan p lacer  mining industry has shown much 

i n t e r e s t  i n  underground mining of f rozen  p l ace r s .  This  approach 

eliminates one of the main current environmental issues i n  Alaska - water 

p o l l u t i o n  caused by e x c e s s i v e  d i s c h a r g e  of s i l t  i n t o  t h e  l o c a l  water 

bod ie s  - b u t  a t  t h e  same t i m e  c r e a t e s  new safety, and of  a d i f f e r e n t  

nature, environmental problems. 

The p r o j e c t  was designed t o  c o l l e c t  da ta  from a newly s t a r t e d  

underground mine on Wilbur Creek i n  Livengood District on terrperature of 

t h e  underground environment, deformt ion  of p i l l a r s ,  convergence of t h e  

openings, and deformation and s t r e n g t h  c h a r a c t e r i s t i c s  of t h e  g e o l o g i c  

m a t e r i a l s  encountered i n  t h e  mine, i n  order  t o  assess p o t e n t i a l  

ins tabi  1 i t y  of t he  ground and influence of t he  underground mining on the 

above surface, Thermistors were used t o  measure underground tenperature 

of frozen a l l u v i a l s  and a i r  a t  s e l e e d  locations in t h e  mine. A broad 

range of ground temperatures  was observed  from very c l o s e  t o  f r e e z i n g  

point  on October 24, 1987 when t h e  mine was open a f t e r  s m r  shut4own, 

t o  near -20% l a t e  in the  winter a t  s eve ra l  locations in  the lower p a r t  

of  t h e  mine where n a t u r a l  venti l a t i o n  dur ing  the 87/88 win te r  brought  

about s ignif icant heat exchange. 



fbof f a l l s ,  , large d e f l e c t i o n s  of  s i l t  s l a b s ,  and extensive 

convergence of openings was observed a f t e r  the '87 sumner shut down. A t  

one location v e r t i c a l  converge of 60cm of i n i t i a l l y  2.77m high opening 

was observed. A s  evidenced by o b s e r v a t i o n s ,  t h e  unusual  l y  h igh  

tempera tures  and e x t e n s i v e  i n s t a b i l i t i e s  of  t h e  underground mine were 

caused by in f low of  water which took p l a c e  du r ing  t h e  1987 s m e r .  

Because of the  unexpectedly low grade of the mined deposit, t he  mining on 

Wilbur Creek during the 87/88 season was l imited to dr iv ing  exploratory 

drifts and thus d id  not leave behind p i 1  l a r s  and did not produce possible 

caving of the roof. This eliminated from t h e  project ,  t h e  p o s s i b i l i t y  of 

measurements of p i l l a r  deformat ions  and o b s e r v a t i o n s  of surface 

subsidence. 

Approximately 500kg of samples  of f rozen  g r a v e l  and s i l t  were 

c o l l e c t e d  including a cy l ind r i ca l  frozen g rave l  sample 23cm i n  diameter 

and 45cm i n  height. They were used t o  determine grain s i z e  d i s t r ibu t ion ,  

ice content, porosity, and strength and deformt iona l  proper t ies  of both 

na tura l  and simulated (refrozen a f t e r  thawing) materials. 

In  pa r t i cu l a r ,  data co l lec ted  on secondary creep r a t e  a s  a function 

of stress l e v e l  and tempera ture  can be used t o  p r e d i c t  rate of  

convergence of underground opening thus serving as guidel ines  for frozen 

g r a v e l  p i  1 l a r  design. 

2. 1-Obl AH) SOOPE 

Alaska has  tremendous a u r i f e r o u s  a1 l u v i a l  r e s o u r e  (Barker, 1986) 

much of  which is located in continuous permafrost a t  r e l a t i v e l y  greater 

depth (20m and greater) .  Conventional mining technology, very popular in  

Alaska,  removes t h e  f r o z e n  overburden s i l t  by hydraul  icking. Th i s  

t e c h n o l o g y ,  t hough  v e r y  e f f e c t i v e ,  is o f t e n  e c o n o m i c a l l y  and 



environrnenta 1 l y  unacosptab le when thick layers of overburden have t o  be 

remved. The e f f l u e n t  from such operations cannot be e f f ec t ive ly  t reated 

f o r  s i l t  removal  t h u s  causing s e v e r e  envi ronmenta l  water  p o l  l u t i o n  

9roblems. Removal of t h e  overburd9n i t s e l f ,  even  i n  a frozen state ,  

dis turbs  t he  sur face  and requirs  reclaiming which i n  turn increases t he  

o v e r a l l  cost of mining. 

These problems can be avoided by underground mining of f rozen  

placers. Modern mining techno logy deve loped  p r  imari l y  f o r  hardrock 

d e p o s i t s  can now be e a s i l y  t r a n s f e r r e d  t o  e f f e c t i v e l y  mine frozen 

placers. However, ser ious  consideration has t o  be given t o  the s t a b i l i t y  

of underground openings excavated in t he  ground which is much d i f f e r en t  

from the one encountered i n  t y p i c a l  hardrock depos i t s .  The Alaskan 

permafrost, i n i t i a l l y  a l ready a t  c l o s e  t o  freezing point tenperature, my 

be warmsd up i n  a course of mining. Poten t ia l  heat  sources are: 

- powered equipnent 

- miners working underground 

- detonated explosives 

- o u t s i d e  a i r  hav ing  a tempera ture  above t h a t  o f  t h e  l o c a l  

ground, brought underground through vent i la t ion  system 

- l i gh t s ,  water brought underground for d r i l l i n g ,  etc. 

I n  addition, t he  excavation of underground opening w i l l  u l t i m t e l y  cause 

subsid- of the earth 's  surface which may have a detrimental inpact on 

the envi roment. 

The S t a t e  of Alaska, has reoently supported through its DNR and DM: 

Grant Prograrrrs, developments by the l o c a l  p lacer  mining comnunity of new 

placer mining techno logy  inc lud ing  underground mining. However, t h i s  

suppor t  f e l l  s h o r t  of  recognizing s t a b i l i t y - r e l a t e d  hazards of  t h e  

underground method. I n  f a c t ,  an attempt i n  1985 t o  undercut  a f rozen  



overburden in  one q f  t he  p lacer  mines in t h e  Livengood District caused a 

mjor landslide during which sore  38,00h3 of frozen s i l t  col lapsed into 

a p i t  (Skudrzyk, et al . ,  1986). 

The problem of  s t a b i l i t y  of  openings i n  f rozen  ground has  been 

recognizd since the beginning of underground p l a c e r  mining i n  Alaska, 

l o c a l l y  it is called drift mining. The U.S. Bureau of Mines in  the  l a t e  

196f11s, undertook a l imited research which was conducted i n  t h e  

Permafrost  Tunne 1 nea r  Fairbanks ( P e t t  ibone, Wadde 1 1). However, no 

atta;rpt was tmde t o  s imulate  ac tua l  full s i z e  mining underground i n  which 

la rge  quant i t i es  of p o t e n t i a l l y  warm air would be ven t i l a t ed  though the  

mine and i n  which large powered equipment generating much heat would be 

used, S ince  t h a t  t i m e ,  the Perraafrost Tunnel has been maintained a t  

below the o r i g i n a l  t empera tures  and because of t h a t  can  o n l y  p r o v i d e  

limited informt ion  on the  s t a b i l i t y  of openings in frozen ground. 

In  recent years procedures for  design of p i l l a r s  i n  frozen gravels 

were developed  (Skudrzyk, Nukesh, 1984; Mukesh, 1985; Skudrzyk, 1985, 

Skudrzyk, e t  al. ,  1987). 

The s t a b i l i t y  of an underground opening in frozen ground, and frozen 

pillar in  pa r t i cu l a r ,  is cont ro l led  by severa l  factors ,  mst s ignif icant  

of which a r e  tempera ture  a s s o c i a t e d  wi th  t h e  h e a t  b a l a n c e  of t h e  

underground e n v i r o m t  and s t rength and d e f o m t i o n a l  proper t ies  of the 

main geologic c o n s t i t u e n t s  (weathered bedrock, g r a v e l s ,  and h igh  ice 

con ten t  overburden s i l t )  i n  c lose proximity of t h e  opening. These 

m a t e r i a l s  are,  i n  g e n e r a l ,  s i t e  s p e c i f i c  and  t h o u g h  c e r t a i n  

g e n e r a l i z a t i o n s  are p o s s i b l e  based on l abo ra to ry  studies, data from a 

pa r t i cu l a r  mine are needed t o  design a layout of its underground openings 

( t o  determine s i z e  of pillars and spacing between the@. 



The proposed p i l l a r  design formula based on laboratory m a s U K a n e P l t s  

of strmgth and deformation r a t e  of a r t i f i c i a l  sarples is (Skudrzyk, et 

al . ,  1987): 

where Cp = fl(v)*f2(s)=fj(T)*f3(IC)*f5*C0 

where Cp = frozen gravel pil lar  s t rength,  ma, 

f (v) , f2 (s) , f (T) , f4 ( IC)  = dimens ion less func t ions  which account for  

p i1  l a r  volume ( s i ze ) ,  shape,  temperature ,  

and ice content, respect ively,  

f5 = d imens ion le s s  f u n c t i o n  a c c o u n t i n g  f o r  

o r g a n i c  matter conten t ,  s a l i n i t y  of  the 

f r o z e n  g r a v e l s ,  and  o t h e r  i m p u r i t i e s  

content, 

C, = u n i a x i a l  c o m p r e s s i v e  s t r e n g t h  o f  t h e  

standard frozen grave l  sanple ( for  seltxted 

s i z e ,  shape  and ice con ten t ,  t e s t e d  under 

s p e c i f i c  cond i t i ons  of t empera ture  and 

s t ra in ing  r a t e ) ,  MPa, 

FS = safety f a c t o r  w h i c h  a c c o u n t s  f o r  

he t e rogene i ty  o f t h e m a t e r i a l ,  s c a t t e r  of 

t e s t  d a t a ,  and  n o n u n i f o r m i t y  o f  t h e  

v e r t i c a l  stress d i s t r i bu t ion  i n  t he  p i l l a r  

(dimens ionless) , 
CRF = creep rate factor  (dimensionless). 

P.. ve r t i ca l  stress in  t he  p i l l a r ,  MPa 

The creep r a t e  factor :Jn 'be determined from a formula: 



P CR (- ) I E ~  
CRF 

where 

CR(Cp/CRF) = c r e e p  rate of a frozen sample a t  stress 

l eve l  of Y C R F ,  rn E/h 

; , = acasptable c losure  rate of a p i l l a r ,  m E / h  

Funct ions  f l(v) , f *(s) , f 3(T) and f (IC) and C, w e r e  determined ear 1 ier 

f o r  t h e  Fox gravel (Skudrzyk, et  a l . ,  1987). Function f5 is f o r  now, 

assumed t o  have a va lue  of one ( i n  some instances, organic matter content 

and s a l i n i t y  may p lay  an important r o l e ,  but its de te rmina t ion  would 

require  a separate  study). Factor of s a fe ty  can be no smaller than one. 

I t  is s t anda rd  p r a c t i c e  i n  p i l l a r  d e s i g n  i n  coal mining, t o  assume a 

va lue  of two for the factor of safety. 

The creep rate factor was a subject of laboratory tes t ing  described 

i n  t h i s  r epo r t .  I t  was proceeded by a l i m i t e d  u n i a x i a l  compressive 

t e s t i ng  of a r t i f  icial sarrples in a terrperature range from -16.5 t o  -0.8'~ 

i n  order t o  determine terrperature dependency of t he  uniaxial  mrrpressive 

s t r e n g t h ,  C,. T h e  t e s t i n g  was conducted on Wilbur C r e e k  gravel, a 

material collezted from the Wilbur Creek Mine, Livengood Mining D i s t r i c t .  

This would allow a conparison between laboratory measurerrrents and data on 

t empera tu re  and convergence c o l l e c t e d  from t h e  mine  which were a l s o  

conducted within t h i s  project and are r e p o r t d  here. 

2.1 Dscript ion of the Wilbur Creek Mine Site. 

The Wilbur Creek placer  is a bench type deposit  along Wilbur Creek, 

one of t h e  Tolovana River t r i b u t a r i e s ,  i n  the Livengood area. The 



bedrock i n  t h i s  a r e a  c o n s i s t s  of  t h i n  well weathered v e r t i c a l  beds of 

Wilbur Creek u n i t  (Weber et al . ,  1985) s t r i k i n g  n o r t h e a s t e r l y .  The 

Wilbur Creek Unit consis ts  of shale,  conglomerae and graywacke. 

The placer g r a v e l s  derived from t h e  Wilbur C r e k  un i t  rocks a r e  0.3 

t o  2.4m thick,  w e l l  sor ted with a p p r o x h t e l y  20% of quartz and less than 

11% si l t  and clay content. Overburden, 20 to  41m thick, consis ts  of wind 

blown s i l t  and o r g a n i c  m a t e r i a l  and abundant ground ice as  s h e e t s  

( l e n s e s ) ,  wedges, i r r e g u l a r  masses and pore ice: The seqrega ted  ice 

c o n s t i t u t e s  about  20% of t h e  volume of t h e  overburden and ranges from 

clear w i t h  a l a r g e  q u a n t i t y  of t rapped a i r  bubbles ,  t o  laminated w i t h  

sil t ,  Its s p e c i f i c  g r a v i t y  is a s  low as 8.94. The remaining 80% is 

frozen silt, sp.gr. 1.52, which contains 40% i n t e r s t i t i a l  ice by weight, 

Overburden s t r a t i f i c a t i o n  is evident a t  greater depth with inclusions of 

organic mater ia l  and volcanic ash. When remving  overburden as it was 

t h e  c a s e  i n  t h e  p a s t ,  a 30' s t a b l e  slope is typica l  f o r  the overburden 

material  cover& with new vegetation. 

The aur i ferous deposit ,  2 h  long and 60m wide, extends approximtely 

in  a N-S d i r ec t ion  w e s t  of the current channel of Wilbur Creek. The high 

grade pays t r eak  v a r i e s  i n  width as evidenced by r e c e n t  underground 

mining. 

2.2 Mining Act iv i t i es ,  

The Wilbur  Creek p rope r ty  has been mined s i n c e  t h e  e a r l y  y e a r s  of 

t h i s  century using i n i t i a l l y  d r i f t  mining and l a t e r  on lydraulicking. It 

is estimated t h a t  the creek produced s e v e r a l  thousand ounces of g o l d  

(Rybachek, 1986). The c u r r e n t  owner, S t an  Rybachek has  worked t h i s  

p roper ty  s i n c e  1961 using f i r s t  hydrau l  i ck ing  and s i n c e  October 1986, 

&ern underground mining mthod. The deposit  was accessed by a po r t a l  



in  a highwall left behind t h e  previous hydraulicking and the mine was t o  

be a room and p i l l a r  operation. However, because of u n e x p e e d l y  law 

g rade  of the accessed d e p o s i t ,  mining was l i m i t e d  t o  d r i v i n g  of 

exploratory tunnels, In  May 1987, t he  mine was shut  down i n  preparation 

for the s m e r  thawing season. The p o r t a l ,  i n  a form o f  4.2m diameter  

and 9.0m long ste l  co lve r t ,  was strengthened with wooden props, sealed 

o f f  and i n s u l a t e d  us ing  p l a s t i c ,  plywood and baled hay. The mine was 

open again i n  October 1987 only t o  r e a l i z e  that the undertaken measures 

to isolate the underground were insufficient. A considerable volume of 

water ( s a  20 to  48m3) from the highwall t h a w  entered t h e  mine causing a 

wareup and subsequent extensive caving, sagging of s l a b s  and convergence 

of openings. With reestablished c i r c u l a t i o n  o f  c o l d  o u t s i d e  a i r ,  the 

openings s t ab i l i zed  quickly,  hanging blocks of frozen ground were s m l e d  

down and hauled  o u t  and t h e  mine r e tu rned  t o  its r e g u l a r  operat ion.  

During the 87/88 w i n t e r  season the exploratory mining cont inued a s  

indicated i n  Fig. 1. without leaving any p i l l a r s  behind. 

3. TESTIH; e- 

Thermistors with a resolut ion of 0.05'~ c a l i b r a t d  a t  BOC were used 

t o  measure temperature a t  selected l o c a t i o n s  i n  t h e  mine as shown i n  

Fig. 1. 

The thermistors were i n s t a l  led in  holes by placing the sensors at 

the bottom -. of the ho le s  and f i l l i n g  the  holes with water. Thermistor T1 

was placed near  t h e  p o r t a l  on November 13, 1986 i n  the middle  of a 

sidewall  (top of g rave l )  1 5 m  i n  a hole. T2 was i n s t a l  led on January 7,  

1987 approximtely 45m underground in the  middle of a s idewal l  ( in  grave l  

close t o  t h e i r  c o n t a c t  w i t h  bedrock) i n  a 0.9m hole .  T 3  was frozen on 

February 13,  1987 i n  a h o l e  2.4m deep located 45m underground i n  a 



s idewal l  along a contact betwen g r a v e l  and bedrock, next t o  T2. T4 was 

installed on Apri 1 7 ,  1987 30m underground i n  a s i d e w a l l ' s  h o l e  0.9m 

deep. T5 was also i n s t a l  led on Apri l  7, 1987 a t  the  roof's sur face  next 

t o  t h e  portal. A l l  these thermistors were located in the lower p a r t  of 

the  mine a t  e leva t ions  below that of the  porta l ' s  sealing.  Thus the  lower 

p o r t i o n  of  t h e  mine w a s  i n  t h e  zone of natural v e n t i l a t i o n ,  a 1  lowing 

extensive exchange of a i r  with t he  outside amsphere .  

Because of  experienced loses of thermis tors ;  a new approach t o  

tenpera tme measurement, was assurrred. On Dmnber 16, 1987, 2 0 . b  holes  

were d r i  1 led in s i d e w a l l s  i n  a c l o s e  proximity t o  the contact s u r f a c e  

between bedrock and g r a v e l s .  One of  them, t h e  T 6  h o l e  was located i n  a 

s i d e  opening 13Sm from t h e  p o r t a l  and the o the r ,  t h e  T7 h o l e ,  180m from 

t h e  p o r t a l  i n  a newly excava ted  d r i f t  p a r a l l e l i n g  t h e  paystreak.  

Additionally, the  T8 ho le  replaced t h e  l o s t  T4 thermistor (30m from the  

por ta l ) .  See Fig. 1 for locations. A s  before, the holes  were d r i  1 led i n  

a s l i g h t l y  downward d i rec t ion  and subsequently f i l l e d  with SAE grade 40 

o i l .  They were used f o r  t empera ture  measurements by i n s e r t i n g  t h e  

t h e r m i s t o r s  a l l  t h e  way i n t o  them and a l lowing  t h e  tempera ture  t o  

s t ab i l i ze .  

Elevation wiser the two new locations for  T6 and T7 were above the  

s ea l ing  of t he  po r t a l ,  it is i n  an area where only l imited cooling took 

place during times when t h e  mine fan was forc ing  t h e  o u t s i d e  c o l d  a i r  

underground. 

3.2 In-s itu Convergence Measuranents. 

A s i n g l e  convergence monitor ing s t a t i o n  c o n s i s t e d  of  4 anchors  

i n s t a l l e d  as shown in  Fig. 2. Sidewall and roof anchors were i n s t a l  l ed  

in  2.2m diameter holes  by s e t t i n g  them with expandable lead s h e l l s  which 



contained threaded steel tubes. The f l o o r  anchor of s imi la r  design, was 

s e t  i n  15cm diameter  steel housing w i t h  a cap, i n  a dep res s ion  dug i n  a 

floor.  Upon i n s t a l l a t i o n  the housing was p a r t i a l l y  f i l l e d  with water 

which after freezing provided additio-nal anchorage. 

I n i t  i a  1 l y ,  convergence s t a t  i ons  were i n s t a l  led a t  four locat ions  

(see Fig. 1). E l  on November 13, 1986 (8 days a f t e r  excava t ion  of t h i s  

location) 3m from t h e  p o r t a l ,  E2 on January 7, 1987 (23 days  a f t e r  

excavation) , E3 on Jan 7, 1987 (18 days a f t e r  exava t ion )  , E4 on Apri 1 7, 

1987 (76 days after excavation). An addi t iona l  s ta t ion ,  E5 was i n s t a l l e d  

on December 16, 1987 (306 days after excava t ion ) .  A1 1 s t a t i o n s  except 

fo r  E5 were i n s t a l l e d  in the  lower p a r t  of the mine. Ver t ica l  anchor of 

E l  was l o s t  on December 2 ,  1987 d u r i n g  s c a l i n g ,  E2 and E4 were l o s t  

during sumaer 1987 warnup, and one of t h e  horizontal  anchors of E3 was 

l o s t  i n  February 1987 when the  LHD, used i n  t h e  mine fo r  m a t e r i a l  

hau lage ,  bumped i n t o  it. R e l a t i v e  d i sp l acemen t s  between t h e  p a i r s  of 

v e r t i c a l  and horizontal  anchors were measured using Slope Indicator Co. 

tape extensometer model 518115 E/M which a 1 lows a c c u r a t e  distance 

measurement w i th  o v e r a l l  accuracy  o f  f-0.15mm o v e r  a d i s t a n c e  between 

measuring p o i n t s  up t o  20m R e l a t i v e l y  s i m p l e  anchors  i n s t a l  l e d  i n  

shal low ho le s  remined s t a b l e  and required only defrosting before taking 

rrreasurerrrents. 

3.3 Sanple Collection. 

Approxinrately 500kg i r regular  lumps of frozen grave l  and sil t  were 

c o l  l&ed from t he  W i  lbur Creek Mine fo r  laboratory testing. A1 1 of the  

i r r e g u l a r  lumps were c o l  l e c t e d  from f r e s h l y  expos& su r f aces .  The 

samples were t r anspor t ed  t o  t h e  l a b o r a t o r y  i n  s e a l e d  c o n t a i n e r s  t o  

minimize ice sub1 imt lcn. 

An a t t empt  was made t~ c o l l e c t  a n a t u r a l  c y l i n d r i c a l  sample f o r  



uniaxial compress ive  testing. A sizeable b l o c k  of f rozen  g r a v e l  was 

carved using a chisel and a harmer t o  fit a c y l i n d r i c a l  mold 2 2 . 9 ~ ~ ~  i n  

diameter and 45.7cm i n  height.  This was q u i t e  a pa ins t ak ing  process, 

though because of  very low strength-of g r a v e l  Imps, which often broke 

in h a l f  under inpact, a r e l a t i v e l y  straight and smoth  walled cyl inder  

was produced. 

3.4 Sieve Analysis and Ice Content. 

I r r e g u l a r  g r a v e l  lumps were weighed, dr ied.  a t  95'~ t o  c o n t e n t  

weight, weighed again, and separated in to  f rac t ions  using sieves and Ro- 

Top t e s t i ng  s i e v e  shaker. 

The ice content with respezt t o  dry weight and percent of f rac t ions  

weight were then calculated.  

3.5 Porosity and Density. 

I t  is believed t h a t  p o r o s i t y  and ice c o n t e n t  of  g r a v e l s  (as any 

o t h e r  f rozen  g r a n u l a r  m a t e r i a l )  p l a y  an  important  r o l e  i n  t h e i r  

mechanical behavior. In  brief, ice-unsaturated mater ia ls  w i l l  contain 

vo ids  and  w i l l  h ave  g r a i n s  i n  c o n t a c t  w i t h  each o t h e r ,  whereas ice 

oversaturated frozen granulars w i l l  have rock gzains somewhat dispersed, 

i n  otherwords, the grains  w i l l  not be f u l l y  compacted. I c m v e r s a t u r a t ~  

f rozen a l l u v i a l s  may s t i l l  show s i g n i f i c a n t  p o r o s i t y  (conta in  vo ids  

f i l l e d  with air). 

Natural p o r o s i t y  and density of f rozen  g r a v e l s  a r e  somewhat 

d i f f i c u l t  to measure  taking i n t o  a c c o u n t  that i n  order to perform 

measur-t on representat ive sanples, l a r g e  volume sanples (at  least a 

few liters) a r e  requi red .  I n  addition, tests have to be performed on 

frozen sarrples 1 ike ly  t o  contain open pores. Tarperature dependency of 

volume measurements is a c r i t i c a l  factor t o  a c c o u n t  for .  With t h i s  i n  



mind, p r o s i t y ,  p, was ca lcu la ted  as: 

where Vp = v o l m  of pores 

V, = original volume of s q l e  

I n i t i a l  volcane of a sanple (frozen lwp) was determined using l a rge  (201) 

'pycnorrreter' (Fig, 3) f i l l ed  with water a t  terrperature c l o s e  t o  freezing- 

point. The volume of  water displaced by the sarrple having a t q e r a t u ~ e  

of a f e w  degrees below f r e e z i n g  po in t ,  was assumed t o  be t he  sample 

volume. The sartple was then a 1  lowed t o  thaw and a f t e r  that t h e  change i n  

volume, as  indicated by the ~cnorne te r ,  was determind. The sanple was 

dried weighed and the ice con ten t  c a l c u l a t e d .  The change i n  sample 

volume, c o r r e c t e d  f o r  change i n  volume of samples '  ice when thawed was 

ass& t o  be the volume of pores. Volumes measured by pycnorrreter were 

corrected for pycnometer - water volume change a s  a func t ion  of 

taperature. This re la t ionsh ip  was determined using 1 inear regression, 

t o  be 16.2 

Density,~ , was ca lcu la ted  as: 

where W, = weight of frozen sarrple. 

3.6 Uniaxial Corrpressive Testing of Natura 1 and A r t i f i c i a  1 Sanples. 

The natural  l a r g e  cylindrical sanple  (approximately 2 2 a  in  diameter 

and 44cm i n  he igh t )  was resuzfaced us ing  -6.3mm Wilbur  Creek gravel 

f r a c t i o n s  (-6.3mm+4 mesh and -4+8 mesh f r a c t i o n s  were making up f o r  t h e  

missing coarse f ract ions)  with water content equal t o  t h a t  of the  average 



ice content of the Wilbur Creek gravel .  A spec ia l  slotted cy l ind r i ca l  

mld, having 22.9cm'diameter and a quar te r  of the c y l i n d r i c a l  surface cut 

o u t ,  was used t o  bring t h e  s i d e  surface of the sample t o  a s u r f a c e  of a 

m o t h  circular cy l  index. The end surfaces were recappd  with t he  same 

m t e r i a l  as above, followed by a very thin layer of a mixture of -20 mesh 

m a t e r i a l  wi th  n a t u r a l  water c o n t e n t  i n  order  t o  produce very smooth 

surface. The natural  sanple  (data f i l e  WILGRlSAT) was t es ted  in 

compression a t  -4.9'~.  The test was run i n  d i sp lacement  mode w i t h  

constant a x i a l  contraction rate of 10 P E /s. Load on sanple; two axial, 

and two l a t t e r a l  deformations;  and tempera ture  a t  f o u r  p o i n t s  ( t o p  and 

bottom plat tens ,  sarrple and a i r )  were recorded. 

Six a r t i f i c i a l  sanples  for  ronpressive tes t ing  were prepared i n  a 

form of s t r a i g h t  c i r c u l a r  c y l i n d e r s  having a diameter o f  15.2~1~ and a 

height of approximately twice l a rge r  than the diameter.  The g r a i n  s i z e  

d i s t r ibu t ion  of the  a r t i f i c i a l  sarrples was proportionate t o  t h e  na tura l  

g r a v e l s  except  f o r  t h e  g r a i n s  having  a s i z e  g r e a t e r  t han  25.4mm. They 

were rep laced  wi th  t h e  same q u a n t i t y  of -25.4+12.7rm f r a c t i o n .  The 

amount of water used was based on the requi red  ice c o n t e n t  i nc lud ing  

c o r r e c t i o n  f o r  volume change when f reez ing .  Water and f r a c t i o n s  were 

mixed and pored i n t o  a mold which subsequent ly  was shaken ti 11 water  

appeared a t  t h e  sample sur face .  The top s u r f a c e  w a s  then smoothed 

p a r a l l e l  t o  the  bottom s u r f a c e  and t h e r m a l l y  i n su l a t ed .  The mold was 

placed in  a f r w z e r  with the bottom surface of the mld i n  contact  with a 

metal plate. This arrangement allowed progressive freezing of a saxple 

from its bottom t o  the top with e x e s s  water escaping and freezing a t  t h e  

top. I t  is b e l i e v e d  t h a t  t h i s  p rocedure  produced samples f r e e  of 

r e s i d u a l  stresses. It was ev idenced  by the fact that  t h e  mold did n o t  

expand aftel:  its clamps were released. The ice accumulated a t  t h e  t o p  



surface was then coxplete ly  chipped away with a chisel and t h e  surface 

recapped as i n  t h e  case of the n a t u r a l  sample making d e s c r i b e d  above. 

The samples were tested at c o n s t a n t  a x i a l  s t r a i n  ( con t r ac t ion )  r a t e  of  

10 E / S  a t  temperatures  from -16.7 t o  -0 ,8°~  (see Tab. 1). Load on 

sanple, two a x i a l  and two t ransverse  defonmtions and temperature a t  four 

p o i n t s  ( top  and bottom of a sample,  t o p  and bottom p l a t t e n s )  were 

recorded during each test. A s c h m a t i c  view of a sample and a p i c tu re  of 

an ac tua l  sarrple during tes t ing  a r e  shown i n  Fig; 4, Tests were run 

beyond t h e  ultimate strength point, though t h e  a x i a l  s t r a i n  was n o t  

a 1  lowed t o  exceed 0.5%. Two samples  one b e f o r e  (right) and one a£ ter 

( l e f t )  t e s t i ng  are shown in  Fig. 5. 

3.7 Creep T e s t  on A r t i f i c i a l  Sarrples. 

As i n d i c a t e d  earlier, t h e  c r e e p  r a t e  f a c t o r  and c r e e p  rate 

encountered i n  t h e  secondary s t a b l e  creep a r e  irrportant mnponents of t he  

p i 1  l a r  design formula. To determine stable c r q  rates?  a creq test was 

run on 13 a r t i f i c i a l  sarples (having t h e  same conposition and shape as in  

t h e  c a s e  of  compressive t e s t i n g )  a t  stress l e v e l s  and tempera tures  

indicated i n  Tab. 2. One t o  four creep tests were run on each sarrple. 

The samples  were loaded t o  d e s i r e d  load (stress) l e v e l  i n  5 min. 

( a r b i t r a r i l y  se lec ted  time) and then constant load was min ta ined  fo r  a 

time span su f f i c i en t  t o  c o l l e c t  da ta  points  (usual ly  a m i n i m  of 20 da ta  

po in ts  a t  0.5 min. in te rva ls )  for t h e  secondary creep r a t e  determination, 

The secondary c r e p  was considerad unstable (becoming the  t e r t i a r y  creep) 

when  the v o l ~ t r i c  s t r a i n  of a tested sample s ta r ted  t o  increase. This 

can be justified as follows. S a n p l a  made of continuous m t e r i a l s  (pores 

and f i s s u r e s  a r e  neg lec t ed  here)  when loaded i n  compression, show 

decrease i n  volumetric s t r a i n  (volume change of an i n i t i a l  un i t  vol- is 



called v o l u m t r i c  s t r a i n )  unless l a t t e r a l  expansion is l a rger  than axial 

contraction. Thus increasing vol  m e  i n  corrpress ion i n d i c a t e s  that t h e  

nraterial (sample) is n o t  any longer cont inuous,  i n  otherwords,  c r acks  

start to  develop. 

For each  of  t h e  t e s t e d  samples, a d a t a  f i l e  was c r e a t e d  i n c l u d i n g  

tine, load, terrperature and two a x i a l  and two l a t t e r a l  de fomt ions .  

4.1 In-situ Measurements and Observations 

Data on t empera tu re  changes and convergence of openings i n  the 

Wilbur Creek Mine a t  selected l o c a t i o n s  are shown i n  Fig. 6 and Fig, 7 

and Tab. 3 and Tab. 4,  respectively. 

As mentioned earlier a s ign i f ican t  armunt of water (sonre 20 t o  40& 

seeped t o  the lower p o r t i o n  of t h e  mine d u r i n g  t h e  1987 s u m e r .  This 

produced much heat underground. On October 24, 1987, a few days a f t e r  

t h e  mine w a s  reopened, dur ing  a s h o r t  v i s i t  t o  t h e  mine, it was no t i ced  

that t h e  f l o o r  of t h e  lower p a r t  of the mine was s t i l l  covered w i t h  

slush. A t  t h a t  t ime ,  the  tenperature i n  t he  mine must have been close t o  

the  f rwz ing  point. A few weeks l a t e r  on D e m b e r  16, a f t e r  the  na tura l  

ven t i l a t i on  brought cold a i r  underground and a f t e r  s ca l ing  was done, t he  

temperatures around the openings were measured and they  already were 

below -10Oc. 

Convergmce of the  openings was d i f f i c u l t  t o  masu re  because of t h e  

extensive deformat ions  which took p l a c e  du r ing  t h e  1987 s m e r  and 

sho r t ly  afterwards. During the October 24th v i s i t  (very short ,  t o  l i m i t  

exposure t o  unsafe conditions) the  mine f l o o r  was covered with blocks and 

slabs,  Some of them were s t i  11 hanging posing a serious hazard. I n  

p a r t i c u l a r ,  t h e  upper ?art of t h e  mine (the cu rv ing  cross-cut  A-B, 

Fig. 1) was i n  a poor s h ~ p e  with s e v e r a l  areas p a r t i a l l y  caved-in. A t  



location C ( w i t h  a ashal low pocket) a 20an -0th s l a b  of silt sagged by 

over  60cm forming a synnnetric 4m long n e s t  as shown i n  Fig. 8. A t  

several l o c a t i o n s ,  remnants of s u c h  slabs hanging from t h e  roof were 

observd. Usually a slab mnsis ted  -of frozen silt  with a th in  layer of 

ice ( i c e  l ens )  a l o n g  t h e  upper s u r f a c e  i n d i c a t i n g  t h a t  the sepa ra t ion  

bebeen slabs took place along an ice lens. 

The f loo r  anchor a t  Stat ion E l  was covered in October of 1987 with 

slush and l a t e r  on, when the t a q e r a t u r e s  dropped, twith ice. m v a l  of 

ice, when t h e  mine was c l eaned  up, a l lowed  a n  a c c e s s  t o  t h e  anchor and 

ve r t i ca l  convergence was measured on kc&r 2, 1987. Subsequmtly the 

roof was scaled and the roof anchor a t  E l  was lost. S e v e r a l  o t h e r  

anchors were l o s t  during cleaning of t he  mine as indicated i n  Tab. 4. 

4.2 Grain S i z e  D i s t r i b u t i o n ,  Ice Content,  P o r o s i t y  and Density of 

Natural and A r t i f i c i a l  Sarrples. 

Grain s i z e  d i s t r i b u t i o n  based on s i e v e  a n a l y s i s  of 205kg of dry  

grave l  is given in  t h e  Tab. below. 

Grain S ize  Dis t r ibut ion Wilbur Creek Gravel 

S i z e  
in./msh mn % weight cumn. % 

above 2 in. 50.8 
-2 + 1 in. 25.4 
-1 + 0.5 in. 12.7 
-0.5 + 0.25 in. 6.3 
-0.25in + 4 mesh 4.8 
-4 + 8 m h  2.4 
-8 + 20 m h  0.84 
-20 + 35 rrresh 0.42 
-35 + 150 0.105 
-150 mesh 0.105 

Ice content measured on four large natural sarrples (above l0kg each) was 

17.6, 15.7, 14.5 and 18.6% w i t h  a weighed average of  16.6%. 

Poros i ty  of  natural gravels was measured on two large samples wi th  



c a l c u l a t e d  v a l u e s  of 0.5 and 1.6% and an average  of 1.1%. Density of  

natural grave l s  was determined on two sanples with an average value  of 

Because of t h e  p rob lema t i c  accuracy  a s s o c i a t e d  w i t h  t e s t i n g  

d i f f i c u l t i e s  of t he  porosi ty  measurements, it was decided not t o  measure 

p o r o s i t y  of the a r t i f i c i a l  samples.  However, d a t a  on ice c o n t e n t  and 

density f o r  t h e s e  samples  were ob ta ined  and a r e  listed i n  Tab. 1. Ice 

content of a r t i f i c i a l  sarrples varied from 14.4 t o  16.5% with changes in  

3 d e n s i t y  from 2.18 t o  2,06g/cm a s  shown i n  Fig. 9. 

4.3 Uniaxial Co~~pres s ive  Strength of Wilbur C r g k  Gravel 

Uniaxial cospressive tests were run a t  constant s t r a i n  rate of 

10 PE/S a t  tenperatures a s  shown i n  Tab 1. The u l t b t e  strength defined 

as the maximum compressive stress imposed on a sample a t  t h e  specified 

s t r a i n  r a t e  is also shown i n  Tab. 1. Typical s t ress-axial  s t r a i n  as w e l l  

as stress and volumetric s t r a i n  vs. time curves a r e  s h m  i n  Fig. 10A and 

B, r e s p e i  vely. 

Data p o i n t s  f o r  u l t i m a t e  s t r e n g t h  vs. t empera ture  f o r  a r t i f i c i a l  

samples are shown i n  Fig. 11 as  s o l i d  squares  t o g e t h e r  w i t h  t h e  b e s t  

exponent ia 1 f i t :  

C = 10.4(1-exp(0.0723T), MPa, T i n  OC. 

An a s t r i s k  i n  Fig. 11 i n d i c a t e s  t h e  u l t i m a t e  s t r e n g t h  of  t h e  n a t u r a l  

sanple. 

4.4 Semndary Creep of Wilbur Creek Gravel. 

A s  mentioned earlier, creep tests were run on a r t i f i c i a l  samples 

simulating the  Wilbur Creek gravels .  A typical  plot consist ing of two 

stress l e v e l s  (3rd a t  570 p s i  a t tempted) ,  creep c u r v e  and vo lume t r i c  

s t r a i n  c u r v e  is shown i n  F ig .  12. A s t r a i g h t  l i n e  was fit t o  



approximte ly  l inear  secondaq creep port ions  of the  creep curve ( for  the 

f i r s t  and second c y c l e  of load ing)  as shown i n  Fig. 13A.and B. Th i s  

p a r t i c u l a r  test was discontinued a f t e r  two cycles  of loading since the  

sample showed s i g n i f i c a n t  i n c r e a s e  i n  vo lume t r i c  s t r a i n  s i g n a l  ing 

developnent of cracks a s  a part of a j u s t  s t a r t ed  f a i l u r e  process. 

A l l  secondary creep rates f o r  s t a b l e  loading of tested sarrples are 

shown i n  Fig. 14  in a 3D view with horizonta 1 axes being tenperature and 

stress a t  which a pa r t i cu l a r  creep test was run. These data  points  were 

used t o  f i n d  1 ines  of c o n s t a n t  secondary c reep  (at 5,  10 ,  2 0 ,  30 and 

50m E /h) based on l i n e a r  i n t e r p o l  l a t i o n  between exper imenta l  d a t a  

points,  a s  shown i n  Fig. 15. As an exarrple, t h e  interpolated data points  

wi th  l i n e a r  r eg re s s ion  f i t s  f o r  secondary c reep  r a t e  of 10 and 30m E/h  

a r e  shown i n  Fig. 1 6 A  and B. 

4.5 Tensi le  Test Apparatus 

An adapter which would allow running a t e n s i l e  test in a corrpressive 

t e s t i n g  machine a v a i l a b l e  i n  t h e  UAF rock mechanics l a b o r a t o r y  was 

designed and rrrachined together with g r ip  boxes which would a l l ow loading 

of a frozen silt (gravel) sanple  i n  tension. A l imited time span of the 

pro jec t  d id  not a l low these tests t o  be run. Based on t h i s  circumtlance, 

t h e  tensile test prqram w i l l  have t o  wait u n t i l  another pro jec t  comes 

along. 

5 ,  D I m I O b l  OF m T S  

5.1 In-situ Convergence and Tenperature Measurements 

Much of t h e  convergence which took place  i n  t h e  Wilbur Creek Mine 

was of unstable nature - leading to a l o c a l  co l l apse  of a portion of an 

opening. T h i s  of convergence can be mst conveniently measured w i t h  

continuously monitoring devices, though under such circumstances a loss 

of t r ansude r s ,  i f  not  t h e  e n t i r e  set o f  moni tor ing equipment, ha s  t o  be 



acoepted. 

A m o n i t o r i n g  program conducted w i t h i n  t h i s  p r o j e c t  a 1  lowed 

c o l l s t i o n  of l imited data on convergence. I t  also ident i f ied probl- 

associated w i t h  mnvergenoe m s u r & t s  conducted i n  frozen a l l u v i a l s .  

Basic philosophy, the s i q l  ier the better, errployed in  t h i s  project and 

p e r t a i n i n g  t o  equipment and procedures  proved t o  b e  succes s fu l .  75rm 

long anchors proved t o  be long enough t o  avoid losening of sklls  caused 

by progressive sublillnation of ice. The r e l a t i v e l y  sircple mechanical tape 

extensoneter worked we 11 a 1 lowing very accurate measurements. 

A s  i n d i c a t e d  i n  Tab, 4 and Fig. 7 ,  r e l a t i v e l y  small h o r i z o n t a l  

convergence ( a s  i nd i ca t ed  by change i n  distance between t h e  two 

h o r i z o n t a l  anchors)  was observed, This may be a t  l e a s t  p a r t i a l l y  

explained by t h e  shape of the openings having la rger  span than height. 

Horizontal convergenm a t  E l  was i n i t i a l l y  greater  than t h e  v e r t i c a l  

one. Th i s  is d i f f e r e n t  from d a t a  f o r  othel: s t a t i o n s .  One e x p l a n a t  ion 

which may be o f f e r e d  here is t h a t  t h e  s t a t i o n  was loca t ed  c l o s e  t o  t h e  

f o o t  of t h e  h i g h w a l l  where t h e  v e r t i c a l  stress (a s soc i a t ed  w i t h  t h e  

weight  of t h e  overburden) was smaller than  the  i n i t i a l  h o r i z o n t a l  

stresses i n  t h i s  area .  By t h e  t i m e  t h e  tempera ture  went up i n  t h e  1987 

summer, t h e  h o r i z o n t a l  stresses were a l r e a d y  relaxed due t o  c r e e p  and 

v e r t i c a l  convergence prevailed. I t  is a l s o  poss ib le  tha t  a separation 

between silt layers above the v e r t i c a l  anchor took p lace  during t h e  1987 

sumner which contributed t o  a la rger  v e r t i c a l  convergence. 

Extremely l a r g e  v e r t  i ca  1 convergence (over  0.6m) was observed a t  

s t a t i o n  E3, This would indicate a h ighly  unstable  s i tua t ion  i n  any hard 

rock mine, hawever i n  a frozen a 1  l u v i a l  mine, this still s m  t o  be safe 

e s p e i a l l y  when looking a t  the  convergmce a f t e r  the  tmpera ture  dropped 



down in  Dec3ember 1987. I t  is also possible,  that a separation in the roof 

occurred which, since the roof was no t  s c a l e d  down, may. l e ad  i n  t h e  

future to  a c o l l a p s e  of the roof. This  l o c a t i o n  needs t o  be care£ u l  l y  

mnitored i n  the fu ture  in  order t o  avoid an accident. 

Such large deformations may be very  d i f f i c u l t  t o  p r e d i c t  us ing  

rheological  ( i n  pa r t i cu l a r ,  l inear)  rcrsdels. Data on convergence ( s t r a in  

o r  creep) rates as a func t ion  of tempera ture  and stress l e v e l  obtained 

from l a b o r a t o r y  studies may be very  h e l p f u l  i n  p r e d i c t i n g  whether a 

par t icu la r  convergence r a t e  is safe or not. 

Because of changes i n  mining. plans, p i l l a r s  were not excava td  ard 

no f u l l  size cav ing  of  t h e  roof took p l ace .  Th i s  e l i m i n a t e d  from t h e  

proj- m s u r a n e n t s  of p i 1  l a r  deformtion and observations of surface 

subs idam. 

Tenperature measuratlents in the  Wilbur Creek Mine, again, desp i te  

their very limited and discontinuous nature, offered s e v e r a l  in terest ing 

observations. Natural ven t i la t ion  has a pronouncled e f f e c t  on t e q e r a t u r e  

d i s t r ibu t ion  i n  a hor izonta l ly  accessed mine. With outside-atmosphere 

t q e r a t u r e s  below those encountered in  t h e  mine, a na tura l  m v m t  of 

a ir  takes p l a c e  caused by baromtric pressure d i f f e r e n t i a l  which can lead 

t o  significant c o o l i n g  of t h e  underground p r o v i d d  t h a t  t h e  outside 

temperatures are  s u f f i c i e n t l y  low. However, p o r t i o n s  of t h e  mine, 

e leva t ion  w i s e  above the highest point of a the  po r t a l ,  were not affected 

by the n a t u r a l  cooling, t o  t h e  con t r a ry ,  t h e  o u t s i d e  warm a i r ,  i f  

p r e sen t ,  may e n t e r  a mine (see temperature measurements a t  t h e  face i n  

March 1988, Tab. 3). Obviously tenperatures of frozen ground approaching 

t h e  freezing point can  cause disaster as ev idenced  by t h e  1987 summer 

warm-up and associated a:th it: extensive c a v e i n s  and deformtions. 



5.2 Uniaxial  Compressive S t r e n g t h  and Secondary Creep of  Na tu ra l  and 

A r t i f i c i a l  Sarqle  

As ind ica ted  e a r l i e r ,  o n l y  one n a t u r a l  sample was tested in 

u n i a x i a l  compression. The sample i t s e l f  was "reshaped1', a£ ter it was 

carved  underground, t o  b r i n g  it i n t o  a shape of  s t r a i g h t  c i r c u l a r  

c y l i n d e r  requi red  f o r  u n i a x i a l  compressive t e s t i n g .  The u l t i m a t e  

s t r e n g t h  of t h i s  sample ( a s t r i s k  i n  Fig. 11) is smaller than  t h a t  of 

a r t i f i c i a l  slnples ( s o l i d  sqwrs). Several  fac tors  such as breaking of 

a block, ffom which the sanple was carved, proximity t o  a p l a c e  where the 

ground was blasted, c a r v i n g  i t s e l f ,  t r a n s p o r t a t i o n  t o  t h e  l a b o r a t o r y  

(though sanple was mechanically and t h e m l l y  insulated) and reshaping 

might have e f f e c t e d  t h e  s t r e n g t h .  The c o l l e c t i o n  of t h i s  sample from 

the  underground demnst ra ted  however that  it can be done and t he  obtained 

r e s u l t  suggested t h a t  t h e  a r t i f i c i a l  samples s i m u l a t e d  t h e  n a t u r a l  

material  reasonably we1 1. 

Data on u n i a x i a l  u l t i m a t e  s t r e n g t h ,  ice c o n t e n t  and d e n s i t y  of 

a r t i f i c i a l  sanples a r e  given i n  Tab. 1. The u l t i m t e  s t rength  is highly 

influenced by terrperature and is somewhat lower than the  s t rength of Fox 

g r a v e l  determined e a r l i e r  (Skudrzyk, et al . ,  1987). Th i s  can be 

expla ined  by high ice c o n t e n t  of t h e  Wilbur C r e e k  g r a v e l .  The s m a l l  

var ia t ions  in  t he  ice content and density of a r t i f i c i a l  sanples seem t o  

c o r r e l a t e  rather w e l l  w i t h  each  o t h e r  as  can be seen from Fig. 8. They 

are close to the values obtained for, natural  rrraterial (ice content within 

9% and d e n s i t y  w i t h i n  0.9%). The v a r i a t i o n s  i n  t h e  ice con ten t  and 

d e n s i t y  f o r  t h e  tested n a t u r a l  samples  were g r e a t e r  (12.6 and 1.3%, 

respectively) . 
Creep t e s t i n g  conducted within  t h i s  project prov ided  much needed 

data on secondary creep ( s t a b l e  convergence) r a t e s  as a func t ion  of 



t empera ture  and s tress  l e v e l s .  Both temperature  and stress e f f e c t  

secondary creep r a t e  i n  a very nonlinear fashion. For exarrple at -3.0% 

t h e  c r e e p  rate inc reases  n o n l i n e a r l y  with ,  a s  i nd i ca t ed  by Curve  #1 i n  

Fig. 15, s t re s s  and a t  2MPa stress - l e v e l  i nc reases  n o n l i n e a r l y  w i t h  

increase in tenrperature as shown by curve #2 i n  Fig. 15. 

6. -ION REmmmN3ATIONs: 

Data c o l l e c t e d  from t h e  Wilbur  Creek Mine on t empera tu re  and 

convergence provided very  u s e f u l ,  though l i m i t e d ,  i n s i g h t  i n t o  the 

response of  f rozen  a l l u v i a l  deposit  encountered on Wi lbur  Creek t o  

excava t ion  of tunne ls .  A t  t empera tures  i n  t h e  mine below - 1 0 ' ~ ~  t h e  

frozen g rave l  and s i l t  were very stable, whereas a t  higher tenperatures 

t h e  r a t e  of  convergence, as  a l s o  i n d i c a t e d  by l a b o r a t o r y  studies, is 

highly s t r e s s - l eve l  dependent. A t ,  for  exarrple, 2MPa stress l e v e l ,  t h e  

c r i t i c a l  t-rature is s l i g h t l y  above -4 '~  whereas at lMPa stress l e v e l ,  

t h i s  t e q e r a t u r e  is s l i g h t l y  above -2% (assuming 20 m & / h  as a va lue  a t  

which the  secondary creep starts increasing rapidly, see Fig. 15). 

Na tu ra l  v e n t i l a t i o n  p l a y s  a s i g n i f i c a n t  r o l e  i n  tempera ture  

d i s t r i bu t ion  i n  a hor izonta l ly  accessed mine, such as the  Wilbur Creek 

Mine, but only openings having e l eva t ions  below that of the por t a l  can be 

cooled by it. 

Both the  the rmis to r  t empera ture  s enso r s  and tape extensorneter and 

mechanical anchors proved t o  be s u i t a b l e  t o o l s  t o  measure tmpera tu re  and 

convergenm in  a placer  mine located in  permafrost. I t  would be he lp fu l  

t o  have  a cont inuous temperature monitor ing system a v a i l a b l e ,  as  t h e  

tarperature,  in pa r t i cu l a r  c l o s e  t o  t he  por ta l ,  varied frequently with 

changes i n  o u t s i d e  temperature.  I t  was proven i n  t h i s  p r o j e c t  t h a t  a 

sanple of frozen natural  g rave l  for  corrpressive testing can be mllectd.  



However a t  least s e v e r a l  samples s h o u l d  be t e s t e d  t o  p r o v e  that the  

a r t i f i c i a l  simples produced under laboratory conditions we 11 s inwla te  t he  

real m a t e r i a l .  I n  t h i s  respect p o r o s i t y ,  i n  a d d i t i o n  t o  ice c o n t e n t ,  

g ra in  s i z e  d i s t r ibu t ion  and dens iw,  should be considered as inportant 

v a r i a b l e s .  Aging of  i c e  i n  a r t i f i c i a l  samples  and h i s t o r y  of  l oad ing  

should be considered as addi t ional  f ac to r s  in  obtaining good agreement 

between natura l  and simulated frozen material. 

T e n s i l e  t e s t i ng  of frozen s i l t  s t r a t i f i e d  with ice lenses should be 

undertaken t o  e x p l a i n  formation of slabs l e ad ing  t o  l o c a l  roof  f a 1  1s. 

Also, deformation of pillars and sur face  subsidence should be mni to red  

when f u l l  s i z e  room and p i  1 l a r  mining w i  11 be ini t ia ted.  
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FIG, 1: \/ILBUR C R E E K  ~ ' ~ I N E  - GENERAL OUTLINE OF THE NINE AND 
LOCATIONS OF [ION I TOR I HG STAT IONS 



1 = eyebolt 
2 = lead expandable s h e l l  
3 = threaded steel tube 
4 = protect ive l i d  
5 = refrozen ground 

EH = hor izonta l  anchors 

EV = v e r t i c a l  anchors 







FIG, 5:  SAMPLE BEFORE (RIGHT) 
AND AFTER (LEFT) TESTING, 



--- WIkmpat tlrr 1crta.l 

FOE LCWGS( O F  %FP*RT~LS 
SEE F I G .  1. 

FIG. 6: TEMPERATURE DISTRIBUTION IN THE WILBUR CREEK MINE 
FROM 11/13/56 THROUGH 03/11/88 

FIG. 7: CONVERGEPKE l:4 THE !~ILBUR CREEK ~?INE 
FROM 11/13/66 THROUGH 03/11/88 
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F I G ,  5 :  SCATTER.OF SPECIFIC GRAVITY AND I C E  CONTENT OF 
ARTIFICIAL SAMPLES, 



A X I A L  STRAIN. KSTRAINJ (Kc) 

A .  Axial stress v s .  axial strain. 

SIMULA TED WILB. CR. , UN. COMPR. A T APPROX. 1 OMSTR/SEC 
SWC13. OAT 8/ 8/88 
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B. Stress and volumetric strain as function o f  time. 

FIG. 10: U N I A X I A L  COMPRESSIVE TEST FOR THE 
k1 LBUR CREEK GRAVEL, 



, range of experiential f i t  \ 
\ 

data points  for  simulated gravel 

n a t u r a l  gravel  sample 

FIG, 11: UNIAXIAL COMPRESSIVE STRENGTH OF THE WILBUR 
CREEK GRAVEL AS FUNCTION OF TEMPERATURE 

SIMULATED WILB. CR. , CREEP TEST 
SWC17. DAT 0/ 01 0 

TIME, H 

FIG, 12: CREEP TEST ON SAMPLE #17 
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SIMULATED WILB. CR. . CREEP TEST  
SWC17. OAT O/ 0/ 0 

TIME-H 

B. S e c o n d  c y t  1 .  4 2 6  psi ( 2 . 9 4  41Pa) 

A .  First c y c l e  a t  2 7 6  psi (1.90 MPa)  

SIMULATED WILB. CR. . CREEP TEST  
SWCl7. OAT O/ OI 0 
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F I G ,  13: SECONDARY C R E E ?  R A T E  ( S C R )  DETERMINATION FROM CREEP 
TEST OF SAMPLE "17,  
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F I G .  15:  STRESS V S ,  TEMPERATURE AT  CONSTANT SECONDARY CREEP RATES 
( S C R )  FOR THE WILBUR CREEK GRAVEL. 





TABLE 1. WILBUR CREEK GRAVEL 
DENSITY, ICE COWTEMP AND 

UNIAXIAL COMPRESSIVE STRENGTH OF ARTIFICAL SAMPLES 

Sanple Comnents Teiqerature Conpr . Strength  ens i t y  Ice Content 
# D/L,(in.) (9) (OC) (psi) (ma) g/cm lb/ft3 % 

WIURL, Natural 
D AT D = 8.875 23.2 -4.9 273 1.88 

Average 2.14 15.1 

D = diameter 

L = length 



TABLE 4.  

WILBUR CREEK MINE CONVEKGENCE (M) 

DATES 
Staticn 
Excavation 

Date, 11/13/86 12/23/86 1/7/87 2/23/87 3/11/87 4/7/87 18/24/87 12/16/87 1/8/88 2/5/88 2/27/88 3/11/88 

E1V 26 17.15 2608.15 2607.15 2605.2 2604 .9 2604.9 covered 24 32.0 lost - - - .  
with 
ice 

E l  H 4288.8 4267.7 4267.5 4267.4 4267.5 4266.45 4239.7 4238.1 4236.6 4235.9 4235.5 4235.05 
E1V 0 9.B 10.0 11.95 12.25 12.25 - 185.11 - - - - 
El!i 0 21.1 21.3 21.4 21.3 22.35 49.1 50.7 52.2 52.9 53.3 53.75 

Nov.5, 1986 

3119.3 3091.2 3085.7 3878.2 lost 
7322.8 lost - - 
0 28.1 33.6 41.1 
0 - - - 

2771.95 2687.4 2675.8 2658.4 2278.05 2187.0 2178-5 2175.4 2173.5 2171.1 
9271.3 lost - - - - - - - - 

0 84.55 96.95 113.55 493.9 584.95 ' .  593.45 596.55 598.45 600.85 
0 

3146.75 lost 
11252.4 lost 

0 
0 

ESV 
E5H 
E N  
E5H 

Feb. 15,1987 

Days 0 4 0 55 102 118 145 345 398 421 449 471 484 



TABLE 3. WILBUR CREEK MINE TEMPERATURE (OC) 

Dates 
Statim 
depth, 11/13/86 12/23/86 1/7/87 1/13/87 2/16/87 3/2/87 3/28/87 4/17/87 5/22/87 12/16/87 1/8/88 2/5/88 2/27/88 3/11/88 

T1 
6 in. -9.8 -11.2 -11.0 -19.2 -16.2 -18.6 -10.0 -6.3 - -20.3 -14.2 -18.3 -12.1 -6.4 

T2 
3 ft. -5.0 -5.3 -5.7 -6.2 -6.3 -5.0 - -15.3 -10.8 -16.2 -8.4 -7.6 

T3 
8 ft. -2.9 -3.3 -4.0 -3.6 - -11.8 - 8.2 -18.5 - 7.6 -6.8 

3 ft. -4.3 -3.6 

6 in. -6.5 -4.5 

T6 
3 it. oil 
since 
12/16/87 - -5.2 -3.5 - 4.2 -3.9 

T7 
3 f t .  oil 
s ince  
12/16/87 - -4.8 -4.0 - 3.5 -3.2 

T8 
3 f t .  oil 
since 
12/16/97 - 16.8 -12.1 -16.8 -11.8 -7.1 

air/ -1.4 
locaticn face 

a i r  terp 
at  the 
portal 
floor -15.2 -19.4 -12.2 -30.6 - -38.9 -32.2 -4.2 -2.1 - -13.5 -18.5 -27.2 -1.2 

days 0 40 55  61 95 109 127 145 190 398 421 449 471 484 



TABLE 2. WILBUR CREEK GRAVEL 
CREEP TESTS ON AHPIFICIAL SAMPLES 

Sanple C o m n t s  Tenperature Tenperature Tenperature SPeC- Ice 
Y OF (OC) Grav.,SG Cont. ,IC 

Stress Strainpime S t r e s s  S t r a i n / T i m  Stress S tra innine  Stress StrainDime c ~ / c m ~  lb/ft3 % 

Length 4" 24.0 (-4.44) 24.8(-4.44) 24 .0 (-4 - 4 4 )  
8 122(0.84) 6.146 252.5(1.74) 9.99 384 (2.65) 34.69 2.U9 130.42 15.85 

Reversed 
12 loading 28.1(-2.17) 28.1 (-2.17) 

cycle  327(2.26) 99.58 1@4(0.72) 1.168 2.19 136.66 14.56 

Fa i lure 
17 No Record 25.7 (-3.5) 25.7 (-3.5) 

of  I C  & 276 (1 ,901 18.259 426(2.94) 63.894 FAILURE AT 570 psi (3.93MPa) 
SG 

29 -0 (-1.67) 29.3(-1.5) 
18 107.5 (8.74)4.658 218 (1.58) 55.258 2.17 135.41 15.15 

2 . 5  min. 26.5 (-3.05) 
19 l o a d i n g t i m e  217.5(1.5) 


