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L a r g e  aufefs growths an s t r e a s  in cold regions pnesent m 
i m p o r t a n t  and perplexing engineering problem for  st ream contlrol 
m d  engileneering cofzstrueriorr, In add i t i cn  ta t h e  namal ccsnraplLex 
hydraul ic  conditions existing in ice covered stream afid rivers, 
the aufeis growth occurs on top  of rhe ice surface, increasirkg 
the t o t a l  thickness o f  ice.  Although stre a d  l&es are 
u8lmal%y covered wi& i c e  to a arg~irnum $hfekness o f  aboue 5 fete$, 
in the arcf i c  and -&arctic areas of Alaska,  a u f e i s  growths nnay 
exceed t h j s  thickness by 2 to 3 times. The madmiurn depth s f  the 
a u f e i s  I s  g e n e r d l y  control-led by tZ3e &annex depths  as tIke ad- 
j &cent f %osd p l a i n  furnishes a large V O P U ~  of addf t ionax stonrage, 

The hydraulis: aechanism o f  aufeis gxowth i s  the r e s u l t  of a 
e o q l e x  in ter-act ian  sf open ehmnel,  @ 1 ~ s e d  caaduit, and g r ~ m d - .  
water f l o w .  Resu i t s  of a f i e l d  i r teasure~snt  program on a small 
stream n.iear Fairbanks, U ~ k a  iPPustmrata2 rapf d a d  eswZicateC 
f l u c t u a t i o n  of h y d r o s t a t i c  head in the  strem and t h e  adjaglerrt 
groundwater aqu i fe r  in conjunction with a u f e i s  growth. Kane et al.. 
(1973) repor ted  on t h e  variation in groundwater pore pressu re  

diatiely adjacent t o  t h e  strem; ghe r s s u l t s  o f  h y d r o s t a t i c  
head v a r i a i o n  akYagi f ro= the stream at various dep ths  are rewax- 
ed  in t h i s  paper*  The data idicate a very i q o r t m t  sole i s  play- 
ed  by t h ~ e  adjacent groundwater aquifer  as a storage reservoi~r, &a 
m d e r s t a n d i n g  of the  interaction o f  groundwater m d  stseamflow i s  
necessaqy f o r  the del~elopment of d e s i ~  cr i te r ia  where v a r t a ~ ~ s  
t ransyor ta t ian  facilities h te r sec t  sfream tRa";kave a potential 
f o r  a u f e f s  aecumuLations 

Dunring t he  w i n t e r  a n a t u r a l  a rc t i c  stream s y s t e m  is cowposed 
of: surface snow C O ~ V ~ T ,  au fe is  accumulation %n  he cirannel a ~ d  nn 
eRe adjacent flood p l a i n ,  streamfhprw, s o i l  system timat facfudes 
the zone sf seasonal f r o s t  w d  &he zone below t-he s e ~ ~ n d  
f r o s t  a n d  "1 jve t h e  pemafrost ,  m d  the  pexmar rost zone, X n  
aQe;Sitiisn, :d varlabus soil zones msa3f be s ~ ~ u r a z i e d  O P  msaturlsted, 

Ground surface topagraph:? and the top surface a f  the  aufeis  
along the cente~line o f  the stream are mnitored  by $eve1 surveys,  
T21e depth of seasonal f r o s t  is m a s u r c d  at 6 p o i n t s  us iag  f rost-  
tubes as described b y  Rickard and B r o w  (1972),  The maxiaunt depth 
o f  seasonal f r o s t  a long  the stream bak~ulh: i s  s l i g h t l y  over 5 feet ,  
while on the average t h e  depth varies from 3-4 feet in these high  



mois tu re  s o i l s .  The soils adjacent t o  the  stream are a mixture o f  
sand  and s i l t ,  and n e r e n i a l l y  f rozen  s i l ts  of eo l i an  o r i g i n  with 
some p a r t i a l l y  decomposed organic  material can be found in t:he 
v a l l e y  bottoms. The major Dzdrock unit is sch i s t  with a 'nigkhly 
weathered contact w f t h  the  above susf ic ia l  material. 

Goldstream Creek i s  located in a region o f  disccntinuocis 
permafrost ;  south facing s l o p e s  are ~ermafrost free and  the val,ley 
bottoms and nor th  f ac ing  s lopes  are underlain w i t h  permafrost. In 
undisturbed areas, the dep th  to psrmafros~ is approximately 3 feet ,  
depending upon vegetat ion type.  In the v i c i n i t y  o f  the streaa, 
t h e  upper  surface of t h e  permafrost  is depressed by as much as 20 
feet. Thicknesses of permafrost greater r h a  200 feet have been 
measured in the Fairbanks area, 

The dra inage  area above the Goldstream study sire is 74, mi2 
with a ~ n i m m  recorded sumex flow of 16 cfs.  Twenty-three 
p i e z o e t e r s  were positioned along and transverse t o  the stream t o  
measure the f l u i d  p o t e n t i a l  at various dep ths .  The p iezomete rs  
are 1 1 / 4  inch d i a m e t e r  galvanized p i p e  with stainless  steel drive-  
p o i n t s  and a 14  inch screened opening. Bn antifreeze s o l u t i o n  
(Mayo, 1972) of  methyl  a lcohol  and ethylene glycol  is used to 
prevent f r e e z i n g  of  the wa.ter in the  piezometers .  Measuremt2nt of 
water levels in the  piezoineters are made by manual observat ion and 
by water l eve l  recorders .  Level surveys are also made to monitor 
the ver t ica l  mcavemnt o f  t h e  plezi7meters .  

Stream in t h i s  area eve r i ence  several p e r i o d s  of super-  
c o o l i n g  and f r a z i l  i c e  produc t ion  p r i o r  to the development of 
an i c e  cover. Large q u a n t i t i e s  of a3chor i c e  can be found on the 
bot tom and banks of  t h e  stream. Th"ni skchor fce causes the water 
su r face  t o  rise p r i o r  t o  the  formation o f  an i c e  cover. With 
s u b s e q u e n t  cha~ lge s  of energy exchange with ehe atmosphere caused 
by t h e  i ce  cover ,  t h e  anchor ice  d i s appea r s  and t h e  water l eve l  
drops  , 

The process of  aufeis growth starts s h o r t l y  a f t e r  t h i s  
i n i t i a l  i c e  cover develops on the stream. The first  a u f e i s  for -  
mation on the surface  is caused by t h e  added weight  sf maw 
accumlsll.aticPnr. T h i s  a d d i t h n a l  marharg@? increases the potentgal 
water 1.eveli. within t he  i c e  coverP Due t:o the df f ference in the 
s p e c i f i c  weigh t  of w a t e r  and i c ~ ,  water will reach an e q u i l i b r i u m  
e l e v a t i o n  of 0.9 t imes t h e  t o t a l  thickness of the f l o a t i n g  fce, 
Adding a su rcha rge  on the t o p  surface o f  t h e  ice  causes t h i s  
level  t o  approach the  surface l eve l  of the ice .  I f  fractures 
are present i n  t h e  i c e  cover, t h i s  water w i l l  flow onto t h e  ice 
surface and t h r o i ~ g h  t h e  snow pack @here it will eventually freeze. 
Michel (1971) present  t h e  following equa t ion  to d e s c r i b e  t h i s  
event  : 



h, = Thickness o f  smsaturated snow [ f t ]  

h, = Ta tax  th ickness  of s a t u r a t e d  a d  msaturated 
srrm Eft]  

h = Thickness of ice cover f f t ]  

Xw = S p e c i f i c  weight of water [#!/ft3] 

Xi = S p e c i f i c  weighr; o f  ice [ # / f t  3 ]  

A, = spec i f i c  weight  of sncw [ i i / f t 3 ]  
e = Poros i ty  af  &he ice pan, r a t io  o f  volume 

o f  voids f i l l e d  w i t h  water to the t o t a l  
volam of ehe i c e  pmf 

Discre t ion  m u s t  be used  when applying t h i s  equat ion  to r iver  
ccnditions because this equat ion  w a s  delieloped fo r  f l o a t i n g  i c e  
covers. In narrow channels  genera l ly  some suppor t  i.s afforded by 
scream Rmks m d  exposed bars, bur  fo r  wide  fivers a ~ d  aarrow 
streams with t h i n  ice cover t h i s  equation is suitable. The d e p t h  
of snow a t  various densities required before the water level will 
reach t h e  snow-ice interface f a r  the  c a e  RO ss-,o~d--.s$wh 2s 
p r e s e n t  (h, = (A, - Xi) (h)  /A,) i s  shown i n  F igure  1. 

The a b i l i t y  of ice to resist deformation caused by trms- 
verse forces inniereaes as the ice th icbess  incremes a d  m t h e  
bond to t he  stream bank s t r e ~ g t h e n s .  T h i s  allows the  ice cover 
to resist d e f o m x i o n  when the  h y d r o s t a t i c  pressure  in the strem 
increases . This  rests t ance to upward ver t ica l  movement holds t h e  
ice in place md allows overflow ta occur on cop of the  i c e ,  On 
large riwrs with w i d e  spans, t h e  ice w i l l  y i e l d  zo u p l i f t i n g  
forces awd rrs overflows occur, 

The v a r i a t i o n  in the hydrostatic head in a piezoneter  located 
nea r  the stream bank f o r  t w o  w i n t e r  p e r i o d s  and one s 
is shorn in F i g u r e  2.  The cause of these p r e s s u r e  fluctuations 
is cot known. Tsro p o s s i b i l i t i e s  e x i s t :  an increase tn pressure  
r e s u l t i n g  from increased r e s i ~ t ~ m c e  o f  flow due to t h e  d o n w a r d  
f r e e z i n g  o f  t h e  ice-water in te r face ;  and, an i nc rease  in pressu re  
d w  to unsteady flow conditions %F. the stream, The h y d r a s t a t i c  
head m a s u r e d  140 f e e t  m a y  from t h e  strearn dur ing  one w i r n t e r  is 
shown in F i g u r e  3 .  A c o q a r i s o n  of t h i s  curve to t h e  previous 
curve i n d i c a t e s  the s t r e w  i s  the  source o f  m z j u r  pressure e h a g e s  

t h e  adjacent aquifer  on ly  responds to these prrssurr f l u c t u a -  
t i o n s ,  



t 2 3 
Thickness of ce Cover 

Fi gure 1. Relationship between overlying snow 
cover (hw ) w i t h  various speci f i c  gravi 5ies (S 
and a g iven ice thickness ( h )  sucir t h a t  the 
equi 1 i b r i  urn elevation of the water i s a t  f he 
snow ice interface, 
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Figure 2. Measured hydrosta t ic  head immediately 
adjacent t o  Go1 dstream Creek (Piezometer #3) .  



Figure 3. k a s u r e d  hydros ta t i c  head 140 f e e t  
away from Goldstream Creek Biezomter I -2 



Associated w i t h  these pressure  changes i s  a ver t ica l  movement 
of the ice cover i n  t h e  stream and of the adjacent  ground surface.  
The e leva t ion  of the top  surface of aufeis at t h e  centerline a f  
the stream f a r  selected dates i s  shown in Figure  2 .  Note the drop 
in the  ice surface when lower pressures p r e v a i l .  T h i s  same move- 
m e r i t  i s  apparent on t h e  stream b m k s ,  gradua l ly  decreasin.g in 
magnitude tiway from the  stream. The net upward movement adjacent 
t o  the stream has exceeded 1 foot in 1973. Apparently the sezson- 
al f r o s t  zone has  a very low p e m e a b i l i t y ,  thus  confining: the 
groundwater flm. Since t h e  adj  acent s o i l  materi 31 is unconsoli- 
d a t e d ,  s e p a r a t i o n  occurs at the f r e ez ing  f r o n t  or  the seasonal 
f ros t  and a wedge of ice forms. A f t e r  the s p r i n g  snowmel.t runoff,  
t h i s  wedge i s  exposed t i ,  the warmer stream water and me1t.s from 
t h e  stream i n t o  t h e  bank. The over ly ing  material i s  l e f t  unsupp- 
o r t e d  and may s l u m p  i n t o  the  stream. 

As t h e  w i n t e r  season progresses ,  t h e  water moves from the  
stream i n t o  t h e  adjacent unfrozen aquifer i n c ~ e a s i z ~ g  the  bank 
storage.  T h i s  process i s  analogous to changes in bank st:orage 
baring a flood-wave progression.  A t  a p o i n t  in t i m e  when the 
streamflow is at a minimum, the  f l o w  i s  f u r t h e r  decreaed by bank 
s to rage .  Elhen t h e  s p r i n g  f lood  event occurs ,  t h e  banks are a l ready  
sa tura ted .  After the s p r i n g  peak runoff,  t h e  bank s to r age  increases 
low water flow. The volume o f  bank s t o r a g e  is a func t ion  of hydro- 
geo log ic  cond i t ions  and t he  d i s t r i b u t i o t ~  of  pemaf rost  along the 
stream,. 

The flow conditions in t h e  a q u i f e r  change d r a s t i c a l l y  from 
a late sume-sr s i r n a t i o n  "cn a w i X l t e r  s i t u a t i o n  d u r i n g  aufebs 
growth p e r i o d s  as s h  I n  F igu res  4 and 5. The direction o f  
flow is reversed and t h e  stream has changed from a p o i n t  o f  low 
f l u i d  potential to a p o i n t  o f  h i g h  f l u i d  p o t e n t i a l .  T h i s  c lear ly  
shob~s tk~at  su8sarcti.c and a r c t i c  s c r e a s  receive water from sources 
o t h e r  t han  t h e  ad jacen t  bank s to rage  d u r i n g  t h e  w i n t e r  months. 
From v i s u a l  o b s e r v a t i ~ n ,  most small streams do have flow through- 
o u t  t h e  w i n t e r *  Aufe i s  accumulation, s p r i n g s ,  and  i c e  free 
reaches of rivers a l l  i n d t c a t e  t h a t  f l o w ,  b a t h  surface and sub- 
su r f ace ,  does e x i s t .  S i n c e  t h e  adjacent  unfrozen zone and supra-  
permaf rast groundwater does n o t  appear to be c o n t r i b u t i n g  flow, 
subpermafrost  groundwater is t h e  most probable  source .  

The volume of s u b p e m a f r o s  t groundwater d i s c h a r g e d  i n t o  the 
stream cou ld  be de te rmined  by account ing  f o r  t h e  s trem discharge ,  
increase o f  bank s t o r a g e  and t h e  volume of  t h e  aufeis accm,aulation. 
The d i f f i c u l t i e s  of measraring d i s c h a r g e  in a small strem are 
numerous ;  t h e  d e p t h  cf f l o w  is o f t e n  less t h a n  1 f o o t ,  while the 
i c e  cover may exceed 5 feet o r  more. Penetration o f  access holes  
th rough  t h e  i c e  at times o f  h i g h  pressure results in vertical. flow 
up t h e  access h o l e s  and ou t  o n t o  t h e  i c e  surface.  Several d i s -  
charge measurements on Goldstream Creek  have been made b u t  on ly  
d u r i n g  t h e  sumnner and  s h o r t l y  af ter  f reeze -up .  The d i s c h a r g e  



Figure 4. Cross-section showing the location and depth 
o f  piezometers , p l  us l ate sumer f l ow  condi t ions.  



Figure 5. Same cross-section as in the prevfous figurr? except showing 
late win te r  flow conditions and the seasonal frost depth.  



~ e s u r e d  ~ ~ r b t &  tocai surface Ice cover on d Nove~ber  1973 was 22  cfs 
a d  on 3 Novelnber 1972 was 36 c f s .  The d~scharge dduring the re- 
aaining per iod  o f  ice cover would be less because o f  t h e  increase 
i n  bank storage nnd the iircrease i n  the aufeis. %r a small stre- 
near Fairbanks,  Xme and S l a u g h t e r  (1972) estimated t ha t  t h e  a u f e i s  
6eposi:s along t h a t  stream constitu~ed 40%: o f  the w i n t e r  stre=+ 
f l o w .  No estimate was made o f  the increase in bank stora-e. 

Efeas~trrernene o f  t h e  mfrozen area available f o r  channel f l o w  
below the  a u f e i s  cov-rr w a s  made on 1 7  Marc11 1972, at t w o  cross- 
sectbans, The area an a shall ax^ reah o f  the  strem sha~ded a 
r e d u c t i o n  o f  about 90% aver the  f low condit ions t ha t  p reva i led  
j us t  p r i o r  to t h e  developmnt  of f ce  cover. No measurements  
were made of changes i n  the stream change1 botton. 

Milrhough aufe i s  growth occur n a t u r a l l y ,  man's a c t i v i t y  in 
m area r a i l 1  came new i c i n g  growths or in f luence  the s i z e  of 
existing i c i n g  growths, These icings completely f i l l  culverts 
and stream channels and may flow onto  t h e  adjacent f lood y lain 
or over  roadway surfaces. This hazard is not restr icted j u s t  to 
the  ig in ter  season.  At the time o f  s p r i n g  bye&-up, man-nade 
drainage scructrtres are either p a r t l a x l y  o r  conrpletely f i l l e d  
w i t h  i c e  and no longer  do they haxre the full designed capacity. 
Large areas upstre&% from c r o s s i n g s  becor;~? f looded  and e v e n r u a l l y  
t h l s  r~aa-te:: may s i p i l l  over the rata&ls9ays. Several  thowand d a l l a r s  
are spent  mnuaPBy on t h e  enaincenmce o f  roads in asks because 
a f  a u f s i s  re lated p r o b l e ~ s ,  

To adequa te ly  d e s i g n  stream crossings such  that a u f e i s  
growths are minimized or e l i m i n a t e d ,  t h e  h y d r a u l i c  flow conditions 
of the stream and t h e  a d j a c e n t  aquifer need to be considered,  The 
r e s u l t s  o f  this s t u d y  show t ha t  t he  adjacent  bank has a n e t  in- 
crease in t h e  volune of water s t o r e d  drtr ing the w i n t e r  arid tik2at 

flaw i n  che s trean is  t h e  source o f  this water. Generally, the 
largest  va lues  o f  hydrostatic ilead were measured near the stream; 
these v a l u e s  decreased a t  d i s tances  away from the  streaq. This 
i n d i c a t e s  t h a t  there is a r e s t r i c t i o n  sf t h e  flow in t he  channel  
r e s u l t i n g  in inc reased  pressures. Ifi~ethcr this f l -uc tua t ion  of 
pressure is due k o  a n  a c t u d  r educ t ion  in the cross-sectional area 
avai lable  f o r  channel  f low or uns teady  flow condi t - ions in the 
stream is unknown at L h i s  time, L i k e l y ,  it i s  a csrabination cf bat l l ,  

Desiw c r i t e r i a  are i leeded such t h a t  t h e  nagura! d ra insge  of 
water ,  bo:h s u r f  ace and sebsuriace, can occur across &In n b s r r t i c t i o n  
izpaposed by a cross ing.  In general ,  t h i s  iTteans t h a t  crossings hatwe 
to be d e s i g n e d  to pass w i n t e r  flav and to nirrirnize t h e  d e p t h  . i; 
t h e  0 ° C  i s a t h e m  p e 1 3 ~ t r a t i c n  within t h e  d r a i n a g e  s t r u c t u r e .  T i e  
present prac t f ce  n m  a p p l i e d  f a r  saalL dra inages  is  he i n s c a l l a -  



t i o n  of one culupert %$here the design i s  based an rhe pelik t l i c -  
charge o f  a given flood event Durf,ig C.e  inter these  ck ' v e r t s  
f l ow  p a r t i a l l y  i ~ L l  and are exposed- to an atmasphere o f  extreraiy 
i o r ~  temperatures . 

Hew s t ruc tu res  should be d e s i p c d  to -.arly the f o g  wixlrer 
flow and be protected from the extremely l a w  mbient  air  tempera- 
rures. Eleqfrated c u l v e r t s  ca? be used to carsy p e a t  flo~drs. & 
long as structures i m p a i r  t h e  movement o f  water ,  increaied pres- 
sure w i l l  develop and au fe is  gmo~~ths w i l l  occur. 
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