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CONTRIBUTIONS TO GENERAL GEOLOGY 

FROST HEAVING OF PILES WITH AN EXAMPLE FROM 
FAIRBANKS, ALASKA 

Fleasonal freedng of thp. ground Is common throughout moat of the world's 
land ~urface .  Ax the grnnnd freezes the surfae of the around mtly rlw-this 
r i~ ing is ter~ned "front henving.'' Upward rl iqlftr~ment of the ground Upnn 
f r & n ~  is not due tilone to the freeeing of wntrr origlnallg contain& in the 
mioil roids, bnt in due Illoflblg to the formation of rlenr-Ice aeiTegations in the 
sediments. I# irPErwatlollR form as wnter i~ dmwn ro polnts of freea in~  imni 
arljacent nnfruz~n  g r o ~ ~ n d ;  the' basic plig~iral phenomenon which permits tllp 
growth nf ~ i l ~ h  seuremtlons ta that Rnnw wnter in the ground remains tlqnlcl. 
nlthough m h J ~ ~ t e d  to te~yn?mture~ below OmC, and themfore It  can move to 
t h ~  g m w l n ~  ~ C P  nwwgntions. 

AR t h ~  freezing iwthcrm demndw thrnugh the gro~lnd, water Itl chanced 
from Hqutrt tn mlid. T h p  amnzint n i  Ice filially ronrwtraled In t h ~  ~POTRI I  

m o ~ ~ n d ,  thp rtiae, s h ~ p e ,  and position nf t l i ~  Ice segregntinns, and therehlrp 
the naiontit atid loration of frost hmrllnn. dcllrnd lipon mnny physical ~ R C ~ O I ' U .  

TVIP three most lniportnnt tacrnrrr nw the t~mperrrtnre of the nlr and lhe 
texture nnd moisture content of thr jironnd. The most favorable condltlon for 
growth of ire segregation# and for Prmt heaving is dow fremln~ of moist 
nnnhntnoget~m~~s organic ~ i l t  nr ~ I l t y  rlny. 

l l*l~en ground is forcd up!~nrrl rlurlng wasonal frcezlnp e n ~ n e e r l n ~  strnc- 
turen  re aZso f o r c d  ttp~vnrd if the Porrrs acting upward nre srrater than the 
f o r m  pnahinr downward. IVlth vile& the amount, of the tlpward force depends 
upon (1) the nrnorrnt of r l ~ t ~ r - i ~  seme~atlnnn fnrmed in the senwonally f m ~ n  
ground. ( 2 )  the tangentlnl ndfreealng strength, or hnnd, hetuwn the surface 
of tbe pile and the R P ~ R O ~ A E ~ . V  frozen ground, and (3)  the  mrfncp area of 
the piIe in the rppamnal1.r frozen grnund. The mnin fartor opposing the upward 
force is the grip nf t h ~  m n r d  on that part nf the pile whlch lim below thp 
~pamnaI frofat. T h l ~  *rill tuns he either the "&In frlrilnn" of unfrozen ground 
or the tangentlal ndfrepzlng str~ngth betwen perrnniallg froem gr011nd 
{pmafrost)  and thr pile snrface. The ~r l11  of permaimst can snccmsh~llg 
munternrt, the eRwt of frost h ~ a ~ i n a  nn 11113n~ If the frill tang~ntfal adfreezl~ly 
d r ~ n d h  of perr~~nfmst i s  attained over n I n w  rnonnh surface a m  of the 
pile. The tnr~pmtinl adfrming str~ngth nt frnz~n gmnnd ~arles with tbp 
textnre nnd rnotature ~wntent, of the ~Mlirnent, Z~mpwrtture of the mound, 
and natnre nt t h e  piIe u11rPaoe. It I s  ~trnngckt in ire-satrtrated fine sand sntl 
silt. The colder the rround. the mnter  the a d P r ~ l n ~  strength. 

Piling d mnny of the rrd-plle  hridg~s of The Alaska Railroad In Ooldstwam 
Valley near Fairbanks. Alaska, is frost heaved evev year. Many bridmc In 



this poorly draftted silt-filled valley are thrown wt of Hne, and the elevation 
of the track is senlously disturbed. Sharp humps that form In short bridges 
often make it rimewary for the t r d n ~  to reduce speed to mold  ai~coupling the 
cars or shifting the cargo. Piling of the bridges is frost heaved as much as 
14 inchw per gear. 

The engineering geology problems of  fmst heaving of bridge piling are 
economically important because of the maintenance necessary to (I) maintain 
track eleration f n  winter by temporam methods, (2) correct the elevation in 
summer by more permanent methods, and (3)  replace bridge piles periodically. 

Wood-pile bridges of The -4laska Railroad at mileposts 468.7, 4B.4, nnd 
480.4 were systematically observed for the effect of frost heavlng of piling. 
Datn were collmed on moisture ronteut and on the position, thickness, and 
temp?ratare of seasonal frost and permafrost at t h ~ e  localitiw. Studies of 
these bridges well Illtlstrate the principles of the mechanics of frost heaving 
of piling and also show the position and pro~rfien of permafrost that are 
concerned with such principles. 

Rome of the piles In the first two bridgea are not set deep enough Into the 
per~nafrost to prevent the pile frmnl pushing upward and deforming the 
bridge. Piling in bridge 460.4 i s  not subjert to frost heaving bmuae of the 
absence of frost heaving of pilw In the streambd and the Em moisture 
content of the ground around tlie other piles. 

INTRODUCTION 

Seasonal freezing o f  the ground is a common fenture throughout 
most of the land surface of the world. In large parts of the world, 
pound freezing is n serious engineering problem. As the ground 
fr~ezes, ice g r o w s  in sediment and causes-the surface to rim. This 
disturbance of the ground surfsce is termed "frost heaving,'? and in 
poorly drained wreas of fine-grained sediment, long cold winters 
provide excellent conditio~ls for serious dttmqe, to structures built 
on or in the g m d .  

The freezing of moisture in the p n d  b m e  economically 
important with the midespwad highway development of the 1990's 
(Illinois Division of Higl~way, 1922a, b; Older, 1829; Aaron, 1934, 
p. 10-15; Beskow, 1935). With growth of higl~ways and railroads 
and with development of mirfields for modern aircraft, seasond 
f mezing of the ground became n major consideration in constructing 
and maintaining such feat~~ses. As b t h  military and civilian con- 
struction activities increased in the f&r North, the economic impor- 
tance of the effects of frost mtion on construction also increased 
(Taber, 1943a; Corps of Engineem, 1946n, b, 1947, 1949, 1954a, b; 
Reskovr, 1925; Skaven-Haug, 1952, p. 341-345; Highway Research 
Board, 1948, 1952). 

Frost action affects enjyineering structures in two ways (I) @ 
distorting the structures during frost Ilendng and (2) by darnaging 
the structure as t,he ground loses haring strength at the time of the 
wasonal thaw. Diffemntial movement is the paramount problem; 
such action produces extensive damage to many engineering struc- 
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tures whether they are buiIt on top of the ground or on a foundation 
driven or sunken into the ground. I f  frost heming and subsequent 
settling is uniform, genernlly little dxmnge is done. Much infoma- 
tion has bean collected on the effect of frost action on engineering 
and a voluminous literature exists (Snow, Ice, nnd Permafrost Re;- 
search Establishment, 1951-56). 
In regions of cold minters many pile foundations are in ground 

that is subject to seasonal freezing and, therefore, may be subject 
to the d~maging effect of frost, heaving. Frost heavhg tends to 
displace a pile upward and tllt~s to disturb the foundation of the 
structure. The displacement of piIing is not limited to  the far North; 
however, maximum disturbnnce probably is encountered most widely 
in the subarctic. 

Expensive maintennnw nnd in some instances complete destruction 
of bridgw, school buildings? military installations, ttnd &her struc- 
tures have resulted from failnre, to understand the principles of frost 
heaving of piling. The effect of heaving of piling can perhaps best 
be understood by visualizing the forces tending to  push tlw pile 
upward and the forces tending to resist; this npmard push. In nll 
instances the upward force is the result. of frost having of p u n d  
that is adfrozen to  the pile, and the resistance to  this force is the 
skin friction of the ground. However, in the subarctic and arctir, 
powerful additional resistance to the ~~pwnrd shave is pmvidd by 
the tangential adfreezing strength bet~vecn the pi10 and the perenninl- 
ly frozen ground. An understancling of the distribution and prop- 
erties of permafrost is important jn anchoring piling agrtinqt the 
effect of frast heaving. 

The effects of frost honving of piling in the subarctic are well 
illustrated in central Alaska, especia1Iy in the Fairbanks area (fig. 32). 
A study of frost-heaving effacts on wood piling nE small bridgcs of Tho 
Alaska Railroad in Goldstream ValIcy near Frtirbrtnlts permita an 
evaluation of principIes discussed. Many of these bridgo piles aro 
not sufficiently anchored in pornlafrost t o  resist the upward force. 

Several tarms dealing with seasonal frost, permafrost, and piling 
may be unfamiliar to some readers, and other terms have not bean 
clertrly defined in previous papem. The miters' usage of these terms 
ia given below. 
Active layer- - - - -- ---- -- Layer of p w n d  above permafrmt which thaws in 

summer and freezes again in winter. The active 
layer may extend down to the permafrost table 
(M~rller, 1945, p. 213). 

Adfreezing strength- - - - - - Force that is required to pull the frown ground from 
the object. ta which it is frozen. 

854880 M - 2  



EXPLANATION 

p ~ c l F 1 C  O C E A N  

From= a. -udc~ map sbowlng beation of (be Palrbnnla area and generallled 4Wlbutlon ot peamahost In blmka 
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Freezing index-- - ,,,,,,, 

h a t  heavjng--- -------- 

Ground fee,, , - - - -- - -- _ - 

Mean freering index-- - _ -  

Muck- - , - - , - -, .. , - - - _ _ _ - 

Permafmst table- - -  - - - - -  

Pile-, - - - - - - - - , - - - - - - - - - 

Maas of surface ice formed during the winter by 
successive freezing of sheets of water that m y  m p  
from the ground, from a river, or from a s p r i n ~  
(MulIer, 1945, p, 218). 

h c h  degree in any one h p  that the average daily air 
temperature variea from 3Z°F. The difference 
between the average daily temperature and 32'F. 
equals tha degree-days for that day. The degree- 
 day^ are mintis when the average daily temperature 
Is below 32°F. and plus when above (LIneU, 1953, 
p. 10). 

Number of degree-days between the highest and 
lowest points on the cumulative degreedays-time 
curve for one freezing season. It ia used as a 
measure uf the combined duration and magnitude 
of below-freezing Cemprsturps occurring during any 
@en freezing season. Thc index determined for 
air temperatures at 4.6 ft  above the pound i s  
commonly designated aa the air frcezing index, 
whereas that dcterminrd for temperatures imrnpdi- 
ately below thc surface is known as the aurfaoe 
freezing index (LinelE, 1953, p. 19). 

General term for freezing and thawing of moisturn in 
metcriala and the rcsu1tan.t effects on theme materials 
and on structures of which they are s part or wi th  
which they me i a  contact (Hennion, 1955, p. 101 
and p. 108-110). 

Epward displacement of ground materials owing ta 
t h e  freezing of water in the wound. 

Grains or bodiea of more or l e ~  clear ice in permafropct. 
Not applied to ice of glacial origin (Muller, 1845, 
p. 217). 

Freezing index defermined on the basis of mean 
temperatures. The pcrioa of record over which 
temperatures are averaged is  ~ n e r a l l y  a minim~rm 
of 10 yeara but preferably 30 (Corps of Engineem, 
1954b, p. 1). 

Silt rich in organic material. Gray to black when wct 
or froaen and fetid upon thawing. Commonly con- 
tains mom ics than either perennially frozen loess 
or flood-plain silt. 

A thickness d soil or other suficial deposit or even 
bcdrock at a variable dcpth beneath the sarfece of 
the earth in which a tomperatwe below freezing 
has exiated mntinuously for many pears (Muller, 
1846, p. 219). 

Irregular surfam which reprments the upper surface of 
permafrmt. 

Long slender timber, ooncreta, or steel ~tructursl 
element that i~ driven, jethi, or otherwise em- 
hdded on end into the ground for the parpose of 
supporting n load or compacting the mil (American 
Bociety of Civil Engineers, 1946, p. 54). 
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Piling., - - -- - -- - - - - - - - - - Pile work; a structure of piles. 
Point baring- - --- -- - --- Amount of weight supported by the area in contaot 

with the bottom, or point, of the pile. 
Polymnal ground---- - - - - Ground with a polygonal surface pattern caused by 

the fiuhidence of the  surface over ground ice 
arranged in a p l y  gonal network. 

Skin frlotion- - - - -  - -- - .. - - Friction between a pile and the material into which 
i t  is driven (CheDis, 19-51, p. 13). 

Tangantid adfreezing Resistance to the force that is requited to ~hear ob 
~ t r e n ~ t h .  an object which is frozen to the ground and to 

overcome the friction alon~ the plmc of its contact 
with the ground (MuEIer, 1845, p. 223). 

The writers wish to extend special acknowledgment to Tmin P. 
Cook, chief engineer of The Alnska R ~ i l m d ,  who rtided in the 
initiation of this project and geinerousIy provided mertfs of The 
Alaska Railrod bridge col~struct~ion nenr Fnirbanks. Mr. Cook also 
arranged for personnel of the railmad to nssist the writem in the 
field. J. L. Alter, division ro~dmnster of The dlnsks Railmnd, was 
very cooperative and ~roviried transportntion and assistance in the 
field. Ray Rupp aided in determining the permafrost ttable. Thanks 
are expressed to these and others of The AInskn Railroad for their 
mperation. 

James D. Crawfad, a vice president of the U.S. Smelting, Refin- 
ing, & Mining Co, fineronsly made available the records of sub- 
surface materials and conditions nenr the bridges and also reviewed 
the manuscript, 

The following p m n s  rcviewed the manuscript and offered helpful 
suggest,ions : 

I. P. Cook and d. I,. Alter of T h e  Alaska Railrod; F. F. Kitxe, 
chief, US.  Army Arctic Construction Investigations Area, Alaska; 
K. A. Linell, chief, Amtic Callstruetion and Frost Effects Lahra -  
tory, Corps of Engineers, U.S, Army; nnd E. F. Rice, Department 
of Engineering and D. FI. Eyinck, engineer, University of Alaska. 
Mr.  ine ell specificnlEy revietrd the sections dat'ing with frost henv- 
ing of piling. 

Mechltnic,al ~nalyses of the silt samples n-em made by the Rock 
Islund Ofice, Corps of Engineem, U.S. Army (sample 147) ; Fair- 
banks Permafrost Station of the Frost Effects Laboratory, U.S. 
Army (sample 351) ; Alaska District, C o p  of Engineers, 1J.S. 
-4my (aample 429) ; and J .  R. Watson, U.S. Bureau of Public Roads 
(sample 268). The thermal data in figure 40 were collected by Max 
C. Brewer and 8. N. Rivard, of the U.S. Geological Survey. Mary 
~ T e t t n  PdwB compiled data for figare 41. 

The writers wish to thank Simon M. Soboleff, US. Rurem~ of 
Public Roads, and Henry Bender, U.S. Geological Survey, for their 
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generous aid in translating some of the foreign pt~blicatiom used 
in this study. Thanks are dim nlso to A. H. Liwhenbruch, 1S.S. Geo- 
logical Survey, for a clear explnnntion of work done by freezing of 
a supercooled liquid. 

GROWTH OF CLEAR-ICE BEaREQATIQNS IN TRE 
GROUND 

As frost lleaving is due nlostly to the formation of clear-ice mgm- 
gations in the p r m d  nnd, tl~erefore, for  a thorougl~ understanding 
of frost hearing, it is necessary to unclerstand the origin of the ice 
sepgntions and the pllysical factors effecting their growth. 

The present concept of frost Im~ving p r h a p  owes its o r i g h  to  
Taber's work (191 6, 1917, 1918n, b, 1023, 1930a, b) , nltho~~gh exten- 
sive work along the same line n-3s clone by Beskow (1035)  %bout the 
mme t,ime. Much of their work is b a d  an principles of existence, 
movement, ltnd freezing of soil moisture d i s c u d  by Rouyoacm 
(1918, lsli', 1921, 1923), Bonyollcos mil JIcCool ( L X B ) ,  and athew, 
and on the states of water as deternlined by B r i d p a n  (1912). 
Additionl~l basic data have been added by JCewten (l!)-ED, 1952), and 
freezing of soil moisture has been ciiscnss~d in more detail by Win- 
terkorn (1 9431, Grim (1952), Jumikis (1!F54, 1955, 1056), Jackson 
nnd Chdmers (1956a, b, 1958), Penner (1058), ITigmhi (1958), and 
Cnss and Miller ( 1059 $ . 

Ground expands upon freezing, owing to the growth of  ice crys- 
tals, with the resultant formation of wgrcgitt,ions of cle~r-ice in the 
grouncL The maximum force thnt rnn bc d~.velaped rinring growth of 
ice crystals in a confined space i s  s9,lW pounds per quare inch 
(Bridgman, 1912, pl. 1). Dur i~g  the process of fraezing soil-moisture 
addition~l wnter is drn1v11 to tilt. paints of freezing from adjacent un- 
frozen ground (Tahr, 1929, IRROn, b; Reskow, 1935). Field anti 
lahmtory inrrestifltions prow that the expansion in volume of n 
sail mass upan freezing c t ~ n ~ ~ o t  be due alone to the expansion of 
the water originally rontnined in the soil voids, because expnnsion of 
a soil mass woulcl then l w  less than 4 ar 5 percent. However, as much 
as 60 percent expansion in ground volztrne owing to seasonal freezing 
lias been recorded by line11 and Haley (1052, p. 299) and 140 per- 
cent, by Voyslnv (in W r s m s ~  nnA Slorozov, 1041 ; translation p. 
28). The bnsic plipsicnl pl~enomenna permitting such expansion in 
ground volume upon freezing is that some water in the ground re- 
mains liquid, nl thougl~ subjected to temperatures blo\r 0°C. ha 
early ns 1859 Sorby rliscovered that ~l-nter in  smdl  crtpillnry t n l ~ s  
mill not freeze 1111til snbjected to temperatures seveml c l e p s  below 



340 IX)NTR~UTXONS TO GENERAL O I W U ~ ~ P  

0°C. Lubimoff (1902) later theorized that wwatar was brought to 
the fmaiing ground from the wet unfrozen p u n d  below, but JQ- 
hmsson (1914) was the first to show that during fmzing of h e -  
p i n e d  soil w a k  flows to the freezing area, and this increases the 
water content. Boriyoucos (1921, p. 87) alm mnt,ributsd much to the 
understmiding of soil moisture &low freezing temperatures. Al- 
though bt .h  Taber and Reskow r e a l i d  that some soil moisture 
does not freeze at O°C and that water is dram ta the growiq ice 
crystals, neither, m r d i n g  to Winterkorn ( 1043, p. 112$, explained 
tkis mmhanisrn thorou~hly. Winterkorn shows that the physical 
condition of soil moisture in connection with p m n d  h z i n g  is 
conveniently explained by considering the phase diaprn  of water 
(Bridgman, 1912, pl. 1) and the compressive forces involved in 
adsorption. 

Bridgman demonstrated ( 1912) that seveml diflemnt allotropic 
forms of ice occur, each misting. st diffemnt temperatures and p m -  
s~~res. He l~beled these f o m s  Ice I to VI. Ice I: is the ordinary ice, 
and Ice TI exists under p a t  pressures at  tempemturn both below 
and ahve  0°C. He ~I~owed that liquid water can .exist, if pressures 
are sufficient, FLS low ua -22OC. 

Winterkorn (1048) takes this information and using the concept 
that internal pressurn may be assumed to produce the s&me type 
of rmults as atmnal pmures, shows that soil water at the pore wall 
(surface of the mineral particle) is so strongly held by adsorptive 
pressure that it is  n solid as Ice V or VT at room temperature. In 
some clays the soil moisture is held so tightly that moisture exists 
as Ice VI, and the ground contrads instead of expanding when 
subjected to temperatures below 0°C. 
h a mil capillary the water is held as Ice V or VI next ta the 

mineral surface, but in the mnter of the pore, farthest from the 
p m  wall, wnter freezes at  hut ODC and exists as Ice I. Between 
the poor wall and the center of the pore there exists a gradation from 
( 1) water as Ice 1" or JTI (solid above 0°C) on the pore wall, (2) 
through mnter with me1 ting points as low as -22OC to water with a 
higher melting point RS high as about OW, and (3) to ordinary ice, 
Ice I, in the center of the pore (fig. 33). I t  is apparent, therefore, 
that them exigts between the two t p  of ice. a zone of liquid water 
having melting points as low -as -22"C, which serves ~ts rr p a s s a p  
way for the conduction of water to the growing im crystal (Winter- 
kom, 1943, p. 115). 

It would seem from the ~ h v e  that the solid and liquid phases 
of water in the mil are in equilibrium. The conversion of water to 
ice, or ice to water, depends on temperaturn, pressurn, and moisture 
relations. A rise in tsmperatnre of frozen h e - p i n e d  soil from, 
aay, -10°C to -8°C wilI cause some Ice I to melt. 



F f o u ~ m  89.-rUamarnmaMc sketch, not t o  nralp, of condltlon of stable ~031 
molnttinr In  fronen flue sllt above rnlntw 22'C. Llqi~id water a8 well as 
d l f e r ~ n t  nllotropic formar of lw IR shown. 

Although Winterkom explained that nature of the adsorbed layer 
and a renaon for freezing-point depmion of water in soil, Jackson 
and Chalrners ( 1 9 5 6 ~ ~  b, 1958), treating the problem from the stand- 
point of a metallurgist, mere perhaps the fifirst to outline a theory 
which, in addition to explaining the freezing-point depression of 
water, explained a source of energy for bringing in the water and 
causing frost having. 

Jackson and Chalrners state that freezing-point depression, or 
supercooling of soil moisture to a point where fmxing begins, 
depends upon surface energy. Surface energy of a molec~ile is the 
diflerence htween the energy of n surface molecule and the enern 
of a molecuFa surrounded by other solid particles. The surfnce 
energy of a cluster of molecul~s, for example, depends on the mdius 
of the cluster; the smnller the mdius, the more surfam per unit 
vatuma and the larger tha surf ace energy of the cluster. The smaller 
the radius of the cluster, the smaller the soil pore. Small porn 
remain open to movement of liquid wntar until energy is removed to 
cause freeeng. The energy to be mrnoved is the nomsl energy 
release upon freezing-the latent heat of fusion energy-rtnd the 
surface energy. Therefore soil moistnre in sm~lll pores is supercooled 
hfom crystallization occurs, but moisture in large soiI pores under- 
goes little or no supemling kfore ice nnclcatis. The amount of 
supercooEing to a point of nuclc~tior~ d e p n d s  on the size of the pore. 
Jackson and Chalmers state that the ~ n o r g g  for the prmess of ice 

growth in soils depends upon the freezing of supercooled water. 
When mpercoold water freezes, undergoing bhe irreversible phase 

t ~ n s f m a t i o n  from supercooled liquid to d i d ,  some energy becomes 
nwlilable--anew that in thermodynnmics would be called free 



energy. A certain m o u n t  of work cnn be obtained from the ice- 
water system by freezing mprcmfd water. The ~rnottnt of free 
energy avairable depends on the amount of snprcoolf ng a t  the ice- 
water interface, which, in turn, depends on t,lw size of the pore. 
Greater superamling makes more energy nvnilnMe by freezing of 
the supemPed liquid. The work done l)y this phnse trnnsfomnfian 
in moist soil is the pulling in of water to the ice surface, nnd the 
resulting phenomenon known as frost h~aving.  Jackson tlnd Chalmers 
~ h t e  (195Ab, p. 29) that at 1°C of su~prcmling, :, 1-inch cube of w ~ t e r  
hm enough free enerm to lift 178 pol~nds 1 inch. 

Cass and MilIer ( 1959, p. 11) do not. wholly wcept the explnnation 
of Jackson and Chalnlers (195Fb) nnd state that supemooling of 
water is not essential to the process of frmt henving. They further 
state that the energy for frost henving is not derived from it phnw 
trmsition of supercooled water. 

They suggest that the energy is derived during freexinp by the 
addition of water to the unfrozen film of m~tcr  thnt  lies next to the 
freezing surface, The addition or rechnrp, is nwxssnry to rn~intnin 
the film at "equilibrium thickness" when R rnoleculc! of the 6lrn is 
"removed" by immobilizatian in, place, tllat js, freezing. 

PHYSICAL FACTOR8 

As the fmezing 0°C isotherm is lowered through thn pound, 
water is changed from liquid to solid. The rtmount of ice finnlly 
concentrated in the ground and the size, shape, and position of the 
ice segregations depends on many phyaicrtl factom. 

Physical factors affecting the amount and location of ice m p p -  
tions in the ground can be p11ped into broad cl~sses: extrinsic 
and intrinsic {Johnson and Zovell, 1953). The extrinsic fnctors fire 

those which are imposed by the climate rtnd surface cover, and the 
intrinsic factors are t h w  inherent to the p n n d ,  The mmt in- 
fluential extrinsic fxctor is sir temperature (T~get ,  and Cram- 
f a d ,  1952, p. 9333, which I s  probably the factor having the most 
affect on frost hmviw. 

Some of the intrinsic factors w h i d  inflaence p m t h  of icc 9 e p -  

p t  ions in the ground are specific. heat, heat capacity, tlrermnl con- 
ductivity, thermal diffusivity, latent hent of  mate^, cnpillarity , 
permeability, rnoisto~e content, availnbili ty of water, textitre, dis- 
continuities, temperatures, ,miin shape, gmin-size distrihntion, min- 
em1 content, and orpnic content. All these factors exert influence, 
but some are extremelp'important, whereas the effect of others is 
negligible. The two most important factors are texture and moisture 
content of the ground. 



TEXTWEE OF THE GROUND 

Texture of the ground means the size of the soil particles and 
their distribution. I t  is the size of the particle or ,rain, and the size 
distrib~t~ion of the grains that control t.he pore size. In smll pores 
or voids, such as those in silt or clay, some water remains liquid at 
temperatures considerably below 0°C. In sand and in gravel the 
voids are so large that most of the water f m z e s  near or at O°C, and 
no channels are left open to supply a growing im ~ g r w t i o n .  The 
ga in  size also is very important because it determines the surface 
area. Tile smaller the grains, the larger t,he surf- area and the 
greater the adsorptive piver.  The srrhaller the pore, the greater the 
supercooling according to Jackson and Chalmers (1956b6b). The great- 
er the supercooling, the more free energy available when the super- 
cooled liquid water is transformed into ice. The free energy is the 
energy available to draw water to the water-ice interface and to 
cause frost heaving. Lean clay (low plasticity) and silt contain pore 
~ j z e s  that are ideal for the pasage of liquid water while they are 
freezing ; fat or heavy clay (high plasticity, especially montmotillo- 
nite} may have a11 or most of the water so tightly' held in the 
adsorptive layer that. no free wat,er can be added (Wintmkom, 1943; 
Grim, 1958, p. 169). 

The grain size is also instrumental in controlling the capillarity 
of a goil -because capillarity is inversely proportional to the radius 
of the pores. In general, tht? smaller the grain sizo, tbn greahr the 
capillarity ; honwver, when the clny size is reached, the surf~m area 
becomes p a t  and the adsorptive pressure hems large and reduces 
the capillarity. Beskow (1535; translntion p. 89) has shown that in 
laboratory test1 and ntttnral soils, the p a i n  size for maximum rate 
of capillarity is silt (0.024.06 mm). 
The distance througli -\\-l-hicl~ .r~ntcr can be pulled by capillarity 

1 1 ~  hen  calculnteti tl~mret,ict~lly hy Reen (k Baver, 1948, p. 264) 
to ba 311h feat in silt, 150 feet in fine silt (0.014.002 mm) , and more 
than 150 feet in clay. Beskolv (194'1, p. 86) states that capillarity of 
fine silt (0.02-0.006 mm) in natural soils allows water to be pulled 
about 20 to 39 feet and in pure silt of uniform grain size, about 10 
t,o 33 feet. 

Perhaps the most important factor controlling the loc~tion of an 
ice segreption is the premnce of a discontinuity (no mather how 
minute), sucl~ ns a crack, flaw, foreign body, d e n t  hole, or mati- 
fication or disconf ormity bet,ween sediment types (Beskow, I935 ; 
translation p. 21). These are nll important in fine-grained soils 
because in such soils the water in the small pores has a lowered 

In this report the foHowlng classification is uwd: +clay, 0.0064.0002 mm ; rllt, 
0.054.M5 m m ;  very fine sand, 0.1M.0& mm. 



freezing point because of strong adsorption by the grain surface; 
however, the f r  discontinuity represents a surface of weaker force 
of atbraction on the water, that is, a higher freezing point * " * than 
water in the pores of the fine-grained sediment itself" (Beskuw, 
1935; translation p. 21). Ice crystallization begins, therefore, at 
discontinuities. 

In summary, silt or siltmy clay soil in its natural state Moms 
to be the most favorable medium for growth of ice segregations upon 
f ming. This cancept is borne out by extensive field and laborntory 
investigations (Tabr, 1930n, b; Beskow, 1935; and Corps of Engi- 
neers, 19488, b). Concentration of ice is less in silty sand and silty 
gravel. The commonly used rule of thumb among engineers is that, 
if the mil cuntPjns less than 3 percent silt ar clay (0.02 mm w 
smaller), it will not frost heave to a damaging extent (Haley, 1953, 
p. 2). Diicker (1966; translation p. 11) shows, however, that the 
percentage of grdn sizes below 0.02 mm does not entirely determine 
khe frost-heaving, behrtvior of a soil, but that the minert-~logical and 
chemical composition of the fines are also imporhnt. 

Another important intrinsic factor, perhaps the most import ant, 
i8  the amount., pwition, and distribution of moisture. In ailitition 
to being necessary for the formnt,ion of icw in the ground! water 
greatly madifis the thermal properties of the ground (Crrtwfortl, 
1952). Also, the latent heat of water is a prime factor controlling 
the rate at which the 0°C isotherm penetrstm tho pound. 

The amount of ictl which forms in the ground upon freezing 
deponds on the moisture originally in the ground and the amo~mt 
of watar that can be drawn to the freezing centers from the unfrozc~l 
ground. Therefore, the greater the saturation of the ground before 
freezing, the p a t e r  the amo~mt of ice growth nnd frost heaving, 
amming the mil is susceptible to frost heaving. Ice concantration 
will be favored if water-satmurated soils underlie the freezing gmimd, 
or if the local water table is c l m  to the surf-. Thew conditions 
permit available water to be dram to the freezing ground; thn end 
result is that more rnoish~re i s  concentrated in the fmaen ground 
than existed in the soil before frwzinr. Poorly drained areas under- 
lain with fine-grained sediment are, therefore, ideally suited for frost 
heaving. 

A long durrttion of below-f reezing tern perat-ure permits mom water 
to  be drawn into the ,-11nd to form ice. High moisture content 
slows freezing hcecrcuse more Intent heat must be removed and very 
wet sails have a lower thermal r1iffu~;ivit~ and therefore nre slower 
freezing (Kenten, 1949. p. 75). Crxwford (1958, P. 25) states that 
in a sol1 water-holding capacity increases with lncrexsed humus. 



This properhy may Ix due to the greater sorfnce a m  of the colloids. 
The sediment that has p r l l a p s  the greatest water-holding c n p i t y  
is orgarlic silt, or clay. 

The m a t  important physical f nctors determining t.he size, shape, 
and location of ice segregntions in the ground are the air tempera- 
ture, mojstnre content of the soil, and size of t.he mineml, grains 
(texture of the mil). I'robzbly the most favorable condition for 
p w t h  of ice mgrsgntitions and r~ul tant  frost heaving is the slow 
freezing of moist nonhomogeneous organic silt or silty clay. 

FROST HEAVING O F  PILING 

A pilo foundation transmits the load of n structure through sur- 
ficinl rnnterinl of inadequate bearing capacity to materinl or strntrt 
of ndequnte h r i n g  capacity. The load is transferred to an under- 
Iging bearing stratum either by skin friction along the embedded 
length of the pile or by point benring nt the end of the pile. Piles 
may bs clamifid ns friction or point bearing depending upon how 
most of the load is supported (Clzellis, 1951, p. 11-15). Piles cnn 
consist of a vnriety of materialg hit the most common materials nre 
wood, steel pipe or barns, and precast concrete. 

In regions of wld climate mrtny pile formations m in ground 
which is partly subject to seasonnl freezing and, themfore, may he 
subject to t,he damaging effect of frost heaving. Frost heaving hns 
displaced wood piling upward as much ns 14 inches in a single 
winter season on an Alaska Railroad br ide  near Fnirbnnk~, Alaska. 
T~iverovsky and hforozov (1941 ; tmnslation p. 48) record abut 24 
inches of frost heaving in n s i n ~ l e  year in Rnssia, and Hemstock 
(1949, p. 52)  m r d s  8 incIwa nt Kormrtn Wells, Northwest Terri- 
tory, Canada. Becnnse of skin friction, md becnuse ~ ~ n f r o z e n  p u n d  
queexes into the void loft as the pile rises--except, perhaps, if the 
base of the pile is in prmnfmst-the pilo does not, return to its origi- 
nal position in summer. According to Tliverovsky ~ n d  Momov  
(1941 ; trnnslation p, 48), the rnnxim~irn recoded cumulative heaving 
uf a pi1il.e in a Russian bridge is n b ~ z t ,  (is feet. Pi l ing of a bridge 
8 miles southeast of l3ig Ihltn ,  Aln13ka, has hen frost hartved 11 feet 
(fig. 34).  

For many yenm pile fonnrlntions of buililingy nnd bridges through- 
out the North hare been damnged by frost heaving. Little study n-as 
given to this prnhlern in North Americn until after World War 11. 
Durinp the T R P  nnd in the postuTnr interval, construction on piling 
in the far northern pmt of the continent ~ v w  greatly expanded, 
and the damnging effect of f m t  heaving on piling was realized to 
be a major problem. In lM6 the Corps of Engineers, ES. Army, 



Prntr~r !  X4.-Froat-h~nred p1Hnq nf hr1llt.e u l~ : l r l l l l l ~y  t r l r  t lv t  tlT Clpnrwatpr 1.n kr. R rnt1Ps 
xolithetl~t of Rip Dcltn, ~I l :~b l ; t~ .  I'hr~r~rjir:tpl~ hy  I l n r k  F. hleier, Auguat 15, 1951. 

began systematic st.nrlies of tlw ~ f f ~ r t  of seasonnlly frozen gronncl 
nut1 pelmafrost nn piling nr : l r  F:~ir.l-r:~~t l;s, ,21:1ska, 8s well xs many 
other studies of fsozcu ~rrnrnd ( l<:l1-1le2. I9-I.G. I>. S 1 1 ;  .Taillite, 1947, 
p. 375-379 ; Vilson, 194s : Cni-~w ctl  T.;nr.i~lrers l954a, b. 1956 ; Linoll, 
1959). During ant1 : t f t~ r  rile wnr  ('anntln nlso began to invest igat,lte 
prolrrIcrrls connertetl wi tll tFw Ilse of piling in areas of intenso frost 
Ilearing (D',Zp11olonin, li)W, p, 1-39 : Pilklninen , 1951 ; Hemstock, 
1049, 1952: Trow, 1955). Snch s l n i l i ~ ?  ITRI'P stfirl~d ml1r11 enrl i~c  
in Rtlssin (Stmlgial, 1927; Cl~~rt~ishatf .  1!)28 1 3i11ller, 1945: Datslrii, 
1935 ; RIeister ancl Mel'n i 1;nr . I!) CCI : Li rrm-sky xnrl hiomor?  1941 ; 
Tsytorich and fiiilmgin, 19.77) pnrtty I ~ ~ r n i r w  of difficulties enconn- 
tered with pile r:~i li.ogd I ) l . i t l ~ ~ . ;  ill S i l ~ p r i : ~ .  7M1en r~i l ronds  were 
extended into Siherin cl\~rin,rr tile 1:lsr pnrt o f  t h ~  Ixst wntnrg and 
the early pnrt of this rentlilhy, SPTPX-P fl-nst l ~ e a ~ ' i ~ i f i  of the pile 13ri~Ips 
wss ro~nrnonplar~. 14~lnr-lrl.~lnr. t . ~ 1 ~ j r . t i :  I it1 Ts~tnrirl l~  n ~ t d  Sumgin, 
1937; t ,mn~I:~tirm 1,. 229'1 tllat out 0% -C!) \\-nod I ~ r i r l ~ r s  CPII piles that  
wre  examin~rl, 42 rrpw 11e fort~itvl 1 ) ~  fl-ost I I P X T - ~ ~ ~ .  Fin  lr states (.in, 
Tsyta~~ich nnd S u ~ n ~ i n ,  In:;;: tr.:mslntion p. 232) that dllring the 
2 ;rears hetween the constriirtim of the n-csterm part WE Iha Arnur. 
linilrond find tIie first o p ~ n i n g  of the line to t,mffic, 30 p ~ r c ~ n t  o f  
the wooden bridps Iiacl to Iw 1.epxirer1 l-recanse of n relative dis- 



placement of more tllnn D,  inches. He also states that the deforma- 
tion mas ch~mcterized by the center piles being pushed up during 
the winter, disrupting the jaints of the bridge. Chernisheff (1928, 
p, 1) reports that Itlie frost heaving of bridges of this railroad 
almost -ached disaster proportions dnring t;he early years of opera- 
tions. 

MECRAKECS OF FROST HEA-Q OF PILES 

When ground is forced upwnrtl durinfi seasonal freezing any ob- 
ject on top of the ground or firmly held by the grmmd wiII also 
be forced upward if the forces acting upwrtd are greater than the 
forces pushing downward. The upw~rd form exet-t~d on piles is the 
rewlt of frost heaving of ground which is ndfro7~n to the pile; 
the downward force is the weight of the pile pIus its load, and 
the friction between the pile and the u n f r o ~ ~ n  ground beneath the 
seasonal frost (fig. 351, plus the tangential adfreezing strength of 
permafrost if it exists. 

The amount, of the upward force on R pile depends upon (1) tho 
intensity of h t ,  heaving, (2) the tangential adfreezing strength, 
or band, bet.wcen the st~rface of the pile and the seasonally frozen 
ground, and (3) the surfam area of the pile in the seasonally frozen 
p u n d .  

I W m T P  OF FBOBT XEAVIITG 

The intensity of frost heaving mostly depends upon the amount of 
elem-ice s e p p t i o n s  thnt forms w1.1len the ground fseem. This 
amount depends on man?. pllysicnl factors, tlw most important of 
which are texture of the ground nnd the nvxilabi1it.y of moist.ure. 

Tmtuw of the g.mcnd.-3fnximurn fro~t  h~,a.ring of piles QCCIWS 

in fine-pained sediments--fino snnd, silt, and silty clays. Organic 
silt perhaps is the mast favornble. 

Piling of many structures placed in silt throughout central Alaska, 
such as bridges near Fairbanks, Rlnnley Hot Springs, Mount 3fcKin- 
ley Nntimlml Park, and Big Delta, or 13uildirrp nt Xorthwap mid 
dsewhere, sho~v evidence of disturbance by frost heaving. At Galenn, 
Alaska, bench-mark posts elevated by f m t  heaving are in silt 
(PQm4, 1948, fig. 18). The fmt-hewed piling at Nomnn TV~lts, 
Northwest Territory, Canada, descrihd by TIernstock (1940, fig. 
15) , is in n silty soil. Lirero~sky mid Jiorozov ( 1941 ; ~rnnslnt~ion p, 
48) s t a h  that frost heaving of piles is most extensive when the 
nctivo layer consists of fine-textured material. 

The results of laboratory nnd field ohservstions indicate thnt frost 
heaving of piling is most intense in silt or silty clay soil. 



EXPLANATION 
L , k d  on pile 
W .  weight of plle 
P , p e r r d e r  of pile 
rk , sk~n friction between pile and 

unfrozen ground 
TI , tangential adfreezing strength 

between pile and seasonally 
frozen ground 

Tl , tangential adfreezingstrength 
bet*een prle and perenn~ally 
frcrpn ground 

h , lendh of pile in seascmallyfmtsn 
ground 

h 2 ,  tenglh of pite in unfrozm 
ground 

h,. length of pile In parennialty 
fmzm gmund 
Zone DI tmgenM adfming 

s t r m  

~?f&hre emtmt of the pound.--Thp. nmonnt, and position, or 
distribution, of moisture in the pro~~nd is prllnps the most important 
factor influencing the growtl~ of ice and rwultant fmst l~eaving of 
piles. Therefore, if fine-grnin~d mil is poor1 y rlsnined or htts .sdidily 
~cce&bIe water, frost hearing of piling ill .such wdiment wi.ill te 
p a t .  in a cold climnte. Innsmurl~ ns bridg~s conu-~~nnly span drain- 
ngeways their pile foundations are in arena of ahundant ground 
moisture, md if fine-gmined fi~dilnen ts are pwwnt, tn-o jrnportnnt 
intrinsic facto~s farorable for frost, heaving cxi~rt. 

The differentirrl frost heaving of piles of nny p~rticulnr bridge 
often mflects differential av~ilahilit y of rnoiatum to the ground near 
the piles. Where tllc foundfition of a small l~riclge is entirely in fine- 
p i n e d  sediments, moisture is commonly most, lrbuntlnnt under the 



FROST HEAVING OF PTLES, F A I R B m ,  ALh3Kh 349 . 

F~aUaa 36 .4eo l - e  sketch of foundrtlon m~dl t lon~  of front-heaved bridm, 8 m l l e ~  
uontbast of BIR T)eltq blrnkka. (b Us- 34.) 

canter of the bridge. TT~emfore, the piles in tlm center of the bAdge 
are forced upward the most and form n hump in the center of the 
bridge. 

This common featulw is ilht~tmted by n mnd bridge at Noman 
Wells, Nort,hwest Territory, Cnnndn (Hemstock, 1949, fig. 49) and 
by railroad bridges in Rllssi~ (T,ul)irnoff, 1902, figs. 2, 4, 5; Sumgin. 
1927, p. 802; Liverovsky nntl Morozov, 1941, fig. 34). The pile 
bridges studied in detail nlong The Alasklt Rnilro~d nem Fairbanks 
illustrate t,his pl~enomenon nnri will be described below. This ~1ecti.r-e 
frost heaving of piles, I~owover, may be related to differenas in thp 
way the piles are anchored. 

Some pile bridges in central Alaska have the end piles forced up 
by frost heaving nnd cknt~r piles ~mnflected. This is opposite to the 
bridges jnst desrril~ecl. One of the best examples of bridge showing 
f mt heaving of ~ I E P  end piles ia the bridge spanning the outlet of 
Clearwater Tdnke, 8 miles wlfhenst nf Big Delta, Alaskn (fp. 34, 
36). The piles of this bridge have ken elevated by frost action 
nhout 11 feet on one end nnd about, 5 feet. on the other. The piles nre 
embedded in silty mil, hut the center piles do not frost heme becnuwc 
tlw clwp \ T R ~ Q P  of the main channel pw\-ents freezing of the ground. 
Hnmerer, tho fine-wined soil s~rmnnding the end piles is m ~ b j ~ r t  
to  SWLSORRI freezing h ~ a u ~ t !  the w%ter is shallow or even ~tbsent nt 
low S ~ R B  in the winter. The f e e z i n g  p u n d  has rendy access to 
wnter which p~rmits g-rext p u n d  ice p w t h  dnring freezing. Fmst 
henving of end piles of b r i d p  in Alaska is not ~~nnsnrar under similar 
circumstancles and has been noted i t  S o m ~ ,  Manley IIot Springs, and 
elmwhere. 

D~kmtion of freezing.-.%I1 other factors be in^ qunl ,  the lonpr 
the perid of seasonal frost generntion, the jilpntec the frost heaving 
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mill h. A longer period of freezing permits mom ground ice to 
farm and commonly results jn a thicker layer of S ~ R S O I I ~ ~  fmt. 
However, in natural freezing of the ground the depth of frost 
penetration or mite of freezing is not, very irnprtanb in ice accumule- 
tion (Johnson, 1952, p. 4 6 4 6  ; Jackson and Chdmem, IDSSh, p. 25) .  
It is the duration or intensity of the cold that is close1 y comlated 
with the rnagnibllde of heare. It is true, however, in cleating with 
piles that the thicker the ~ c t i v e  l a ~ e r ,  the gmter the surface nren of 
the pile in the sehsonnlly f m n  p n d .  Tlls grenter the surface 
area, the greater the total adfreezing strength. T h e  depth of seasonal 
frost in centrnl Alaska mnps  from 3 to  5 feet in silt to r~ mnch 
as 20 feet in gmrel firens cleared of snow (Carlsan nnd Hemten, 
1953, p. 81-95). 

B U ~ A R Y  OF ~ T E ~ I T Y  OF FROS* H E A V I ~  

The uptvtlrd push of frost heaving on piling is the pentest on 
piles ernhedded in moist* orpniC silt or silty clay in regions srlbjortd 
to longer perioda of Imlom-f wezing tempemturn. 

TbWOEmAL ADFREEZRpa BTBEMGTff 

RRgarrlless of how intenw the frost heaving may he, no frost 
heaving of the pile will occur if f he bond h t . ~ e e n  the fmzen ground 
and the pile snr faw (t~npntial ~ d f m z i n g  strengtl~) is mmk. Ac- 
cording to Muller (1945, p. 46), the Ireaving force of the ground, 
when freezing, that is trnnsrniltcd to the pile is proportionnl to the 
adfreezing strength between tllnt grot~nd and the piles. The tan- 
gential nrlfmzing stwngth of Eromn ground varies ait,h texture, 
~noistum conknt, ternperntnre of the ground, and nature of tlw pile 
surface, 

The effect of these vnriables on t , h ~  tanpntial adfreezing strength 
of sediments ta surfaces has been rnportsri by Rumian workers. De- 
tniled labomtory work is listed by Tsytnvicl~ and Slungin (in Muller, 
1945, p. 46-52) and fieldwork on t,he tdlng~ntial rtdfreczing st.ren@h 
Ixt,~veen wood and concrete and wm~onnllg frozan ground nnder nat- 
urn1 ~ n d i t ~ i o n s  is reported by Mrisler nnd 3fel'nikov (1940). Table 
1 is adapted from their report ns trnnslntd hp TT. Mandd. Meisier 
nnd Mel'nikov note that the tangentinl ndfmxing strength of arti- 
ficidly prepared lahmtorg soi l  specimens is greiter than that re- 
corded under natnraI circ~irnstanws. Lirernrsky nnd Morozov (1941 ; 
Imnslntion p, 45) and Line11 (written communication, Sept. 17, 
195'7) dsa beIiere laborntory tests give mslllts thnt, are not reliable 
in field applications. Lirerowb md Moroxov cite Bikov as obtain- 
ing tangential ndfreezing stren@hs of only 8.5 to 18.5 pounds per 
square inch for piles in field &ts. L~harntog work reported by 
Trow (1955) shows that under rapid Ionding the tangential ad- 
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freezing strength of soil (types of soil and moist.ure content not 
mported) with wncrete at -I1k°F ranged from 304 to 495 pounds 
per squaw inch. T h e  figures are similnr to tl1m given by Mnller 
(1945, p. 47) and given in the present. report as table 2. 

TABLE 1.-Tatsgedid @wezing zlretrglk ir tmeen nearonally jrozeta ground ulad 
di fe+a i  moteriaials undcr natural rodilima 

[Aher MeWx and Melhikor [lero). as translated by W. M ~ n d e l ]  

Perhaps the only extensil-e Inborntory tests mnde in Alaska on the 
tangential adfreezing st1.engt11 of sediments and water to surfaces 
were those made at the Soil Test Jdi~bomtnry st Barrow, Alaska, 
during the investigations of Knvy I'etmleurn k r r e  No. 4. Some 
of these results tire presented in tnble 3 (Soil Test hhrator~, 
written communication, 1949). ,I. figure on Zaligenti~l adfreezing 
strengtJl cited hy RobPrts nnd Cooke ( 10563, p. 3 4 )  is from this 1919 
report. 

654880 W W  

Tnn~~ntlal  acllrserfnp 
stwnuth 

k~ pcr crnl lh pw inl I 
I Temperatnm (' C )  

hrt depth oi- 
min slre 

1 
I 

0.z m I 0.5 m 

wmd - - - - - -  
d o  - -  
-----do _----  
---,- doL---- 
-,,.-do..--- 

Concrete- - -  

P-t 
rnohstum 
cont~nt  
hy !%'?llht 

,-:-.do ----- -2 .5  
- -  d - -  -4.8 
--,--do--,.- 

-2.6 
-4.7 

-3 .5  
-5.1 

n . 5  
23.5 

-4.8 
-4.3 

-- 

03 
71 

21.0 
32.5 

-4 7 
-3 .4  

R2 
!I0 

140 
53 

-8 5 
-------, I 25.3 , 9.86 

---,,,-,,---,---- 1 3.7R 
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TABLE 2.-Effect a j  tempetalure and -8fure cmM on Ue tanpnfial odjrce+ing 
strength belwsen difersnl l vpes  a j  graund and torsh-,sdumled d and cnracrete 

[From Taytavtch and Bumgtn (1m, aftm Muller (IW. p. 4a 

A total of 15  test^ were made in the laboratory by Ness (1951, 
p. 2 4 )  to determine the n d h x i n g  strength between 1%-inch - 
standard steel p i p  and silty sand at temperatures of -8" to 4°C. 
and nt varying rnoist,ure contents. These tests were conducted in the 
arctic in connection with the construction of large steel towers on 
pennafmst in 1947. Although the location is not mentioned, it is 
probnbly northern Alaska. After an evaluation of these t ~ s t s ,  Neas 
decided thut in this particulsr area a value of 20 pounds per 
square inch could h used as s safe figure for the adfreezing strength 
between steeI piles snd most soils, except dry p n u l a r  material or 
highly o r m c  mioils. 

~ljrnkturr: conted of g m d . - T h e  amount of ice in the ground 
is one of the main fmtors influencing the grip of the frozen pound 
on the piles, in fact Tsybvich and Sumgin (1937; Golomshtok's 
translation, p. 120) state that. "the ice content of frozen ground 
is tho most important, fundament81 factor determining the cohwive- 
n= of the frozen ground and it8 a d f m z i ~ ~ g  strength to wood and 
concrete.'' Table2 shows that wj th incrense of moisture content (ice) 

Tern- 
P = b  
turn 
(OO) 

-aa 
-.a 
- .a  
-.a 
- .2 
- .2  
- .2  

-1. P 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1 .1  

) -1.2 

-1.2 
-rao 

%---1u.o  
-10.0 
-1O. l l  

-la0 

Typa 0t 8-d 

Orah dze &om) 
Mob+ 
ture 
(per- 
mt) 

B.Q 
27.1 
1 2 1  
~ . 4  
328  
43.8 
11.2 
Z . 4  
26 4 
37.3 
56.6 
6.7 

0 1  
13.9 
1 6 5  

I 11.3 
511.0 
$2-2 

1&4 
2r.e 
zq.1 
41.4 
5x9 

5.1 
10.1 
13.8 
10.9 
A . 5  

Per- 
cent 

RBtefd~taratk-1 

M o b  
luro 
(wr- 
cent) 

1 6 4  
8a.o 
44.0 
7 
17.8 
2R3 
ariz 
4 7 8  

5.8 
11.1 
12.1 
Ilk1 

17.1 
a2.5 
4 . 4  
I .  
X 3  

laa 
zj.1 
34.8 
4R. 1 

7.5 
11.9 
la1 
B . 8  

WBter-saturated wood - 
Adt~wlng  

slrenflh 

k~per 
cmp 

a.8 
ao 
1.3 
L O  
K O  
7 , l  
7.A 
8,2  
b 9  

13,u 
11.8 
2.8 
1 
7.2 
K 2  

6.8 
14.1 
B 7  
34.R 
34.7 

1 2 8  
15.7 
1n.6 
32 2 
31.9 

7.9 
I Z R  
21.4 
32.3 
33.5 

corm& 

Adimtln~ 
strength 

lh per 
l u x  ------- 
51.1 
a,a 
18.5 
~ . f i  

tm,d 
H1I.R 
ItIA. 1 
45 Ir 
HJ.8 
I W , ~  
lfT7.8 
3118 
3 
102.4 
l l U t l  

8 8 1  
m. 5 
M . 1  
4 ~ i . 9  
193.1 

zmo 
2a.s 
m.5 
45i. B 
4 3 8  

112.5 
179.2 
gM.3 
459 3 
4 i G 4  

k ~ w  
m: 

........................ ........................ ........................ 
4 4  
s.n 
8.2 
3. 1 
3.8 
4.8 
0.4 
5.8 
231 
a4 
7.0 
11.1 

7.8 
n.8 
28.2 
2 ~ 1  
27.7 

20.6 
21.8 
Z F ~ B  
20.1 

....................... 

........................ 

la0 
pis 
2 4 2  
21.0 

6a 
38 
w 
B 
6;1 
W 
h3 
36 

- 2-5 
3s 
2-4 
k9 
FS( 
W I 
GR 

8 
a 
s~ 

36 
:In 

68 
n 

R I I ~  .......--............ 
clay..---.-.---------.--I 
Clayeymd ............ 
~ j ~ t  ..................... 

I)a ................. 
DO--- - - - - - - - - - - . - - -  
Do...------.------- .................... 
DO----------------- 
no .,.-.--.----.--. 
Do ................. 

Clayey mdd. 
D o  - -  
no ................. 
D o  ................. 

[ Bllt .................... 

clny --- - ---.. -- -- - -. . -" - 
DO ................. 
rn ........-........ 
Do ................. 
IM 

lb per 
In1 

8 2 6  
~ 1 3  

lilO R 
44.1 
110.9 

AR.3 
st.u 
L(25  
39.0 
V4 l .cE  
89.6 

157.8 

110.6 
m , o  
m.8 
3!rs.B 
393.9 

~ 2 . 9  
311.4 
m.4 
%S. 8 

I422 
=+a 
M.1 
21180 

a(15-0.m 
0.005 

1-0.05 
.m.m 
. O M i 0 5  
.-.M5 
.OM.lw)5 

< O  txl5 
<am3 
< ( t m  
<O.W5 
1-0 0: 
1-0.05 
14 .05  
l+ ,OS 

.aWE.UB 
< O M  

Q ~ F A I I ~ C  
matter. - 

~ 0 . 0 0 6  
<o.m 
<n,ms 
<O.W5 
<0.005 

........... 
I .  

Clayqsand <o. ao6 
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TABLE 3 . - L a h t m y  h t a  oj tangmliot adfreeping strmgtha betwem I-inch deel  
rod and diferttal material8 

HIT& Lsbmtm, ~rlttm mmmrttltcstlon. 1W] 

- them is an increase in tangential ndf mezing strength. Mulzller states 
(1945, p 48) that the maximum strength is re~lclred in most d i -  
men& st  abut  the maximum snt~~ration of @;round with ice. Further 
jncrease in ice, beyond maximum saturation point, tends to decrense 
adfreezing strength, gradually approaching that of pure ice. This 
is nlso reported by Nws (1951, p, 3) .  

Under laboratory conditions, wood piles in silt have the greatest 
tangential adfreezing strength at SO to 60 percent (hy might) 
~noisture content (Tsytovich and Sumgin, in MuIler, 1945, hble 2) .  
Table 1 shows that under field conditions, seasonally frozen silt 
with 60 to 80 percent moisture content by weight hnd t,he gratest 
bond with wood piles (Meister and Mel'nikov, 1940). 

Texture of the g~wr.nd.-Fine-grained sediments (clay, silt, and 
fine sand) have grenter tangential adfreezing st.mngth than coarm- 
grdned muterial (coarse sand, and gravel). According to Muller 
(1945, p. 50-51) and table 4 nncl %re 37 of this report, frozen fine 
sand and silt %re the sediments that have the greatest bond wit11 
mood. Clay hrts less bond than silt or fine sand. Meister and .MelYnikov 

M M a I  

Fresh-met ice,- 

Saltwater ioe- - - 

, 
Organic ailt-  --,, 
Muck (peat and 

sll t ) .  
Fine sand -------  
Silt and organic 

matter.' 
Silt I -  - --------- 

Dmatlon and temperatam o!lPenlnf 

~- 
47 hours at - 2soC, 45 hours st 

-5°C 
48 houra at - 25'C, 12  hour^ at 
- 8°C 

24 hours at -30°C, 30 h o w  at - 5OC 
24 hours at -20°C, 24 hours at 

-8°C 
84 hours at - 6" C 
36 hours at - 6'C, 12 houm st - 20°C 
76 houm at -6°C 
16 h a u r ~  at -20r"C, 4 hours at 
- 5OC 

26 houa at - 3s06,48 h u m  at 
-8°C 

28 ho~rrs at -40°C, 31 housa at 
-8°C 

4% houra at -20°C 
18 hours at -2WC 
56 hoi~rs at -2' to -7% 

Nl hoursat - 2 * h  -T"C 
78 hours at -2' to -7'C 

26 houm at - 3S0C, 21 hours at 
-PC 

Tm~eutl~d sdfw&nn 

Ikpwin* -- 
I70 

142 

141 

12.5 

Rg 
115 

204 
02 

27 

17 

31 
88 

14 1 

84 
107 

176 

strength 
turn lJt~r 
test fPC) 

k ~ p r e m ?  

12 

10 

D 

8 
-6 8 

- 5  

- 5  

-4 

-20 
-4  
-8  

-7 
-7 

- 10 

6 

2 

1 

2 
6 
10 

6 
8 

12 
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F~euate 81,-Tangwtlal a d i m  at-ngth between w d  rod frrwen sedlmentm or 
dtffemnt texture. Numbers refer to Qpe of g r o ~ ~ n d  given In text. After Tsytnvich and 
Rtimgln, 1937, from Nuller. 1945, p. 60. 

(1940, tms l~ t ion  p. 3) stah that t h ~  tangential adfreezing stren@h 
of wood to sand is greater than that of wood to silt under npproxi- 
rnately identical tempratureg notwithstnnding the fact tlmt the silt 
llas a larger ice content (table 1). Thay also det ,emine (trnmlntion 
p. 9 )  that under field conditionx the tangential adfreezing strengths 
are virtua?ly the same for concrete to sand and concrete ta silt when 
kmpemtures are the same, but the ice content is about 50 percent 
higher in the silt. If anoisttlre content Irere identicd, sandy soil 
would have the greater adfreezing strength. 

TypeOIIRorrnd 

1. Clay--- , --- , ---------------  
2. Sand, fine - - - . - - - - - - + - + + - - - - -  

3. Sand, mcdlum ......,..,.-- .. 38L 09 
4. Sand, coar~c to fine .-.,.----- 21. 7 308.57 
B. S~nr l ,  coarse ..-....-.-,,+,,__ 19. 1 271.80 
6. Gravel, fine ---- - - -- - - - -- - -- - 5. 0 2. 6 36.97 
7 .  Gravel ---.----------------- 12.79 
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TABLE 4.--T~angenMaI adjreeaing strength between diferent l y p m  of frown ground 
and eoaler+alura&d wood 

[From Tsytovich md Snmyin (lmn, a m  Mdlw (1845). p. 4sj 

Type of gmmd 
Temper* 

ture 
( O C )  

Clay- - - -- - - - - - - - - - - - 
Do - - - - - - + - - - - - - -  

Do - - - - , - - - - - - - - - 
Do - - - - _ - - - - - - - - - 
Do - - - - - - - - - - - - - - 

Sand clay -------,--- 60 - - - - - - - - - - - - - - 
Silty, sandy clay 
Sandy clay withlayers 

of ice -----,-------- 
Sandy clay -- - - - - - - - - - 

Do - -- - - - - - - - - - - - 
Sandy, silty clay hav- 
in laycrs of ~ce----. 

san& clay -*-.-++--.. 

Sandy clay having 
layom of sand------  

Silty, sandy clay - - - - - -  
h n d y  clay -------_--. 

Do - - - - - - - - - - - - - - 
Do - - - - - - - - - - - - - - 
Do - - - - - - - - . - - - . 
Do.., - - - - - - - - - - . 
I > Q - - - - + ~ - - " - - " " -  
Do-"- -,- --- ---- - 
Do - - - - - - - - - - - - - - 
Do--" --- - - -  ---- - 
Do - , - - _ - _ .. - - - _ 

Sand clay, mimeear~s L_--"__-" . .. 

Sandy olay - - - - - - -_- - -  
DO, - -"_ -~ - -" - - - -  
Do --..----,--,-+- 

Sandy clay, rnicaceou~~ 
Sandy clay - - - - - u - ,  -,- 
Clayey sand and silt-- 

Do - - - - - - - , - - _ - - _ 
Clayey sand ----------  
Silty, clayey sand hav- 

ing layers of ice---- - 
Granitic arkose -------  
Gravel - - - . - - - - - - - - _ - - 

Tansentid 
adfreering strength 

Temperature of the ground,--Temperature of the frozen grourld 
is a very irnportnnt, fnctor in determining the tangentiaI ~ d f e e z i n g  
strength btween frozen sediments rind different surfaces. Figure 38 
sho;s that in silt, for example, drop in temperature from 0" to 
-2°C doubles the tangential adfreezing strength between wet wood 
and the ground. The effect is even greater with clayey sand. Table 
5 demonstrates the change of tangential adfreezing strength with 
drop in temperature. 



- 2 -4 -6 - 8  -10-12 44-I6 -10 -m-Z?-e) 
C L A Y  

CLAYEY SAND 
TEMPERATURE, 

- 
-2  -4 -6 4 -40-12-14 -1848-00-PT-24 

ICE 
IN DEGREES CEMTIGRAOE 

FIGCRE 38.-Effect of  temperature on the tnngentlal ndireedng strength h t w e ~ n  wet 
mood snd clay, sllt. cllrypy nond, and Ice. After T~ytovich and Bumgn, 1837, from 
Muller, 1845, p. 61. 

Moister md M~l'nikov (1954, fip. 8-11) sl-~ow that as the hmpera- 
tvre decrenses the tnngentinl ndf reezing strength increases greatly 
(table 1 of this report,). Therefnre, the temperature of the seasonal 
frost is very importnnt in the devcloprnent of the grip that frozen 
sediment has on piles. As the ternpcrntar~ of the seasonkl frost 
changes with air tempernture during the winter, the grip of the. 
sediment on the piles incr~n~es  or derre,ns~s nrcodingly. , 

N~tzcre  of the pi7e szirf{rce,--The l~and bPt ween the surface of the 
pile and the frozen ground depeilds partly on the nature of this 
surface. The surface may 138 wood, metnl, stone, or concrete, and 
may be rough or smooth. Conrincir~g qunntitntive data am lacking 
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1 Wood was placsd in water in a5r4ly condltiw. 
Oraln slee: 38 p-t <0.0(15 mm; rno-e mtmt o f m d  u h t  m+hdf of atoratlw. 
Omin ire:  65 percent 1 to 0.m mm 8 *pmt 0.m mm. 

4 Qraltl size: 14 pprwnt <0.11(15: i n c l u h ~  1% ppe-t orpmlcmatter. 

Matertal 

-ncerning the relative ralne of the tangential adfreezing strength 
of one ow?r the other. Hvl~er-er, die smoother the surface of the pile, 
the less will be the adfreezing strength. Also, if a pile mere placed 
wit11 the small end up, the adfreezing strengtll might be l s s  than if 
the pile were placed with the butt. end up. 

The tengential adfre~zing strength betn-een the surface of a 
pile and seasonally frozen pound reaclles its maximum in ice-satmu- 
rnted h e  sand and n little less than its rnxximum in silt. The colder 
the grt~uncl, t11e gr~nter  the nrifreezing strength. Laboratory tests 
indimti! tn~lgentinl nclfreezing strengths of lpss than 14.2 po~~nds per 
squnre inch -to more than 38:3.4 p o ~ ~ n d s  per square inch. In actual 
field tests the tnngenrinl ar l f r~~z ing  strengths are less than this, 
nnping from less thxn 14.2 ponnils p r  square inch to approximately 
148.2 potznds per qunm inch. 

T~rnpcrstllm (*C) 
Moisture 
(r!mtvnt 

h y  welal~t) 

Ice and smooth-surface wood 1.. - - - 

Ice and smooth concrete.., ,,- - -  -.. 
Clay and water-saturated wood 9- -  

Silt and water-satumted wood 4- -- - 

- -------  
....,.+,+ 

- - - - - - - -  .., ...., 
-- - - - - - -  .-, . . . . . 

27. 1 
26.4 
28. 4 
2R 4 
23. 8 

12. I 
13.0 
10. 1 
1 4 . 8  
12.9 

- I  
- 5  
-7 

-10 
-20 

- 5  to - 10 -. 2 
- 1 . 5  

Tmumtid ~ ~ 1 n p  
strenpth 

Ire per cmn --- 
5 . 0  
6.2 

11.6 
I87 
22.0 

S 8 
2. (3 
s n 

11. 1 
1% (i 
2f 4 

1. a 
7. 0 

11. 0 
10.fi 
20.8 

! -5. 8 

Ib pe% perid 

71 
88 

185 
195 
:3 1 :< 
l a 9  

4 1 
8-1 

1,;s 
2fi5 
4 18 

1 R 
Iflo 
164i 
2;!r 
296 

Clayey a n d  and water-aatnrated 
 WOO^ 3 _-_-- --- ---- -- - -- - - - - - - - 

-10. g 
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OTREB UPWARD POECEB 

In addition to frost heaving it has been suggested thrrt. k-- 
formation of nufeis lifts piling. The formation of overflow ice, or 
sbufeis, nrol~nd the piling of rt bridge does not erentc nny lift force 
in itself. However, moving water under hydmtntic premre is 
commonly confined between the ice and the prolrnd or between the 
s n c c e s ~ i v d ~  fomd ice Ia~~rn, and creates nn upwnrtl force. If the 
ice hns a firm grip on the piIe and if  the ice is pushed upward the 
piIe also will h prrsl~ed u p ~ a r d .  This lifting forcc i s  irnport,mt on 
piles at the edges of nortltern lakes and seas (Lofqnist,, 1044). 

Afthoaph there may k a slight upwnrd force exerted on the 
pile in this rnnnner, the writers do not h l i e v ~  such n force is 
irnportnnr Iw?mtlw (1) piles nre heaved extensively rvl~ether n n f ~ i s  
js  present or not, (2) the trtngentinl adfreezing strength of ice on 
the pile would IM le,ss thxil that of frozen silt with high moisture 
content, and (3) piles in gravel are not heaved ~ppreriably even 
tl~ough considerable nufcis forms around the piles. 

FACTORR A-a WWTWIlffD FORCE 

Two main factors that oppose the upward form of frost heaving 
on piling are the weight of the pile plus its lond and the grip of the 
nonseasonally frozen ground on the pile. The latter may be either 
the skin friction of unfrozen ground or the. tnngentirt-1 ~dfreexing 
strength between permafrost nnd the pile m~rface. 

WEIORT A#D LObn OF PILE 

Tha weight of a pila rtlone, especinlly w d ,  is negligible when 
eonsidering the nprnrd force t hn t  results from frost heiving of 
gronnd that is adfrozen to the pile. A wood pile commonly mi~t.1~ 
less than 1,000 pounds. The load of a pile may be enough to mist 
elevation by frost heaving, especially in areas where the wsonal 
frost. layer is thin and t,he rnoisti~re content low. Trow (1955) states 
that near Toronto, Canada, engineers h ~ v e  had some success using. 
incraased loads to ~1~ercome frost heaving on concrete posts. How- 
ever, in Alaska, wood piles sllpporting small bridw or frame build- 
ings commonly have n lond of JPSS 131nn 8 tons, and frost heaving 
elevntes these piles under circnmstnnces of fa~orable ground texture 
and moisture. When n pile is heaved it relieves adjacent piles of 
some or all of their load and, in tnm, incremw the load on the 
lleaved pile. This could sligl~tlp modify the time and amount of 
frost heaving in areas whpre the seasonal frost is thin and the 
moisture content low. 

aBXP OF G R O m  EELOW THE 8EASOHdLLY F R O Z E a  LAYER 

Skin f m k h  of ?4ri frozen g~mnd.-In tarnperate latitudes and in 
many ~rex4 in tlie mhrctic, the main force resisting the upward 
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force having on ~ i I i n g  is the friction or grip of the unfrozen 
ground on that part of the pile that extends benenth the aerlsonalfy 
frozen gm~znd (active lnyer). According to Terzaghi and Peck 
(1948, p. 4631, the ultimate rdue af skin frnction on piling em- 
bedded in cohesi~re mils is 200 to 600 pounds per ~ u s m  foot of 
contact area for soft clay and silt, 400 to 6,000 puntls per squnre 
foot for sandy silt, and 800 to 2,000 pounds per square foot for 
stiff clay. 

Similar quantitative data are scarce in Alaska; however, a ferv 
pile-extraction tests mre made at Fairbanks by the Corps of Engi- 
neers, U.S. &my (Linell, 1969, p. 8233). The unit tangential shear 
stres.9 between unfrozen siIt and piles of wood and steel mns 1.5 ta 
5.6 pounds per q n n r e  inch. These piles were emlledded in unfrozen 
organic silt (fig. 339) of the same type and moisture content bllnt 
exists in Goldstream Valley (pl. 43). 

DIAMETER, fN MtLLlMETERS 

Frsnnm 3~.-Canalat l~freqo@nc~ curves of wilt f m m  near Faltbanks, dlaalrn. 

A comparison between the tttlngential adfreezing strength of t lie 
active Iayer (tables 1-5) and the skin friction of the rrnfrozcn p u n d  
reveals that the - ~ p  on the pile by the frozen ground is much 
stronger thau that of the unfrozen g~otmd-stbout 10 or 50 times 

r1548flO 0 - 6 6 5  



greater. It m0111d be diffcrllt to instdl piles in the unfrozen ground 
with enonph sarfnre nmn t o  resist a 1 c d 1 1 1 l p  by skin friction alone, 
the upmnrd force remlting from frost heaving 0.6 pound that is 
dfmzen to the pile. This mould be especinllp difficult in maid, h e -  
grninerl wdi ments under wry cold temperaturn. 

T~~gentdrr7 n d f ~ t ? ~ ~ i n g  strength of parna.fm~t.-The grip of p r -  
rnnfrost. on the pile is the tnngential adfreezing strenfl11 h t w ~ n  
the pile nnd the perennially frozen pound. This  rip of pm~fmt, 
is tha p a t e s t  force mmbxt,inp the up\~nrd force. 
To the writer*;' knowledge the only systemtttic study to deternine 

the, trmpntinl adfreezing strength of permafrmt on piles is the work 
l i n g  done by the Arctic Construction nnd Frmt Effects 1,aborn- 
t o y ,  Corps of Engineers, 'l7.S. Army, rtt their pmnfrost  mse.nrch 
station (pl. 43) near Fnirbnnks (Corps of Engineers, 19548; T~inell, 
19.59; Kitze, 1980). One vnlue of tnngentinl adfreezing strength 
h t w n  permafrost and steeI piling st Normnn Wells, flo~t~hwest 
Territory, Canada, is given by Hemstock (1949, p. 591, 

At the 7J.S. h p  permnfrmt resenrch stntion, wood, concrete, 
steel pipe, md steel. T-beam piles were installed in 1952 and 1953 
in perennially frozen silt thnt rmntnins rr vnrinhle amount of organic 
matter. The silt deposit. (pl. 43)  is widespread in lowlands of the 
Fairbanks area (P4rr6, 1958) ~ n d  is the snme formation that exists 
in Goldstream Valley (pl. 43). TIIF! silt is well sorted and contains 
little clay (fig. 331)). The moisture content of the permafrost in this 
formation hns been mqmPt,~d by Fbw& (19RR) nncl by the Corps of 
Engineers (Linell, 1959). At, t h ~  pile-test site of the permafrost 
research stntion the r n n i ~ t l ~ r ~  content by dry weight mnps froa 
nbnut 40 to 60 percent, except for the organic layers which have R 

moisture content of na much ns 180 percent (Linell, 1959, jig. 8) .  , 

In this formntrion the temperature of the permnlrost below depths 
affected by wnsonal vnrintion is hetween -1.0" and -0.5"C (fig. 401, 
ns determined both by the C a r p  of Engineem at the sjte and by the 
V.S. Geological Stlrvey elsewhere in the nren (pl. 45). 
T h e  piles were installed by varioua methods at the research station. 

Some were pl~md in hole2 that were steam-thnwed into pennafrmt, 
nnci others were driven into the permafrost. Some piles vem plnwd 
in hol~q drilled asing water and others in holes drilled dry. The 
space bettween the mnll of Ithe drilled hoIe and the pile was filled with 
R. silt-water slurry. 

After Rn interval of time mn,&g from 15 days kto mare than 2 
yenrs, wverd of the piles were eskmcted ~ n d  the tanpnt,iaI adfreez- 
ing strength determined. Bath the ultimnte tangentiat ~dfreezing 
&ren&,h-the point at which the. pile, bond, or extr~ct,ing machine 
failed-and the p l d i c  flow tangential adfreezing stren~t~h were 



M~lepost 459.75. Alaska R e i l d  

TEMPERAWRE, IN DEGREES CENTIGRADE 

FIGURE 40.-Thermal profiIe5 o f  permatrout near fair bank^, A h e h .  

determined for various piles (Corps of Engineers, 1054a, table 1; 
Linell, 1959). It is known that piles will be displaced at a lower 
tangential ~dfreezing strength between permafrost and the pile if 
the upward pressure is applied steadily over a long period. This 
plastic flow is important because the upward push of frost action 



and the applied structure load are fomes acting over a long, rather 
than a short duration, such m wind-lod uplift (Gnell, 1959, p. 27). 

The Corps of Engineers, U.S. Army (Wnell, 1059) show that, until 
1956, the ~~lt imate  tangential adfreezing strength between piles and 
permafrost ranged from 13.0 to 31.8 pounds p r  qaam inch for 
piling emplaced in drilled h o l ~ .  Average stress is 22.5 p m d s  per 
square inch for concrete piles, 27.1 for steel-pipe piles, and 28.4 for 
steal I-beams. Wooden piles, failed in tension (above the grormd) 
~t a st= equivalent to nn adfreezing strength of more than 21 
pounds per square inch before the bond between the pile md the 
parmafrost wns broken (Corps of Engineers, 1954a, table 1). 

The driven ~teel-pipe piles wew embedded in permafrost only 
a few  day^ before extrmtion, and perhaps maxhum tangential 
adfreezing strength wtrs not obtained. The ultimate trmpntial ad- 
freezing strength recorded avempd 23.2 pounds per squ~re inch 
(Linell, 1969, p. 33). 

These particular valnes differ slight,ly from those given by Line11 
(1955) and is a modification bmed on later work. The studies by the 
Corps af Engineers of tangential adfreezing strength between piles 
and frozen ground are not yet completed and are subject to 
modification. 

The ultimate tangential adfreezing strength between permafrost 
and a steel pipe t h ~ t  was in the pound for 4 weeks wag determined 
by Hemstock (1949, p. 59) at Norman Wells, by extractiron test, to 
be 78 pounds per quare inch. T h e  temperature of the permafrost 
at Korman Wells is -2.0°C at a depth of 10 to 20 feet. 

I f  s comparison of the ultimate tangential adfreezing strength 
between permafrost and piles is made with that between sekqonally 
frozen ground and piles, i t  is noted that, based on field data, the 
tangential adfreezing strength of seasonnlly frozen p u n d  (3&55 
pounds per squaw inch, from table 1) is slightly p n t e r  than that 
of permafrost (13.0-31.3 punds p r  square inch, avrding to Linell, 
1959, p: 32) when ternpmtures of the two types of frozen p u n d  
are similar (between 0" and 1.S0C). These diffemnces probably are 
not significant. Laboratory determinations of ultimate tangential ad- 
h b n g  strengths result in figures greater than those of masonally 
and perennially frozen p u n d  field- tests st the same tempernturns. 
It is difficult to meaningfully compare laboratory deteminatiom 
with values obtained in fieId tests, because of diffemnt methods 
of f k i n g  and other factors which must he nnnlyzed. 

The a b m  review implies that the b n d  between permahst and 
piles is of such a mapibude that. the grip of p e r m x h t  can suc- 
cmfully counteract the effect, of frost action on piling if the full 
tangential adfreezing strength of permafrost is attained over a large; 
enough surface a m .  
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Forces tending to djsplace or to prevent displacement of a pile 
can best be visualized by a d i n p m  (fig. 35). The force pushing 
upward is tsansmittd to the pile tIzrough the tangential adfreezing 
bond. Regardl~ss af the force that may be exerted by the upwnrd 
moving of the ground, the amount that may be utili~xd to henve 
the pile is .limited to that which can be transmitted ta the pile 
t hrougll the adf mezing bond. Therefore the tangential adf mezing 
~trengt11 (T,) between tho serttlanally frozen ground and the pile 
over n distance ( h , )  of n pile with n perimeter {P) is considered 
to be the maximum upward force ~v~ilrtble to heave the pile, evon 
though the totnl upward force of the fmmn ground as it heaves 
may 118 much more, or less. The trtngentinl adfreezing strengL11 varies 
with changes in temperature, text~~re, nnd moisture content of the 
,mund, 

The forces tending to hold the pile in place are the weight (IV) 
of the pile, the load { L )  on the pile, the force exerted through the 
skin-friction bond (ak) between the pile and tho u n f m n  gronnd 
over a length (&) of a pile with perimeter (P), and the force 
exerted through the adfreezing bond. This form can have a maxi- 
mum value q u n l  to t h ~ !  tanpntixl adfreazing strength ( Tz) between 
the pile and t I ~ e  permafrost over a pile len& ( h a )  of a pile of p r i m -  
uur (P). Here, too, the tnnpntial ~ d f m i n g  strength depends 
on IcrcilT properties of the ground. 

The above parameters can be wed to estimate the forces involved 
in frost heaving of piling. The maximum avniI~ble upward force 
would be- 

UF=h,x PXT,. 
Tho rnnximurn available donnwnrd force mould be- 

.DP=WPP+L+ ( h 2 x P x s k )  + ( h r X P X T z ) .  
A pile will net h elevated if the mnximum force tending to bold 

the pile down ( D F )  is p n t e r  than the maximum upward force 
that is the m l t  of frost heaving of gmund that is xdfwlen to 
the pile ( U F )  . 

An anaIysis of t,he magnitude of fo& acting on piles permits an 
understanding as to trlq mnny piles in centml Alnska nro not frost 
heaved until January or F~hmnry instead of October or November. 
In some years the piles wme puslrd up in December. 

Tf  seasonal frost penetmtion in moist silt in central Alaska is 
nmnmd to progress ns listed in n l~ypothetical example in table 6, 
t he11 tlie upmrd puslt on n pile wit11 n 40-inch perimeter wo111d 
increase nccorilingly. Tlie tanpntinl adfreezing strength between the 
mojat silt nnd the ~'~'ood pile is l ~ s s ~ ~ m e d  to be 45 pounds per square 
inch. 



Therefore, if conditions for intensive frost heaving wra  p m n t  
(much ground-ice segregation), the pile will begin to be ~ h w d  
upward at that particular time of the winter when the upw~rd 
form becomes p a t a r  than the downward form. 

TABLQ 6.-Hypothetical tzam Is aj germsoseal rost pmstrdian i n b  in central 
Almko and possible %rpwan?parsh an 4h.m~ -perrmeler pile (gropmd hperofure 
co~stranl) 

-It 

A careful consideration of the phenomenon of increased upward 
push on piles as the winter progresses, however, reveals that perhaps 
the maximum upward force is not a straight-Iine relation with the 
depth of frost penetration, as suggested in tabla 6. Field observa- 
tions In Russia (Tivarovsky and Momzov, 1941 ; translation p. 45) 
show that the upper part of the seasonal frost layer does not remain 
f mxen to the pile when the f mt penetratm deeper into the ground. 
In fact it is sugg~ted that only BO to 75 percent of the active 
layer is frozen tu the pile where the seasonal frmt layer is 6 feet 
thick. If some of the upper part of the settmnal frost loses its grip 
as the lower part is extending its grip, the upward push in March 
and Apd,  for example, is less than that s u g ~  in table 6, and 
perhaps is not much more than the upwad fome active in February. 
It is not known why the uppr  part of the seasonal frost would lose 
its grip. Perhaps it is clue to the contract,ion of the frozen ground 
as the upper layers become intensely cold nnd therefore m l d  pull 
away from the pile. The uppr  part of the seamnal frost may have 
lost its grip on the pile early in the winter when the p u n d  is ris- 
ing, but the adfreezing bond is not strong enough to raise the pila. 
Perhaps the upper part does not recement. 

A varidon from the straight-line relationship suggested in table 
6 could be caused by a reduction of the grip of permafrost on the 
lower end of the pile. As the pile is shoved upward during the 
minter, less and less of the pile is embedded in permafrost, and the 
total resistance to the upmad force is reduced. 

As the ground begins to warm from above in late winter and 
early spring, the tangential adfreezing strengtlx becomeg much less 
and the maximum upward push decreases. The maximum push 

Data 

Nov. 1 
Dec, 1--,-----------,------------------+,- 
Jan. I--,---------------------,-----------+----- 
Feb. I , - - - - - - - - - , - - - - - - - - , - - - - - - - - - - - - - - - - - - - - - -  
Mar. I , - - - - - - - - , - - - , - - - - - , - - - - - - - - - - - - - - - - - - - - -  
Apr. l-----------,,-,,----------,-----+----+--- 

Depth 01 frost 
penetration 

(lo~t) 

1 
1% 
2 
3 
4 
4% 

MBldmum fom 
pushlnn u p d  

(pounds) 

21,600 
32,400 
43,200 
64,800 
86,400 
97,200 



cnuld also decrease st m y  time in the winter if the ground became 
warmer. To the writers' knowledge there am no quantitative data 
published illustrating the continuous variation of maximum upward 
f o m  on piles throughout fi winter. Such data wmld permit B more 
accurate assessment of the problems of the frost-heaving force 
acting on piles. 

FROST REAVXNQ OF BRIDGE: PILING O F  THE ALAgKA 
RAILROAD NEAR FAIRBANKS 

h 1914 the U.S. Congress nuthorkd the construction of a railrond 
from the Pacific Coast of Alaska to the navigable waters of the 
interior of the Territory (Alaska Engineering Commission, 1916, 
p. 9). Construction started in 1915 at Anchorage and the Tine TW 

extended in two directions: soutlz toward Seward and north t o w ~ r d  
Nenana on the Tanana River (fig. 32). In 1916 ~onst~ruction s t ~ r t d  
at Nenana and t h ~  line was extended south toward Anchorage and 
north toward Fairhnks (Capps, 1940: p. 13). Tha Alaska R ~ i l m d  
was completed in 1993 and is owned and operated by the P3.S. 
Government, 

Three linea were cor~sidered as possible routes from Nenana to 
Fairbanks (Alaska Engineering Commission, 1916, p. 59-60; rnRp 
€3) : (1) thmngh the silt-filled Goldstream Valley, (2) along the 
north side of the Tananrt Rirer near the base of the unfrozen south- 
ward-facing bedrock slopes, and (3) along the south side of the 
Tanana River. 

The Goldstmm Valley mute was chosen where poor ddnage. 
and perennially frozen silt with large ground-ice m a w s  have caused 
many engineering-geology problems that btre concerned with both 
permafrost and se~sonnl frost. Jlnfntenance of this section of the 
track is difficult, and one of the serious problems is frost heaving 
of bridge piling. 

Many small pile-alpported b r i d e  were built in Goldstream 
Valley during 1917. Permnf rost necessitated different construction 
methcds than thow used in temperate latitudes. IToles for the wood 
piles were steam thawed in permnfmt to  the total depth that the 
pile was to penetrate; then thn pile was driven. 

The rigorous climate ~ I L I F I  poorly drained fine-pined d i m e n t  
permits frost heaving of piling every year on many of the mood-pile 
bridges. Many bridges fire thrown out af line and the elevation of 
the track is seriously distnrbed. In short, the bridge humps that 
forin are sometimes sllnrp enough to uncouple the cars of trains 
pming over the bridge at moderate to high s p d a .  Reduction of 
speed to avoid llncouplfng of cars or shifting of cargo is necessary. 



CLXMATE 

A United Statm Wenther Burrsat1 station wns estddished at the 
U.S. Department of Agricul tu rn experiment station near Fairbanks 
in 1904, and its mords  represent climatic conditions on the south- 
ward-facing permafrost.-free slopes. Since 1929, when the Weather 
Bureau station wns moved to Fnirl~nnks, the records represent condi- 
tions on the flood plains of the Tnnnna and C h e n ~  Rivers. 
The Fairbanks aren hns n oontinentnl climate, characterized by sn 

extreme range between summer nnd winter temperature (fig. 41). 
The absolute minimum recorded remperrttnre is -66°F; the abso- 

Iute maximum is 99°F. The mean nnnunl number of drays with 
freezing temperature is 233, and freezing temperatures have been 
reported during every month except JllFy (1i.S. Wenther Rurenu, 
1843). 

The mean annual temperature is not the h t .  mensure of the 
duration and intensity of cold. Perlmps IE btter m e f h d  to clnssify 
the intensity is by the use of the f w z i n g  index. The freezing index 
is the number of ile,pe days dnring R freezing ~mqsn. The degree 
d ~ y s  for any one d ~ y  qunl  the diff~renca hPtween the average daily 
nir temperature and 32°F. 

The mean air freezing index at Fairhnka, based on a 46-year 
record of air temperrttures, is 5@0 degree days (CarImn, 1952, p. 
218). This rnerrsnre of sertsonal cold intensity for Anchorage, 
Aln~ka, is 3,000 d e p x  days, and for Barrow, Alaska, 8,500 degree 
days. In contrmt to hl~ska ,  the mean freezing index at Minneapolis, 
hfinn., is 1,560 degree days ~ n d  at Rurlington, Vt., 1,260 degree dnys 
(T,ine11, 1953, p. 22). 

The wind repimen in eentml Alaska is generally composed of B 

long relatively c ~ l m  winter p,riod from September to Mny and a 
short slightly windy summer period from June t,o Augnst. A 10- 
yenr record a t  Fairbanks (US. Weither Bureau, 1943) indieam 
that the prevailing surfnce-wind direction for winter is north to 
northeast,, nnd the summer direction is south to southwet,, T h e  
average wind velocity in winter is about 3.5 to 4 miles per hour, 
and in summer it is about 6 miles per how. The annual mean wind 
velocity at Fairbanks is 4.9 miles per hour. High winds m r  but 
are uncommon ; about one gale is  recorded yearly. The percentap 
of calms for the vinter period j~ 6.8 and f o ~  the summer period, 3.3. 

The mean annual precipitntion i s  11.7 inchm, Thunderstorms m u r  
during the summer, but most of the precipitation during the p w -  
jng season falls in light showers. Sixty-three percent of the annual 
pmcipitntjon is eonrmtmted in the prid AFny throngh Ssptemhr. 

Evapor~tion rates probably nre raletively high in the Fairbanks 
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area during summer, but no quantitative data are availabk Tests 
at ?Torman Wells, North~vest Territory, Canada, reveal that summer 
evapotcanspirnt ion rates are high (Sanderson, 1950). Norman Wells, 
at the same lrtt,itude as Fairbanks, hns a similar summer climate. 



P g P 8 I O G R A P a P  AND GEOLOGT 

Fairbanks, about 100 miles south of the Amtic Circle, is on the 
north side of the broad Tanana Rirer valley at t,ha base of the 
hills constituting p ~ r t  of the Yukon-Tanana ~~pland,  an B I L S ~ , ' C P R ~ -  

trending upland &ween t,he Yukon and Tanana Rivers. The upland 
is rr maturely dissected awn of accordnnt rounded ridges 2POO to 
8,000 feet in dtitude. Scattered discontinuous groups of higher rnmln- 
trrins project, above the upland ridges to altitudes of 5,000 t;o 
6,000 feet,. The uplnnd is part of. a large area of rolling country in 
central Alaska between the Brooks nnd d l ~ s k n  Ranges. 

The rounded ridges of the upland near Fairbanks h ~ v e  summits 
at 1,250 t o  1,800 feet above sea leveI. h e a l  relief ranges from 
600 to 1,800 feet. The bedrock is chiefly schist, but it includes local 
masses of basalt, quartz diorite, and granite. Loess, windblown silt 
(P8w6, 195k), ranging in t.kickness from a few feet on surnrnit,~l 
to more than 100 feet on middle slopes, blankets the ridges (P4uq6, 
1955). The valleys are filled wit11 10 to 100 feet of g m ~ e l  overlain 
by 10 to 300 feet of ~l1uviaI silt. 

South of the Yukon-Tanana upland lies t,hhe wide Tanann Iomland, 
n sediment-filled trough 'between the upland on the north nnd the 
towering Alaska Range on the south. H u e  alluvial fans extend 
northward from altitl~des of nbout 1,000 feet at  the foot of the 
mountains to altitudes of a h a t  450 feet at Fairbanks. 

Central Alaska has not been glaciated, except in smdE local rnoun- 
tnin masses, but glaciers from the Brooks Range on the north, the 
Alaska Range on the south, and the Yukon Plateau (Restock, 19-2.8, 
map 922d) on the east almost snmmded  the interior of hlnska 
during times of glacial m i m a .  Glnciers from the Alnskn Range 
probably approached within 50 miles of the Fairbanks are% (Capps, 
1932, p. 1-8, pl. 1; Pew&, 1952, p. 1289, PiwtrF and others, 195X). 
During the glacial admnces, the heady loaded rivers deposited 
several hundred feet of sand ~ n d  gmrel in the Tanttntna and Yukon 
valleys. Aggmlation of the trunk valleys mised bma level ~ n d  caused 
tributaries from the unglaciated Yukon-Tanana. upland to a g p d e  
their lower vaIIeys, More than 3M feet of sediment wrrs deposited 
in creek valleys of the upland in the vicinity of Fnirbmka 

Despite t,he small rainfall, the Fnirbanks area has ah~mdrtnt lnkes, 
swamps, and marshes. Except on hilltops, s t ~ p  slopes, rtnd culti- 
vated land, the ground is met almost eveywhere during early snd 
middle summer wnd sometimes throughorlt, the summer. Drainnge is 
paor because underlying permafrost often prevents doamwnrd per- 
colation of water. A luxuriant spongy mat of low vegetation, con- 
sisting of mosses and sedges or smnll shrubs, restricts surfnce-water 
movement and acts as a reservoir. Summer thawing of the seasonally 
frozen ground releases additional water. 
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T l ~ e  sediments of the flood plain in the Fairbanks area (pl. 43) 
consist of beds and lenticul~r lnyers of silt, sand, and grat~el. 
Micncmus sandy silt covers the surface to a depth of 1 to 15 feet. 
Sandy gravel in proportiol~s of n b u t  40 percent sand and 60 per- 
cent grnvel comprises a layer of varinble thickness immediatety under 
the silt. Cobbles about 3 inches in diameter are commonly the lnrgest 
in the p v ~ l .  Alternating lenses or l ~ c l s  of silt, sand, nnd p v d  
u.r@ f o n d  to a depth of 364 feet., the deepest mell record availrtble. 
Geophysic~l ~ ~ n r k  indicates that these sediments contii~ue t,o a depth 
of about $00 feet (P6~6,1958). 
The gently sloping area betweeri the; llills nnd the flood plain i s  

composed of nllur+al fans and lowlands oi well-sorted eolian silt 
that hns h n  retrnnsported frorrl tho 11ills (Qsu on pl. 43). The 
~pices of the hrond ge~itly sloping conlewent ~ H n v i a l  silt fitils 

extend me11 into the n~lancl  ~ ~ ~ l l e y s ,  in somR p l ~ c e s  almost reaching 
the crests of tho hills. 'l'b~ Ion-er parts of thc alluvixl fans coalesct: 
to form silt aprons nrolznil the Ilills. In acldition to the silt f u ~ s  
there are small lowlnnds of organic silt (muck) rind pent, the largest 
of which extends frcnn tlle toe of the fans to dle flood plain and lies 
just north of Ester Rontl (pl. 48). 
Tn the vxl;leps of the upland creeks, s ~ ~ c h  as3 thp. Goldst ream Creek 

'CTaEley (pl. 43), the nllnvinl-fin deposits of silt extend from opposite 
hill slopes and ranlesce, flooring the narrow valley bottom with 
silt that is 15 to 190 feet tllirk (fig. 49). The silt is grtty to hrown. 
mell sorted ( fig. 43) , and colltni~is orgnnic matter in thin h d s  and 
lenws, comminuted particles, *n(l l t ~ * n F  p a t  find forest beds. The 
silt i s  untlr,rluin by II layer of n11g111:lr to sl~bxnp~lar gold-lanring 
gmvcl, 5 to 100 fwt thirk, \vllicla lies on k l r o r k .  Some of the silt 
flanking the hills extends otlt~c-nnl i t 1  R fttn, the lower pnrt of whicll 
overlies Aod-plain ~Hnriam. 

PER.UAFROST TA THE3 F A I B B A N R B  kRBA 

Permafrost is n widespread phrnomonon in tlre northern part of 
Xorth Arnerirn nntl Asis; it is estirnatml to andcrl i~  one-fifth of tlit. 

land s~~rfact? of the world (Mullcr, 1945, p. 1). The term upermn- 
frost" wns originl~lly coiilstl by Jlllller ( 1043) for x sl~orter ant1 
more c o a ~ ~ ~ n i e n t  tbxp~-cgqio~~ of the phrnsc, "prrnnnently f roxeli 
ground." The term "permnfmt" i s  now- well estal~l ished ; however, 
n more accurate nnd r*ommnnly desi~wated synony nl is, "p~,reminllg 
frown ground." Tlie lltrtl for this more ncccurnte, term was realiwd 
by 3T~m7.1~~ (10:37), Enlt it rlid not mme into wiclesprend use until 
nftor Taller (1943b) pnhlisllp.tI his mol~ogruph on f roxen ground in 
Alnskrt. 

Permafrost is pres~nf tliro~~,ujil~out most of -4lnska but is more 
\i-icIesprcatl and extends to gwnicr d~pt l l s  in the north than in the 
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south. Alaska cRn tw divicletl nrbitrnrily into three generalizer1 
permafrost zones-the cant iaaom, rliwicontinuous, and sporadic p r -  
mafrost zones {fig. $2). 111 the continuous zone of the north, pmn- 
frost is present nearly everywhere and extends to a depth of about 
1,000 feet or more ( nrerrer, 1958. p. 19-26). In this are.& the tsmp~r-  
ature of permnfmst at t i  clepth of 50 to 75 feet is Icw than -5"C, 
From 50 to 75 feet is the maximum depth to which appreciable 
annual tempernturn f l l ~ c t ~ ~ d i o n s  penetrat~ the ground. Southwnrd 
in the discontinnous p m n f  rost zone of central Alnskn, the thicknes 
of permnfmt decreases, and nonfrozen nreas rtre more and more 
abundant. 3Eere the ternpemtu1-e of the permnfmt nt a depth of 50 
to  $5 feet m ~ g  be between - 0.5" and - li°C. IZrmaf rost cor~ditions nt 
Fairbanks are probably typical of the Riscontim~au~ zone. In the 
spomdic permafrost zone in t.lw sout.11, tile prennially frozen ground 
is confined to loexl areas, and the mean n n ~ ~ t ~ n l  gmund temperature is 
generally above 4 5 ° C .  

Permrtfrost may be encomltered ~ ~ c x r l y  everywllere in the Fair- 
banks nren except beneath hilltops, mtxl~mte to steep southmard- 
facing slopes, and under riven nnd lakes (pl. 43) (P&w& 1954, pl. 
9). The Tanana River floor1 plain is nnderltlin by zones of peren- 
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nially fromn p u n d  interspersed and intarstratified with zonas in 
which the ssdiments nre unfrwm. Large ics masses are lacking. T h e  
gently sloping alluvial fnns (Qsu on pl. 48) that extend from the 
upland to the flood plain, and also fill the creek valley of the 
Yukon-Tanme upland, rtre underlain by wntinuous permafrost 
containing abundant larp ground-ice m a w ,  except under lakes 
where pemsfmt mny be nbsent. In the Fairbanks area the tern- 
pemtnre of permafrost helow the zone of seasonnl fluctr~rrtion is 
about -l°C. 

Pl3lmAmOIIT OF TKE PLOOD PLAm 

Sediments of the ff ood plain of the Chens (pL 43) and Tamaria 
Rivers (2 miles south of rnnp firen) are perennially frozen to a 
rnmimurn known depth of 265 feet but permafrost is not found 
everywhere in a single M y .  The thickness of the frozen layer 
varies widely, and in mnny a m s  permafrost is Imking. Thawed 
areas occur beneath existing or recently abandoned river ch~mels, 
sloughs, or lakes. Elsewhere, layers of frozen smd ptnd silt are 
intercalated with anfmmn Erryers of ,gravel. The p v e l  layera are 
commonly lenslike so that no single unfrozen layer of broad latern1 
extent exists. Unfrozen ~erticnl  zones are connected with unfrozen 
layers to comprise irregular unfrozen passages t,hmghout the 
permafrmt of the flood plain. 

The depth to the top of prmafmt in undisturbed a m s  r a n w  
from 9 or 3 feet, in the older parts of the flood plain to more than 
4 feet on the inside of meandar curves near the rivers. As the river 
meander advances, permafrost forms in the new deposits on the 
slipoff s lop (PBw4, 1947). Fires, clearings, and construction sinlls 
1903 have incrensed the depth to p e m h t  f m  3 to 4 feat to aa 
much as 25 to 40 feet in many places. 

Ice in the perennially fiazen sediments of the flopd plain consists 
of granules and cement htween mineral grains. JAarge ice masses, 
common beneath the coIluviaI slopes, are lacking in sediments of 
the flood plain. This wndition may be due partly to the coamness 
of the flood-plain sediGents, which are less favorable for growth of 
large ice masses than the mellisortd silt of the slopes and cmk- 
valley bottoms. 

%mafrost in the alluvial fans and or,Ranic-silt lowlands probably 
extends unbroken from the flood plain of the Ghena River to the 
hills. Perennially from gmund in the silt fans and lowlands reaches 
a known maximum thickness of 176 feet near the f l d  plain and 
in creek-valley bottoms, but the thickness decreases toward the hills, 
pinching out at the h m  of steep southward-frtcing slopes. Pema- 
frost may extend farther upslope on northward-facing s l o p .  The 



p m n f r o s t  may consist of a few isolated m a l l  bodies where it be- 
cames very thin near the contact with permafrost-free slopes. 

P e r m ~ f m t  lies nt a depth ranging from 2 to 4 feet on the Bower 
dopes and in creek-valley h t h m s  such as Goldstream Valley, and 
nt a depth r~nging from 5 to 20 feet new the contact with the 
permafrost-free s l o b .  Depth to permafrost is f to 3 feet in the 
poorly drained silt and peat, lowlands. 

Permafrost in the fans nnd EomSanda is characterized by large 
masses of ice occurring ns horimntal sheets, vertical or kclined 
sheets, and 11-edp mnging from inch to 10 feet in thickness 
and from f to 100 feet in length nnd width. Tha ice in mme masses 
is clear, but most rnawes contain many silt particles that gipe the 
ice a gray color, Much of the ice is nrrnn-pxl in a polygonal or honey- 
comblike network tlist, encloses silt polygons 10 to 40 feet in diameter. 
The ice mwses lie at, depths of 5 to 25 feet in the fnns and 1% 
to 5 feet in the orgnnic-silt lowl~nd. L~rge masses of ground ice are 
not unique to the Fairbanks area, nnd they have been reported from 
many other localities in Alaska (Kotmbue, 1821, v. 1; Leffmgwell, 
1915, p. 635-864, 1010; Tnh~r, 1943b; Frost, 1950; Black, 1951, p. 
1423-1424; Hopkins, Knrlstrom and others, 1955). 

me boundary btmaen permafrost nnd permafrost-fm areas is 
debmined by plotting ground temperature measumments, well- 
log data, the distrihtion of thermokrmt, ferttures (Pdw$ 1954, p, 
329) in c l m d  fields, and clrnnffes in plant cover. The most accmte 
criterifi for determining this holtndnry are temperature measure- 
ments (fig. 40) and -ell data, which can reliably indicate the 
presence of permafrost althougl~ it may underlie a thawed layer 20 
or 25 feet thick. I;ess reliable indicators for determining the bun-  
dnry are fiermokwst fentures and vegetation (P6w6, 1034, p. 329). 

The boundary between the permafrmt and the permafrost-free 
areas is at a higher altitude on northward-facing s low that rewive 
Pem solar heat than the southward-facing slopes. Permafrost lmally 
reaches to the summit o f .  low-angle northward-facing hillslopes. 
Commonly, however, the contact is near e break in slope, such as 
the contact between erosional and dapositionrtl slops ; where the 
steeper angle of a hillside gives way tn a more gentle slope, drninag~ 
becomes sluggish and the water-saturated gmund is frozen. 

FROBT ACTION IN THE FAIRBANK8 AREA 

An extensive blanket of silt, long periods of freezing, and poor 
rlrninage form ideal conditions for intense seasonal frost action in 

, centr~l Alnaka. Four broad zones of frost-action intensity are present 
in the Frlirb~nks area (I) loess-memd hills, (2) lower hillslops 
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and creek-valley bottoms, (3) organic-silt londands, and (4) flood 
of the C h m  and Tmailn. Rivers (fig. 32 nnd pl. 43). These 

zones coincide with the permafrost, zones in the area. 
Hilltops and steep or moderate soutllwnrd-facing hillslopes are 

not, underlain by permafrost, and drainage is good except locally 
on Bat summits and saddles; tJ~erefore, frost action is absent to 
mild, and damage to engineering structures is rare. Where drainage 
i s  poor, frost action is locally intense. 

The silt, deposits o f  the lower hillslopes and creek-valley bottoms 
n r e  wideplain by an impermeab1e snbstmtum of permafrost, espe- 
cially in valley httoms, nnd drainage is poor. ,4s a result, frost action 
i s  intense in tl~ese fine-grained sedjment,~, and most of the engi- 
neering structures on t11r.se s lops  and valley bottoms (except near 
the contact u~it,l~ the permafrost-free loess) have been damttged. 
Structures damaged are sailroad trrtcks, pile bridges, highways, and 
buildin@, 

The area of mnst intense frost action am the lowland of organic 
~ i l t  between the Farmers Loop Road and Estw Road and two small 
lowland are= in Galdstre~rn Valley (pl. 43). Them poorly drained 
nmRs of organic silt and peat are 11nderEain by continuous permafrost 
and contain few engineering stmcturm. Where the Ester Road 
crosse~ the lowland (pl. 4X), the highway is d n r n ~ p d  by frost action 
nnd thawing of permafrost. 

Tho f lmd plnins of the Cl~enn (PI. 49.3) and Tanma (fig. 32) Rivers 
support most of the engineering structures in the Fairbanks area 
-the city of Fairbanks, the Internxt.ionr\l Airport, and Imdd Air 
Force 13am ( t h ~  Tatter two are outside the limits of pl. 43). The silt 
of the flood p?nin is poorly to fnirlp well drained. Drainage improves 
m1.m the vc~qtntion is remaveil nuti the p rn ln f  rost tnble subsequently 
lomted. h a l l y ,  the flood-plnin silt js p ~ l y  drainer1 and subject to 
intense frost action. 

Many meander scam, swtrles, and intermittent drainage lines 
filled wit,h or ln ic  silt trend sinuously across the flood plnin. These 
deposits are p r l y  drained, and hig111r~ys nnd bnildinp on this 
material have h e n  seriously d~mnged by freezing and thming of 
moisture in the ground. The orfinnip silt is 1 to 30 feet thick, nnd in 
some places it hns been remover1 hfore mnstmction. 

The engineering-geology problems af fmt  heaving of bridge 
piling of The +\lnskn Rxilroncl are economically irnportnnt because 
of tlla mzinten~nm neressnry to (1) maintain tsnck elevntion in 
the minter by tempornv methocls, (2) cormr:t the elavfition in the 
summer by more permnnent methocls, and (3)  replace I~ridge piling 
periodically. 
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Pilea are frost hen\-ed n.-9 murh ns 14 inches per year. To maintain 
tmck elevntion in  the winter rind early s p h g ,  it is n-xq to 
raise the trnck nt either ~ n t l  of the bridge by inserting wdg- 
under the rnils ( T ~ ~ e n t l o r f .  1956, p. 94-95), A s  much RS 6 to 8 
i n d w  of cumulr~tivo shimming is necesxl-y a.djncent to some bridps 
every gertr. 

In t l l ~  summer the former elevntion of tbe track is regdned I J ~  
1'elnovinp the shims nnll reducing the elevntion of the fmst-h~a~etl 
rail. Tho lnttar is nccomplished l)g chopping a few inches from the 
wooden caps or hams or Ily wmoving the c n p  and sawing off the 
top of the fmt-lienvad piles. 

Frost-heaved pile Llridges !nust be replnr~ci more often than n-o~~ld 
Irn neccsqarg tlncl~r condi tiorls of 2 1 0  frost action. If 4 to 14 i f i c l i ~ ~  
of the pile, for exnmple, n1.e. sawed off endl year, the st.ructnre is 
soon w-cnken~d find new piles must be driven. Since each pile is 
heaved n cliflclvnt ilmorrnt, difervntinl stresses axme set np in the 
hridgo wi tli the resnl t  in^ f;ti l urr of cros4br:w and otl~er atmcku~~~l 
mem hrs. 

Tt  is ~stirnnted tlwt it costs $125 per pile to replace the wood 
piles on an nxVe.enIp hridge in Gddstwnm Vsclley (I. 1'. Cook, The 
i%lnska Rnilrnnd, writ ~ P I I  comrnnniration, NOT. 2R, 1956). Frost 
nctio~l IERS elerntccl piles consist~ntly on some bridges, nnd 2 or 3 
sets of old piles at x bridp site is evidence of periodic replacemet~t. 

Adtled to i~lcreased rnnintennnce expnw is the cost of slowing 
down a henrify londcil train kcan* of tr.ack irregt~l~rity prodncr(1 
Iyy n fmst-Ileared bridp.  It is estimated that i t  costs $10 to redric~ 
speed of n TO-cnr fmigl~t trail1 f w n ~  11). to 20 nliles per hour niwl 
then regain tbe origillnl s~wwl (1. P. Cook, The -I?nskn Rnilrand, 
written commm~irnt ion, Soc. :In, 1956). 

The t,llree ~roorl-pile bridps of 'il~ht! Alnskn Railrond 1~11ich mere 
systemnticnlly olmrwd for the efTw,t of fmst lienring an piling rtre 
nt ~nilpporrts 456.7, 458.4, and NiO.4 (pl. %?$. TIIR milepost. nt F n k -  
banks is 470.8. 

These bridps were visited \\-inter n11r1 sr~rnrnpr fmm the minter 
of 1953-54 ~mt i l  tlre amlmer of 1957. The  mit ti on of tile ppmta- 
frost table \\-as dctermin~tl Ly hnntl-nlrgering in early fa11 of 1954 
and 1955 nrld senson:~l frost tllick~lcss \\-as {letermined in 1956 I)y 
use of rr, pox-er auger, 16 i n r l l ~ s  in rlinmcler, provided By The Alnskik 
Railroad. Snrnples of tIw grrrttnrl \\*ere t : tk~r~  from the \v\.alls of the 
nuger holes for detenniilnt in11 of iiiaist~~re mnt~ir t. hloistnre contell t 
mas computed tcs R pewet~ti~p of ZI~P OVCII-dry weigll t of the sample. 
Tliicknesses of silt, grrlvel, ntirl rwnlzaf t-ast IWI'P al jt rtined from pros- 
pect drilling records of the t7.S. Srn~ltillg, Refining & hfining Co. 



The wooden bridge is 43 feet long, supported by 4 bents of piIes, 
rtnd Bpms a small creek that lies in a V-shaped valley 16 feet below 
the eIevation of the track. The creek commonly has only a few 
inches of water and drains southward from the loess-covered slopes 
across gently sloping terrain into Goldstream Creek. 

GEOLOQT OF THE BITE 

A gold-prospect drill hole 700 feet south of the site indicates 
that 23 feet of organic silt overlies 8 feet of creek gravel which, 
in turn, lie8 on bedrock. 

PEEmbFgOST 

Permafrost extends from within 2 feet of the surface down to 
more than 37 feet, the mtal depth of the prospect hole. The base of 
the permafrost was not reached. 

P ~ m f m t ,  is near the surface except in the drainageway; as 
shown in figure 4-4, the permafrost table on Septemhr 217, 1955, was 
about 9 to 10 feet below ground surface at the end of the bridge 
m d  10 feet deep under the creek bed. These determinations indi- 
cated the permafrost table to be within 2 inches of that measured 
an Septembr 29, 1954. 

No d a h  are available concerning the temperature and moiskum 
content of the perennially f r o m  silt at this site; however, a U.S. 
Geological Survey temperature cable, lccatml 360 feet south of the 
rai1r~a.d tract at milepost 459.75, ind ides  that the ternperntum 
of the permafrost at 70 feet was -0.88'C on May 31,1957 (fig. 40). 
Moisture content for similar perennially frozen material near Fair- 
banks (pl. 43) ranges from 40 ta 180 percent by dry weight (Linell, 
1959, fig. 23. 

A8FEI8 

Aufeis, or avedow ice, is a common feature on many streams in 
Alaska. Because of the long duration of intense cold, ~twams freeze 
to the bot,tom forcing ~ a t e r  to overflow and form ice an top of the 
original im. This process continues throughout the winter wit11 
the development of several layers of ice, some of which are seprtrated 
by moving water. Little or late snowfall favors the formation of 
aufeis. It is not unusual for great t,hicknmses of aufeis to form on 
streams, and such ice may cover structur~s or objects built or left 
near the river. 

Thick aufeis forms every winter in the drainageway crossed by 
the bridge at milepost 456.7. In February 1954, the aufeis was 10% 
feat thick under the bridge and covered all but the upper 2 feet 
of the piles. In M~ch 1955, aufeis was only a few feet thick and 
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on February -22, 1956, it TVW a b u t  7 feet t,hick in the center of 
the drttinagewa~~ 

SEABOHAL FROST 

The temperature, moisture content, and thickness of the seasonal 
frost in this drainagemy under the bridge was determined on 
February 22, 1056 (fig. 4444). In hole A on the right bank the 
ssasonally frozen ground, which lay under a &foot cover of snow, 
is composed of oqrtnic silt with a few twigs, The upper 6 inches 
contnins , avel  pebbles from the railroad fill. The seasonal fmt 
was 3 feet 4 inches thick, and the tempernturn was determined by 
inserting a glass thermometer graduated by 2"0 in il close-fitting 
hole bored in the wall of the lnrge exenvation. The thermometer 
was inserted all the may (buried) and left for 20 minutes. 

A silt sample tnken 2 feet below the surface in hole A contained 
62.1 percent moisture (pl. 44). 

A second hoIe was nugered in the rniddIe of the drainageway; 
however, as soon as 5 fwt of sufeis Fvns penetrated, water trapped 
between the aufeis and the ground bubbled up in a great flow. Water 
was still flowing vigorously from this 16-inch diameter hole mare 
than 2 hours later. 

,4 third hole, hole 3, was drilled on the left bank of the stream 
nenr bent IT1 (&. 44). This hole went tl~roirpll 41,5 feet of aufeis 
and 31h feet of senmnal frost. The seasonally frozen silt is sligl~tly 
organic and contains 6 inches of g m l  fin nt the top. No temperature 
measurements were made, but n silt sample tnken 2 feet from t h e  
surface had 74.5 percent moisture. 

About 7 fwt of unfrozen silt is present between the seasonally 
frozen ground and the perennially frozen ground at  hole A. A 
sample taken 1 foot below the base of the ssnsonzl frost had a 
moisture content of 43.1 percent. In hole R n h n t  10 feet of unfrozen 
silt occurs between the. mmonal froat nnd the permafrost. A silt 
sample taken 4 inches below the base of the seasonal frost contained 
64.6 percent moisture. 

XISTORY OF BRIDGE 

A bridge was built at this site in 1917. Little information is 
available concerning maintenance on this bridge in the early years, 
except that it was affected e\*ery year by frost heaving. Piles probably 
were replaced during the 30-year interval from 191'7 t o  1947, but 
the earliest record of pile replacement is in 1947. 

The 1947 piles were regul~rly elevated 2 or 3 inches or more by 
frost heaving every year; the tops of the piles were sawed off 
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~nt lc l~  :I< t l l ~  n ~ ~ t h o ~ l  ( ~ f  pilr P I ~ L ~ ~ ~ ~ I P P I I I P I I ~  j~ vital to the prnldrrn o f  

frijst nrtinn nrl p i l i t i ~  i l l  Ilrliqi~l:tl'i'~ost ~~LT 'c~s ,  a d~si-riptioil of t 1 1 ~  
n1~1 1 1 0 ~ 1  IISPCI fnl  In~w. ~ ' I I V  pi It*< ; \ I ~ I ~  ~ I V ~ Y C I I  into f i  st ~ 1 r n - f  I~a~vr( l  1 i i ) I ~ .  

T-Toles nrp t l l : lr~-~vl i 11 l'1.oxr.11 ri l I IIJ fnrcinq sienrn u n d ~ r  PIT~WII 1-P 

t l i rou~h :I ?(J-~FC(II r I ~ t * l  j ~ i l ) t ~ ,  t I I ~ . P P - ~ O I I T ' ~ ~ H  of i ~ r i  i t 1 ( , 1 i  in ( I i : ~ i n t * t  t ~ .  

which Irns :: sm:~ll I I ( I ! P ~  :I! thr e i~r l .  Stefirn is nppli~41 In  i11r pipe 1)y 
n rubber Ilosr.. Tht) pipe is held I-ertirnlly nncl fo r r~ i l  clown into the 
grounrl, tlln,tr.ing t I IP  ~ r o l t ~ l d  as i t  prnrrrer;.srs. 

T11~ holrs : l i r  rruclrly t ll:ln-~d :rn(l :IIY In rp r  thnn tho riinmeter nf 
tho piif]. 'I 'IIII l ~ i l t - 4  in t l~e  l w i l i  + :1int> : I I ) O I I !  21L2 l o  :i fwt apart : 
horr~rcr,  I~rt~:~tisr of PSCPPS than-ii~r t11r r n d  tra~t~lt is not, n series nE 



holes but a coalescence of thawed halea form a trench of thswed 
ground about 2 or 2% feet wide ~ n d  I5 feet long. 

Generally, piles are not driven into fresk holes immediately after 
they are thawed, but a series of holes are first thawed and then a 
series of piIes are driven. This nemiitates keeping the mud in the 
earlier holes wnrm from 1 day to severnl days. If  a pile is not placed 
in a hole before quitting time, the thrtwed hole is covered with snow 
(in winter) to prevent it from f reezin~ until work is resumed the 
next day or next week. The piledriver crew on bridge 456.7 re- 
ported (oral communicaition, Feb. 11, 1954) that during a Christmas 
vacation one year the holm were covered with snow to h p  the 
mud from freezing, md that 2 weeks later, when the piles mem 
driven, the mud t.hat oozed out was dill warm. 

The 1954 piles were installed with t,he large (butt) end down in 
an attempt to minimize the effect of frost heaving. Recurds of the 
depth of penetration of the piles indicated that penetration into 
the ground ran@ from 11 to 33 feet,. An example of the variation 
in the penetration is illustrntd by bent If1 md by a longitudinal 
croa wction of the bridge (fig. 44). To combat frost heaving, the 
piles were to be driven to a depth of at leut 15 feet, A penetration 
of 15 feet from ground surface in February would mean penetration 
of only 11 or 12 feet of sediment hcrtuse of the 3- or 4-foot thickness 
of overlying ice. Several piles in the center of the drainageway do 
not penetrate permttfrost, bat some of the piles, especially on the 
endbents, penetrate more than 11% feet of permafrost. 

The bridge a t  milepwt 456.7 was exarninet? during the summers 
and ~vinbrs  of 1954, 1955, 1956, and no eridence of frmt hea~ng 
was n o t i d  during the 2 winters sinm the installation of the piles 
in 1954. - 

B R m B  AT -ST 46B.4 

dESammTO1P 

The bridge at milepost 458.4 is 71 feet long stnd is supported by 
8 bents of woodan piles. It spnns a small creek that drains the 
hills to Qs north and empties into Goldstream Cmk. This unnamed 
creek lies in a flat-floored mlley 11 feet below track level and flows 
southward between two gently sloping alluvial fans of silt. 

I.. , 
GEOLOGY OF TEE BITE 

A gold prospect drill hole 60600 feet west of the bridge show8 that 
there is 28 feet of organic silt overlying 14 feet of c m k  gavel, 
which, in turn, lies on bedrock. 

Permnfmt, extends from !within 2 feet of the sudace down to 
more t,hhnn 52 feet, the total depth of the prospect hole. The base of 
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the permafrost was not mnched. Permafrost is near the wrface, 
exapt in the drainnpway. On September 89, 1954, the pemnfrost 
hble was nbut  11 or 12 feet below p n n d  surface at the ends of 
the bridge, but was 13 feet deep under the creek (fig. 46). Permn- 
frost. determinations on Septemkr 27,1955, indicated the permafrost 
table t o  be within 4 inches of that measured in 1954. 

The temperature nnd moisture-content conditions of the peren- 
nirtllg frozen p u n d  at this lwalitp are similar to the conditions 
given for t,he bridge at  milepost 456,7. 

EXPUNATION 

F Y G m  46.-4eoIo~fc sectforin a t  The Alafikn Rnllroad bridge at milepoat 468.4 Id 
Goldstlram Valleg. nenr Fnlrhanka, Alnska. 



Aufsis was 5 feet thick in the drainagemay in March 1954. During 
the winter of 1955 only about 3 feet formed. On February 21, 1956, 
the amount of aufeis penetrated in auger holes A, B, and C was 
9 feet 9 inches, 3 feet 3 inches, and 3 feet, respectively ( pl. 44). 

SEASONAL ~ O B T  

The moisture content and thickness of the seasonal frost in this 
drainageway under the bridge was determined on February 21,1956. 
No temperature measurements were taken. 

Hole A was drilled between bents 11 and III on the west side of 
the little valley (fig. 46). The hole penetrated 2 feat 8 inches of 
aufeis and 2 feet 11 inches of seasonal fmt. The seasonally frozen 
ground is organic silt, except for the upper 6 inches which cantatains 
some gravel from the roadbed. A siIt sample taken 2 feet below the 
surface mntained 64.9 percent moisture (pl. 44). 

Hole B was drilled between bents 111 and IV in the mnter of the 
valley. Aufeis, 3 feet 3 inches thick, overlies 3 feet of sewonally 
frozen organic silt containing a few twigs and wwd fragmente. The 
upper 6 inches of tha ground contains a few pebbles. A sediment 
sarnpl~ bken 10 inches be lo^^ the surface contained 42.3 prce~ l t  
moisture. 

Hole C was drilled between bents lV and V on the east side of 
the valley (fig. 46). Tho hole penetrated 3 fml; of aufeis and 3 feat 
6 inches of seasondly frozen silt. As in the previously drilled holes, 
the upper 6 inchw of the ground contained a small amount of gravel. 
The moisturn conhnt of a sediment sample taken a foot beneath the 
surface was 51.6 percent (pl. 44). 

About 10% feet of unfrozen ground is present &ween the mason- 
ally frozen ground and t,he prcnnially fromn ground at hole A. A 
sample of ground taken 6 inch- below the base of the seasonal frost 
contained 57 percent moisture. At bole B, 11 feet of unfrozen 
silt occurs betwaen the seasonal frost and the permafrost. This hole 
is in the middle of the drainageway and the unfrozen gm~md is very 
wet. Five inches below the base of the seaaonnl frost t,he gro~utd 
contained 60.9 percent moistr~re, and a silt sample take11 30 ind~es 
below the base of the sensorial frost contained 70.7 percent moisture. 
Near hole C there is 9 feet of unfrozen silt betwean the b as on ally 
and perennially frozen ground. The moistl~m content of the ground 
nt a point, 8 inches below the bnse of the sensolla1 frost mns 61.1 percent. 
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HISTORY OF BRfDOE 

This woden-pile bridge, which was built originally in 1917, is 
~ffected more by frost hewing than any other pile bridge of The 
Alaska Railroad. Serious frost heaving of the bridge has occurred 
for rnmy years and has caused expensive maintenance. The earliest 
mead of pile replacement is in 1923 when new piles wem driven for 
all bents. These piles were emplaced to depths ranging from a b u t  
12 to 23 feet. The p a t e &  penetration mas under the end bents. 
These piles were instdled by the same method as thorn on bridp 
456.7; some of them penetrated 6 or 8 feet of permafrost, but others, 
especially in the  middle of ihe bridge, did not penetrate prmafrost 
at all. It is astuned t,I~nt the permafrost level was approximately 
the same in 1923 ns it mas in I955 because there were no great 
changes in the vegetative cover, drainage, or climate betwmn 1023 
and 1955. 
The piles installed in 1928 were p n t l y  ~ffected by frost heaving. 

During the minter of 1952-53, for exnrnple, the center of the bridge 
was fiwt heaved 14 inches. This displacement p r o d a d  a sharp 
hump in the track, shsrp enough to uncouple tmin cars. It was 
necessary to sanl off 12 inches from the top of the piles to restore the 
track to grade. This action, plus the stresses on the bridge over the 
preceding years, must haw consiclernbly weakened the structure. 
During the winter of 1953-54 the piles bgm to be pushed up in 
December. This is a little unusl~al becnusa in most years the elevating 
of piles by frost heaving is not evident until January. IIowever, 
during October 1953 the air ternper~ture was mlder than usual and 
the snowfnll was lighter. Tll i~ colder weather coupled with the 
reduced insulation of the ground by snow may have permitted more 
ground freezing and ice accumulation than in normal years. Ry 
February 1954, the center of the bridge was pushed up 9 inches 
(fig- 47). In the latter part of February new piles were installed and 
the bridge lowered. These piles \rere installed in the manner dwcribeol 
for bridge 4567; they penetrate the gmand ta depths ranging from 
18 to Xi feet (fig. 46) .  None of the pi]- in t.he center of the bridge 
penetmte permrcfrost, vory fnr, and some do not penetrate the perma- 
frost at all. Most of tho piles in the end bents nre placed deeply in 
permnfrost. The piles of this bridge were not frost he~ved during 
the winter of 1964-55, 

During the second winter (ID555B) nf ler pile installation, the 
effect of frost Ileavinp on the bridp 11-n~ very evident, By Februnry 
3, 1956, the l>ridge hrrd k n  elevated 3 inclies at bent 111, and by 
the end of the minter it  as elevated 5 incllw. 
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BRIDGE A T  3YJ?.l?PQST 460.4 

DESCRIPTION 

Tina I~r'i{lc(* f i t  ~rlil~pr\ct N0.4 is !I\ fwt I m ~ g  :md is slzpport~cl hy 
10 3w1its nl' wonr l~~t~  11i1t.i. Ir +Intrl:: (:nltlslr~ntn Cwek, wliirh i s  90 
feet wide, nn(l .I. frrt r l i ~ t ~ l ~  at rhr ~ ~ i ~ i - r n n l  strip nf tllr n : ~ t e r .  ,It t l ~ t a  
nnrrn:~l st:lrt& t l ~ v  n:~tv~ ir :tl,altt 1% fppt I H ~ I O I V  t 1 1 ~  track. 

GEOLOGY OF THE SITE 

,\ gold-pmpcrt rlr~ill I l o l ~  N1111 fcct 1-rrt of tlu* Irritlgo (:incl 101) 
ft from Golclsrrr:1l~1 I ' ~ . ~ a > l i )  IwanetrfitPG 13 f r ~ l  of nrp: i i~ ic  s i l t  
n v ~ r l y i t ~ c  96 € P P ~  o l I ~ I - ( v L  y-:~ VP!. ~v11ivl1, i t 1  t 11rn. ovvrl i~s 1)~clrwk. 
TTnnrl-:~r~c~ring dm-inc t h t *  i'nll nf 1955 I'PI.P:I\P~ PYPPIC crawl near 
tllr ~lrrf:lr:t! of this sitr. Tllr sfna:~n~lwtl nf the rrwk is gr:lrcl wit11 x. 
rmPc5r of silt. ,Zt tlw ~ v w t  sitlr nf tllp l~ridge, 13 to 15 f t ~ t  nf silt 
o~t*rlirs ihe g r n r ~ l  ( f i ~ .  4s ) .  

PERMAFRORT 

I n  lIlr f o r ~ s t ~ 1 1  grea mar  IIIP Itrirl~r, lwr ' t na fmt  ~xtencls from 
~ r i t h i n  2 tevt o f  thc sr~rfnre rlon-n to innrth illan 109 feet. thc totnl 

FTC~IRI: 47.-Roadbed and trark I I ~  Tlic A l a ~ k a  RBIlrond h r l r l c ~  nt rnilrrrn~t 459.3 in 
.lir%ltl*trrnm V:!1117 nr:Lr IPnir~%Rlik~,  i \ l l l ~ R : l .  I l r l d r ~  with htttnn In r.#wh-r ( . l r r ~ ~ # b r l  hy 
Irrlrlrr plllnr Iwlnp raieerl !b tnrllfa lby frost na.tton. P h o t o ~ ~ r ~ l ~ h  Iby T, 1,. Ffiwl.. 
l+tbri~nt,$ 1 1 ,  1 !%:+I. 
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depth of the prospect hole. The base of the permafrost was not 
reached. No permafrost was found in either the silt or the gravel 
by hand-augering in the vicinity of the bridge, although permafrost 
is within 2 feet of the surface in the forested area only 100 feet from 
the bridge. 

AVFEIII 

A few feet of aufeis forms over Goldstream Creek during tha 
winhr, but the ice is co~lfined by steep bt~nks to the a m  immediately 
above the creek. 

SEASONAL FROST 

The thickness, temperature, and moisture content of the seasoi1a1 
frost in the drainageway under the bridge was determined on. Febru- 
ary 21, 1956. Hole A mas drilled adjacent ta the roadbed fill near 
bent III and penetrated 3 feet of seasonally frozen silt (pl. 44). 
Hole B was drilled adjacent to bent IV on the south aide of the 
bridge and penetrated 2 feet 9 inches of seasonally f r o m  slightly 
organic silt. In hole B, samples of ground for moisture determina- 
tions were t h n  at 11 inches and 1 foot 9 inches from the surface; 
of the ground ; the moisture contents were 18.3 and 62.3 percent, 
respwtively. 

Temperature. rneasumments were made of the s e ~ l l y  froze11 
ground in hole B by the method described for bridge 458.7. The 
tempraturn at  a depth of 10 inches' below the surface was -2.2% 
At a depth of 1 foot 6 inches it w s l . ' l ° C ,  and at 2 feet 3 inches 
it was 4.boC. The air temperature when ground temperatures 
were determined was -93.5 "C. 

Hole C was drilIed at h n t  V near the break in slope on the west 
bank of Goldstream Creek. Seasonal frost was 8 feet 10 inches 
thick and rather dry. A sample taken 1 foot 5 inches below tl-le 
surfam contained only 5.9 percent moisture (pl. 44). 

About 15 feet of unfrozen slightly organic silt occurs between 
the masonally f rom silt and the underlying creek gravel near hole 
A. No evidence is available from hand-angering to indicate that 
the gravel is frozen. At hole B about 14 feet of unfrozen silt lies 
under the seasonal frost and above the creek gravel. A sample of 
the unfrozen ground 3 inches below the base of the season~l frost 
contained 30.2 percent moisture. The temperature of the unf roze11 
ground 2 inches hlon~  t,he base of the seasonal frost was O.ODC. 
In hole C about 10 feet of unfrozen silt is present between the 

frozen silt and the p v e l  (fig. P8). This silt is moist (moisture 



1917 piling 1939 piling 1954 ~iling Shonctt p l e  rn e x h  hmt Nomd 

E-laune 48.-Qeologtc section at  Tbe Alasla  Eallroad brldge a t  mUepost 480.4 over Goldstream Creek near Fairtanka Atsaka. 
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content 37.8 p m n t ,  2 inches b l o w  the Z)ase of sensonnl frost) and 
becomes more moist domw:trrl until the water t n h  is anco~lnt~rerl 
at a depth of 8 feet hlo\r the p l l r ~ r d  wrfnce. 

When this bridge \ ~ 8  orfginnlfy built in 1017 only Ithe pi]= in 
bents 111, IV, V, and ppn~rtrntpd the grnvel. pih3 WPW 

installed in 19313 and nmin in 1954, and most of these piles pene- 
trated much deeper. 

No recorcl hns been found of nny drformntion of this bridge 
owing to frost heniring of piling. 

Studies of frost-henving of br idp  piliap (m Tho Alnskn Railronrl 
well i l l u s t r a ~  the rnecllnnics o f  froat l~cav ing  of piling nnd nlna 
show the position ant1 PI-operties of permnfroat thnt nm concern~d 
with frost henving. As discussed (HI p n p  347, t,I~e fnctors nffecting 
frost heaving of p i l i n ~  deal with upwnrd  force^, (fig, 35). The 
nmount of the upwnrd force on piling depnt l s  on (I) inl,cnsity of 
frost heaving, (8) l he tnnpntinl ndl'reezing st rcngth between the 
pile find the wnsnntilly frozen graltntl, nnd (8)  surfncn area of the 
pile in the sensonally frown pound. 

UPWARX) FORCES 

The piles nt bridge 458.4 pnetrnfe scnsonrdly frozen moist orpnic 
silt (fig. 43) nncl trill be uw(l ns 1111 exnmplt? to illastrnte the upwarrl 
nnti do\v~l\r:lrrl forces nct inp OH pilcs. .is diw~iswd 011 pnge Rho, 
such wdimcnt is idpnl far the formntion of ground ice with resultml t 
frost heaving. The orp~ijc  matter pmrides minute discontinuities to 
act as ice growth centers ns well nw to incmnsc moisturn. A smnll  
stream adjncent to the piles P ~ O T ~ ~ P R  n hig11 writer tnblc! that is idenl 
for R source of water allring freezing. 
The durntion tlnd intensity of winter freezing in central Alaskkn 

i s  great (fig. 41). Drilling in Fel~runry 1956 indicntwl 3 feet 6 
i n c l ~ ~ s  of seasonfilly froze11 groilnd l ~ n d ~ r  nbout 3 fect of snow. 
Sexqonnl fmt pnernlly continws to form dt~rjng the montlr of 
March ~ n d  even into :'Cpril ztnd, tl~crcfnre, tho base af tlls wieasonnl 
frost. indicated in fip~m 44, 46, an(? 48 is not quite the m n x i m ~ ~ ~ n  
depth of frmt penerrntion. TTenr~ s n o ~ ~ f a l l  during t hc wint~r  of 
39.5.556 perl~aps prewnterl maximum s~~tao l~n l  fmst pnct.mtinn in 
the Fairbanks awx. Th~i~ , fom.  it probably iq mft! to nsmtme that : ~ t  
least 4 feet of ~;e~wnttllp f roz~n  g~nnntl is formed in nn nvcmp 
year in the vicinity of the piling of briclp 458.4. 



Considering the principles outlined on page 363, it is possible to 
estimate the maximum ~vailablc upward force applied to piles by 
frost heaving of ground adfrozen to thrr piles st this bridge. The 
rn~ximum available upward force is- 

UF=h, XPX TI. 

The length of the pile in the seasonelly frozen ground ia  assumed 
to be 48 inches; the circumference is 38 inches. Tt is now necessary 
to determine the tangential adfreezing strengblr between the pile and 
the organic silt at the 'bridqe, The silt 11~s n temporatme of -2.Z0 
to -O.O°C ~ n d  a rnoistr~re content or about 60 to 60 pcrcent. Based 
on datn already reported (tabIes 1-5; figs. 31, 38) nn pstirnata of 45 
pounds per square inch for the tangont'ial adlr~azing strcngt,h hetwcen 
the mood pile and this silt is considered probable. 
Therefore, 

UF-48 X38 X45=82,080 pounds. 

When thors is ~ o m t h  of ground ice and frost heaving in the silt 
under this brid~e,  there is n maximum f0rc.e ~vnilablc of 82,080 
pounds pushing upwnrd on each pile near the center of the bridge. 

Resisttrnce to the upward forcr is given by (1) weidkt.of the pile, 
(2) load on the pile, (3) skin friction of the unfrozen ground, and (4) 
tangantial adfreezing strength between the piIe and the pormafroat. 

Pile 5 of bent IV in tho 1923 hr idp  did not penetr~te pormafmst, 
and the maximuni forces resisting upward movement would be- 

DF= W+L+ ( b X P X g k ) .  

The weight of a pile is Iess than 1,000 pounds and the lorid ia less 
than 2,008 pounds. This pilo extended 8 feet into unhoaen pound 
and had a. p ~ r i m e t ~ r  o l  40 inrhos. Skin friction is estilllated aC 2 
pounds pm squsre inch. 
Therefore, 

DF=1,000+2,OOfl+ I9AX40X2)=10,680 pounds 

From this it is evident that tho m~ximum m~ailable upward lorca 
on this pila (82,030 lb) exce~ded the mnxirnuln available rtrsisting 
rorco, and the pile was easily eltrvntJed hy frost "slctibn for several 
years until it was replmed. 

The 1954 piles penetrated deeper intcl pcrmrtfrost than those of 
1923, As jllustsated in f ipre  46, the 9954 pilcs of beht TI1 of bridge 
458.4 penetrate different deptlls irlto permafrost. If all but one 
pilc are sccwely anchored, this one pile still can hn alevated by frost 
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heaving with such force thnt it can push up the bridge, even to 
pushing the bridge away from tho anchored piles. 

Pilc 4 of bent III (1954) can bt! assurnad to hnvn a maximum upward 
force of about fi2,OOO pounds applied when frost heaving is nctive. 
The rnuxin~um resist in^ or downward force on this pile should be- 

Tho pile is embedded 9 feet into p~rmnrrost nnd passes tlirougl~ 8 
ieet of unfrozen pound. Tha tangentid atlfreeaing ~ltrtrngth of n 
wood pila in warm permnfrost, such as is present horc, can be ~st~imatcd 
From exporirnental work by thc Corps or E n ~ n e e r s  {Linall, 1958) in 
similrtr sacliment undor sirnil~r rnoi~turs n i~d  climstic conditions. 
They report that wood piles that were plwcd in drilled holes Eailrd 
structurally upon extntction, and tho Full tangen tisl adfreezing 
strength WHR not deterrnincd. Tho pilos Failed a t  2 I pounds per squrire 
inch. IIowever, as discumcd 011 page 3tj1, tho plnstic flow limit, the 
limit at which tho  bond hotwcreu ttlr frozen ground ctnd tho pile 
rails under RIOW skndy prcmurc, is prohtlbly the tangential ad h-cozing 
strength det8errriination t,haL should h~ used in frost-nction CRICUIIL- 
Lions. No plttslicr flow deterrnintbtions worc mnde on wood pilinp 
bsc~usc  of pile Fnihir~; howovcr, 20 pourlds per square inch secms t,o 
he about avorage lor concr~te nnrl steel pilns. This figure may be 
.too high Tor crcoseted wootl pilos; howover, it will be used for crd- 
culntions. 

DF= 1,000+ 2,006 + (96 X40 X 2) + (1 08 X40 X20) =97,080 pounds. 

Therefore about 98,000 pounds of form is the maximum resi~tance 
f&ce available to counteract the upward pressure. Ti these figur~s 
are correct, no Frost hcnving or the piles should occur because t l l ~  
maximum nvniInhlo downward Towr (97;OSO Ib) exceeds the rnnximut~ 
R Y R ~ ~ P L ~ ~ C  upwnrd Forre (82,080 lb). FJowever, i~lasrnuch as tlla 
pile is elcvnted by frost linztring, a m.o(lificat,ion is nccded in the 
rnagnitudo of tho factors involvcrl. 

'l'11~ fnctars th~tt mny be inrormtly evnlunt~d nrs the tangential 
adfreezing strengths be4 ween tho pile and the sensonnlly and peren- 
ninlly frozen ground, The grip of the seavonnlly frozen ground on 
the pile mny IM sliglltly stronger thnn 45 pounds pcr square inch, but 
this seems to IN in line wit11 known work. Laborntory work has 
produced much Iligller st wnfitlls Ixt \\-$en frozen p n n d  ~ n d  vnriom 
materials, ( inbles 2-5) .  

Tho tangential ndflwzing simngth he,tlreen the pile and the. 
perennidly frwm grn~lncl probably has not hen  correctly evaluated 
in the ligl~llt of the stenm-thawing rnetllods nssociated with the 
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installation of the piles, and the presence of a stream of running 
water. Both of these factors tend to raise the temperature of the 
permafrost and produce e; minimum tnngential adf reezing strength 
between the frolan ground and the pile. Perhaps the ground around 
the pile had not completely frozen. With a lower ~dfreezing strength 
than the 20 pounds per square inch used above, the maximum 
upward force mould be larger than the m&xirnurn resisting force, 
and frost heaving would occur. 

Recent work at the U,S. Army Arctic Construction Investigations 
Area indicatm that a tangential adfreezing stsengtll of 5 pounds 
per square inch may be nexr the correct order of magnitude for the 
Fairbanks area. (K. A. Linell, written communication, Sept. 17, 
1957). 

Pile 5 of bent I11 (1952) in bridge 458.4 extmds slightly lew into 
permafrost than does pile 4 of this h n t  and wonId be frost heaved 
even if the adfreezing strength were 20 pounds per square inch. 

In summary, it is reasonable to assume that bridge 458.4 was frost 
heaved because some of the piles are not sufficiently az~cl~ored in 
permafrost to overcome the upward force. Even those piles that 
penetrate 8 to 9 feet in perrnafrwt are elevated because of the low 
tangent,iml cldf reezing streng-kh between the permnfrost and piles, 
owing partly to steam thawing the hales, and perhaps to failure of 
permafrost to reform aroui-id the pile. 

FROST m A V I N G  OF MIDDLE OF BRIDGE 

Using the priiillciples of frost lleaviag of piling outlined (p. 347) 
and tho geologic section of bridge 458.4 (fig. 46), it is possible $0 

gain an ides why the middle bents nre elevated and the end bents 
are not (fig. 47). The t,wo prime fnctors involved are the i hns i ty  
of frost hea~flng, nnd the clleptll nt which the piles are :ulchorecl in 
the perennially frozen grotmd. 

If none of the pi re^ extend into permafrost, and this was quite 
possible of the piles in 1017, only 0118 factor, intensity of frost hew- 
ing is involved ; therefore, the durntion of freezing, moist,ure content, 
and texture of the poru~d mnst be e~nluated for the midrllle versus 
the end bents. Tl~a moistnre coiltent of the ground nround the piles 
in the center of the bridge ~-011ld be much ,pnter tllnn that around 
the end piles ; ho\rerer, the rillrntioi~ of ground temperntom below 
0°C should be the same amund all piles. The sediment that becomes 
seasonally frozen nrouild the piles of the end bents is not entirely 
organic silt ; the upper pnrt of the piles of the end bents are sur- 
rounded by gmwl of the rnilroad fill and the intensity of frost 
heaving mould be 10x1-er kil11se of the coarse sediments. ,Use, the 
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tangential adfreezing strength between the piles and this dry gravel 
and silt 11-olrld he low. Therefore, because of more moisture and 
ontirely h e  grained sediment, the center piles are subject to great 
frost hewing and tend to be pnsl~ed np; but the piles of the end 
bents have drier nnd conrser sediment and nre subject to less frost 
action. 

Piles of the end bents of bridges 456.7 and 458.4 extend much 
deeper into permafrost than piles of the middle bents (figs. 44, 46).  
This is espcinlly true of the 1954 piles in enelk bridge. Thus, deeper 
peiletratio~~ of the piles (10 to 15 ft) in per~nnfrost is sufficient 
to elirninnte frost henving of piles of the end bents. 

ABBlNCE OF FROST HHlAVfNO OF NlTW PILES 

Railrod workers report (Jol~n Alter, The Alaska Railroad, ornl 
communication, 1954) thnt there is little frost henving of bridge 
piling during the fimt or sewlid year aeter the piling is instdlerl. 
This i s  corroborated by observntions nt bridges 456.7 and 458.4. New 
piling was installed in both of these bridges. in Febn~nry 1454; no 
disturbnnce by frost, nction was noted on bridge 456.7 during the 
noxt two winters nnd no clistttrbnnc,e on bridge 458.4 during the 
fimt winter (1054-55). Frost heaving did occur on this latter 
b~ idge  during the winter of 1955-56. Both the winters of 1954-55 
nnd 1955-66 were nxTer>kfie in rlurrition and intensity of cold. Some 
of the piles of bridge 456.7 do not wnetmte permzfrmt. 

Although conclusive eviclence is Incking, the nuthors believe ellat 
the effect of frost heavinq nn \~-ood piIcs may be weak the first 
year or two after jnstallntion Isecansc! of the Iiberal coating nf 
creosote applied to the piling befort! instnllntion. This may restilt 
in R low tangential tldfre~zing strength MI\-een the piles and the 
mnsonally frozen ground. The canting may also retnrd water sntu- 
ration of the pile ttnd thus reduce the ndfreezinp bo~ld. 

The piles of bridge 460.4 have not h e n  nffected by frost l~eavji~g 
so far as is known. The explanation for Illis apparent anomaly is 
found in the geologic nnd topographic conditions of the site (fig. 
48). Altl~ougl~ permnfrest is present in the forested areas nearby, 
no permafrost is known at this bridge over Goldstream Cwsk. The 
piles, therefow, are not nnchored in permafrost. 

The skin friction between the piles nnd the creek gravel is inmffi- 
ciont to hold donm piles subjected to intense sensonnl frost heaving. 
Most of the I917 piles did not extend into the grrtvel; and if the 
skin friction provided by the gravel mere important, the short 
piles would still hare heen subject to  frost heaving. 
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Ths answer to the 8bsence of a powerful up~vard push on piles 
by frost) heaving of ground thnt i s  ndfrozen to the piles nt this 
bridge must then be sought in an analysis of the sexsonally frozen 
.€!rQnnd. 

The geology of the site (fig. 48) re~eals that the stream is 
entrenched in 8 relntively steep wnlled little valley and flows on 
gravel overlain by R 2-foot, veneer of silt. The silt veneer is probnbly 
swept away during periods of 11igh-wnter. The silt banks on either 
side of the stream slope steeply to the water and are well drained. 

The piles are in two locntions-those d l i c h  are in the streambed 
and pndmte only pnvel  (plus an epllemeral veneer of silt), nnd 
those r~l1ic1-1 do not lie in the strenmbed and penetrate wrernl feet. 
of silt. The piles in the strenmbed nre not a~bject to frost heaving 
beenuea the flow of Goldsti.enm Creek is grent enough during minter 
to prevent frwzing of the streambed. The remaining piles penetmte 
3 to 4 feet of mrtsonnlly frozen silt (fig. 48). This silt is the same 
ns t,l~at of bridgos 456.7 nnrl 458.2 (fig. 431, except thnt the moishre 
content and nearness to the water tnble ik  greatly different, The 
moisture content of all hut one of the snmples of sensonally fromn 
nnd unfmzen ground ~.xamined nt bridge 460.4 is far  b l o w  that 
of t,ha silt from t l ~ e  othar bridges (pl, 443. For example, the sea- 
snnnllg frown gm~lnd of Ilole C (bridge 480.4), near the b m k  of 
slow mntnined nnly 5.9 pe,r!rrpnt rnoisturp: 

Recauee of low moistnre content, the nmount, of ice se,mgated in 
t,he ground during wnsonnl freezing is very low and tl~erefore frost 
I~enving probnl~ly is mild. The tnmpntinl adfreezing strength b- 
tviecn the pile nnd tho sensmrrlly frozen ground is nlso ~ e a k  becnuse 
of the lorn moisture cont~nt of the ~rounrl. Tllerefore, smnl l  p w t h  
of ice segregntiona, co~~plsd \\?it11 \wnk s~nsonnl frost pip,  nllow the 
piles to mmnin nndistnrhpd. 

The so~~rrs of moistnre, Gnldstwnm Cw&, lies mnnp feet from 
the m~sonnHp frezen gmuntl ~rniiiirl pilrs nntl is not ndjnmnt to the 
freezing ground nround pilw n~ En hridzw 456.7 and 458.4. This 
tlistnnce is evidently too p e n t  to pmit mffcient moistwe r n i p t i o n  
to CRIH p e n t  ground-ire gron-t11 nnd tl~erefore destn~ctil-e frost 
heaving. 

It is not the purpose of this report to rliwiruss in indctnil the engi- 
neering techniques dewlop r l  to cornl~nt frost Il~nving of piling: 
however, it might b~ well to r e v i ~ w  tlw sl~l)jwt Zwfefly to permit x 
more complete ernlrlntirnl ab frmt henring of hridp piling of The 
AIssRa Rnilrond. 
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Techniques to combat frost heacing of piling call be evaluated 
in the liglt of the forces acting on piles (fig. 35) : (1) methods 
devised to decrease the up\\-arc1 force znd ( 2 )  methods deviwd to  
increase. tlie resisting forces in the unfrozen zotle and in the peren- 
nially frozen gro~~ncl. 

MEl73ODS TO DZCREILSE UPWARD FORCEI 

The problem of decreasing upwnrd force rn%y be attacked along 
two major lincs ; rcdum thc intensity of frost heaving or reduce the 
effect of frost heaving of the pile. The effect of frost heaving mag 
be reduced by reducing the tt~ngentinl nrlfreezing strength bet,ween 
the pile rtnd the seasonallp- frozen growid m ~ d  reclueing the surface 
area of that p ~ r t  of the pile in the seasonally frozen ground. 

REDUCTIOH OF INTENSITY OF FROST REAVIHCt 

in tens it,^ of frost, ]leaving may be reduced by changing any of 
the three basic requirementsmoisture, texture of the ground, nr 
the duration and intensity of cold. The moisture call be reduced by 
lowering the wnter table (IlubimatF, 1902, p. Ill),  an nction that is 
EmJIy accomplished by impro-r-i~ig snrfilce drainage. It has been re- 
ported that c11emic:tl trentrneilt of the soil incremes the viscosity of 
t,he moisture and is effectkc in red~icjng ice segregations and therefore 
frost heaving (Hardy, 1953a, p. %12; 1953b, p. 103-106). Chemicnl 
treatment, however, is not R pernlanent solution to the problem of 
reducing frost hezving (m also Lambe, 1956, p. 1-28). 

Ground tllnt is suscepti1)le to  frost henving m3y be removed nnd 
replaced by coxrse-grained material. This may be fensible on short 
piles (Trorv, 18.55) but it \~aald prnbnhly be imprnctictll for multiple 
long piling. 

lt  is pmibla to chnnge the seasonal freezing of the ground by 
modifying the flow of heat. Ry covering the potind with moss 
(Hematmk, 1040, fig. Zti), ~trnn- (T,ubimoiT, 1002, p. Ill),  snow, or 
other insulnting rnnterinls i t  is possihle to decrense the depth of frost 
penetmtioi~. Also chemical trea~nent of the grou~nd will tempomrilg 
lower the freezing point of the soil n~eisture and reduce the amount 
of ground-ice formation. (.Jt~mi kis, 1055, p. 138). 

BEDWCTION OF THE TANQEHTTAL ADFREEmHG STREBGTH BETWEEI TEE: 
BEASOHALLY PBOZEW Q R O U D  AND THE PILE 

The bond, or tangential nclfr-eeaing strength, bet-rreen the season- 
ally frozen ground nnd the pile may be reduced by placing a sub- 
stance between the frozen g~mrnld nnd the pile. The material is 
gripped and elevated by the frozen ground, but it slides over the 
pile permitting the latter t o  remnin in place. A steel sIeeve may 



surround that part of the pile or post \\-hie11 is in the active layer. 
The sleeve slides rlp TFitll swelling of the ground and the pila is not 
affected (Gray, 1955, p. 2%33). E~.entnally the sleeve would be 
fomd out of the ground if not anrhored. Soil or water must not 
;be allowed to collwt between the sleere nnd the pile. 

The tangential adfreezing strengtll may h reduced by pensing 
that part of the pile which -\rill be in the sensonnlly frozen ground 
and then wrapping the greaser1 part with tar pnpr (MulIer, 9945, 
p. 46 ; krcin, 18G, p. 29 ; PillZainen, 1951, p. 15 ; ITemstock, 1949, 
p. 51; Ratl~jens, 1956, p. 14). The p u n d  grips the pxper which, in 
turn, slides over the smoothed greased pile surfme. This rnetllod 
is not permanent, for the paper deteriorates in n. fern yenn. A varinnt 
of dllis metllocl is to wrap the grensed part in a wnterproclf polyetllyl- 
ene bag (Trow, 1955). 

The tiangential adfreezing stwngih will prob~bly be ~:duw,d by 
using tapered piles ~ i t h  the small end up. A wood pile cmbeddecl 
butt end down, for example, mould be tapered upwarrl. Alt,hhotigh 
this mould seem to be a logical mny to reduce the tnngentinl ndf reex- 
ing strength, the writers do not know of nny quant,itative teats 
successsf ull y evaluating this method. 

It is possible, in some instnrlces, to rerluce the snrfnce aren of thnt, 
pnrt of the pile ~ h i c l ~  is in the s ~ ~ s o n n l l y  frozen fironncl mit11011t 
rnnf~riallv reducing the strength of the pile or post (Tmw, 1955).  
This, therefore, reduces the nrea over jd~ich the seasonal frost cRn 
grip the pile, m~d, in tnrn, wenkens the  up\^--arrd force. 

MlEFEODS TO INCREABE DOWNWARD FOaGE% 

It, is possiMe to increase the weight of the pile to &id the downwhrd 
force; however, n more pmnctical m e t l ~ d  is to inclwnse the pile laad. 
In nmqs of small or moderate frost heaving nn increase in the load 
may h benough to combat fm. henving S I I C G ~ S S ~ ~ ~ ~ .  

3fmt twl~niq~~es denloped to increase. the downw~rrl force ~ r t !  

concerned with t h ~ t  p a r t  of the pile that lies beneath tht! active 
lnycr, hotli in nnfmzen p - o ~ ~ n d ,  and i i i  ~ ? z ' c . T I T ~ ~ R ~ ~  frozen p ~ ~ n r l .  

Methods to increase doll-nwad force in unfrozen p011nd nra 
(1) incrensing the nren of skin friction and (2) use of anchor 
nt tnchmenb. 

The awn of skin friction mny be incrensed by incmnsing the length 
of the pile o r  modifying the srrrfxce of the pile. Various modifica- 
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tions have been deviwd to nncl~or the pile (Pihlainen, 1951, fg. 33; 
Hemstock, 1949, p. 53; and Trow, 19553. 

PERHAFBOST 

Methods to improve the anchol-ing of piles in p m a f o s t  depends 
upon two bwic fi~ctors: the tangential adfreezing strength between 
the pile and permnfrost and the m~iurfnce nren of the pile in perma- 
frost. 

Methods depending on tan gemtin? adfre~eing aben:gth bebeen 
prmafro.st a d  the pi/&.-The basic objective is to obtain maximum 
tangential d f m z i n g  sf rength ; this is achieved by preserving, or 
reestxthlishing nftcr rile ~mplac~ment ,  the nntural the,rmnl regime of 
the ground. Any nction of pile emplacement tEint heats or Iocallp 
destroys parmafrost will weaken or destroy Ithe tangential adfreezing 
strength twtween the pile and prn~afmst .  The strength, however, 
mill increase na permnfrost cooIs, or the bond may IP reestabtishecl 
mllen pemnfrost forms agnin (freezes hawk). The sooner maximum 
tangent in1 nil f reezit~g str-ength is i-ench~r?. the soo~~er the pemnniallg 
frown ground cnn be mecl as a medili~n to combat frost heaving. 
The freezing bnck or reestnblisllmcnt of the t h e m 1  regime of 

the ~ P O I Z ~ C Z  nnrl formation of nlnximum tangential adfreezing 
skrengt'll depends upon ( I )  ternprntnre of the permafrost, (2) 
nmorlnt of heat inti-odnced, nntP (3) time of the year when piles nre 
emplwed, 'Fhe colder the ptrrmnfrofit, the greater the tangentrial nd- 
freezing strength ; also, t ha mstfiblisl~rnent. of maximum t,anpntinl 
adfreezing strengtl~ niter t hnn-jnp is quicker in permafrost that has 
f i  ternpernture of -3" to -:iOI'. for example, than in permafrost that 
hns a tempemture of only - 1 "C. Much of the pemrzfmt in central 
Alaska is n b t ~ t  -2.0°P t111tT the Piwing bark wrn~ld lm slower here 
t ,I~an in r e ~ o n s  of cdlder permafrost, sucll as nenr R a m w ,  Altaskn, 
(Brewer. 195.5, p. AO.?), nncl near Resolute R~ny (Misener, 1955, p. 
IO59), and Somnn Ilrells (Hemstock, 1940, p. 18), in Northwest 
Territory, Cannrln. 

Hent is pnemtet? fly the ~ct ion of pilo cmplncement. As far 
as *,he t,het&nl regime of the pror~nd is canc~rncd, the method which 
would gencmts tha Eenst ~ r n m t ~ ~ t  of Iwnt is the most desirable when 
emplacing piles in prmahost. T l i ~  driving of piles into the grouncl 
generntes less heat t11n11 plncinr tlw pilea in nugred holes. Hale9 
anpmcl wi thm~t  wnter are lew tdesf ~wr.tire, to permafrost than holrs 
drilled with water. Staanz t.lln\ving of holes for pile ernplacem~nt 
introduces the most heat,. 

At a school hing  constxrirt~d in 1956 at Fort Yukon, Alaskn, 
the steel stnlcture was S I I P ~ O T ~ P ~  1~ mnny wood pilw I0 to 12 inches 



in diameter, plnced 16 feet into the gmnmd. The piles were plnced 
in dry nugered holes, nnd to preserr7e the tllamd regime, it, mas 
required of the contmctor that he leave f l ~  hole own for not more 
tlmn 2 hours. Piles instrtlled for n building nt R~thal ,  Alnskikn, were 
frozen in the permnfrost by using artificial refripmtion (\Vestern 
Construction 1958, p. 2 4 4 6 ) .  A vnrinne, of this methad hns been 
used in northern Alnska (.Tensen, 1052, p. 152, 154, 107-158). 

Piles that necessitate rvl~st,nbljsllm~t~t of the thermnl +me 
(freezing bxclr) for maximum t n n p  tin1 nil freezing st renglh sl~onld 
be placed in tho ground between ilfarch and ,Tt~ne so thnt there will 
be maximum opportunity for nnturnl freezing bnck to m u r  before 
the next period of sensonnl frost nction. 

Jfethodg depeading upon ,w.~frrr~ nwa of f ? ~  pile in pemfrmt.- 
The exact area of the pile to be nnchored in permafrost would 
depend on the mngni tnde of nll r he forces nct.iinp: on the pile (fig. 35) ; 
however, Tsytovic1-i cnlslllnted thnt tha pile should be ~mhedded in 
p m n h t  to twice the depth of the nctive lnyer, nnd this was 
also established independe,ntly by fieldwork conducted at tho Skove- 
mdino Frozen Gro~iltd Stntion ( TsyLovicli nnd Sumgin, 1937 ; tmns- 
lation, p. 231). Thia rnle seems correct if mnximum tnngentid ad- 
freezing strength is developed ht,~veen the pile nnd the permafrost 
(F. F. Rjtze, 1I.S. A m y  Fnirbnnks Permafrost Recrearch Area, oral 
cornrnunicnt ion, 1955). 
Two fnctom thnt nffect the snrfnce nrea of the pile in permafrost 

are the metlid of cmplncement of slurry around s pile and the 
vnrintion in position of the pnnnfrmt, table. 

PiJes plncad in aupr-drilled holw xncl then hack-filled with a silt- 
writer altlrry mny not h ~ v e  maxirn~un mrfnce ares in cantact with 
the frozen ~ r e u n d ,  bcnasc! voids may remain owing to unsuccessful 
bnckfilling. Plnc~rnent of the slurry should Ix by n tremi-type method 
to insure maximtim s~arfnosar~n contact (Corps of Engineers, 1954n, 
p. 10; Scott, 1956, 1959, p. 1-10). 

If the permafrost table is lo~ered,  the pile has less surface area 
in pemnft-ost nnd the total resistance to upward forces is reduced. 
It is importnnt, therefore, to maintain the original position of the 
permnfrost t h l e  by keeping heat from penetmtinp the Vnri- 
011s methods tn keep ]lent from the p11nd hnve been devised, such 
ns h~ving nn air spnce between the poz~nr l  nnd a he~ttted building 
(Muller, 1945, p. 98; Rnrdy nnd D'Applonia, 1946, p. 4-12; fig. lo),  
or insulntinX the gro~md in the pile awn (Roberts and Cooke, 1950, 
p. 38 ; Nees, 1911, p. 6). Piling srrpportinp oil derricks in northern 
Alaska was kept firm by circulating R refrigerant to keep the ground 
frozen (Robinson, 19.56, p. 46). 
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BUMMARY AND EVALUATION 

Bridges in Goldstream Valley are underl~in by permafrost; there- 
fore, it is p r l ~ ~ p s  best to combat frost l~eaving of piling by using 
methods to increase the downward forms. The lea& factors to 
consider are the tangential adfreezing strength between the pile and 
psmnfrost and the surface area of the pile in permafrost. 

TANGENTXBL ADFREEZING STREXGTH Bm'WEEN n R M B F B O 8 T  AND 
TBX PILE! 

The basic objective is to obtain maximum tangential a d k i n g  
strength, this is achieved by preserving, or reestnblishing after pile 
emplacement, the natural thermnl regime of the pound. Inasmuch as 
the temperature of parmnfrost in Goldstream Valley is about O°C, 
it is not wise to emplnce piles by any method that would introduce 
heat into the ground, mcb ns stenm thawing. The thermal regime of 
the !round worrld be disturbed the least if piles were installed by 
driving them into the permafrost. Piling should be driven between 
March and June and steel piles can be driven without much difi- 
cufty. The amount of heat introduced in the ground by conduction 
along tlle steel pile is not known, but it mny be importmt especially 
where'the permafrost is warm, such ns nenr Fairbanks. If steel 
piles were installed in steam-thnwed holes it is felt that freezing 
back would be seriously delayed, nIthoug11 no quantitative data nre 
available. 

Wood piles instalIed in dry anger-driIled hoIes nnd then backfilled 
with a silt-water slurry that, is emplnwd by it trerni-type method 
moald be sntisfactory for this awn. 

BUXFACm AREA OF F THEPILE IN PERMAFROST 

The depth to which n pile should h mchored in permafrost 
depends on the mngnitude of all the farces acting on ths pile (fig. 
35). The Russians state that piles should be emplsced in permafrost 
tq t.wice the dapth of the active layer. As shown by observations at 
bridges 456.7 and 458.4, some piles emplnced this deep in permtt- 
frost were frost heaved. This mas perlrnps due to the warm tempern- 
turn of the permafrost and the disturbance of the naturd thermal 
regime by stenm thawing. 

Because of t , l ~  relatively warm temperature of the permafrost in 
Goldstream Valley and the nearness of a stream of running water, 
steel piles or wood piles should be instnlled into permafrost to 3 w 
4 times the depth of the nctive layer. The ncti~e layer is about 4 
feet thick; therefore the piles should be extended at least 16 feet 
into permafrost. This would mean a total ground penetration c ~ f  
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about 22 to 30 feet depending upon the depth to the permafrost 
table. 

LITERATURE CITED 

baron, H,, 1934, Frost henve in highways and ttsl prevention : Public Roads, 8. 

15, p. 1&25. 
Alaalra Engineering Commisnion, 1916, Rel~orts for the period from March 12, 

1914, to Dewmber 31, 1915: U.Y. 04th Cong., 1st sess., H. Doc. 610, 310 p. 
American Suciety of Civll Englneer~, 1M6, Pile foundatlonn and piIe 

structures : Am. SOP. Civil Engineera, Rfannnl Engineering Practice 27, 72 p. 
Barnes, L. C., 1946, Peninfrost: A rhalleuge to erlgi~~wra:  AIilittlr~ Engineer, 

v. 38, p. $11. 
Baver, L. D., 1948, Soil physira: New Sork, John Wiiey t Sons, 398 p. 
Beskow, U~mnar, 1935, Soil freezing and frost hearing wit11 special application 

to roads and railroads: Swedish Geol. Soc., e r .  C, no. 373, 145 p. [English 
trnnalation and supplement by J. T). Owterberg, pablhhed by Northwwtern 
University, 1947.3 

BIxck, R. F., 1051, 8truc.turm in ice wvfflges of northern Alaska: Geol. Bar. 
Amerirau Brill., v. 62. p. 14Z,7-1424. 

Bostnr>k, H. S., 1M8, Physiography of the Cnnadisri Cordillerft, with apwial 
reference to thp area north of the 5 t h  parallel: Geol. Survey Crtn~da 
'Eiem. 247, 106 p. 

Rouyo~~cws, '. J., 1913, -4n invmtiaation of  oil t~m~wrature and Rome of the 
fa~torc;: influencing it: Riichigan Agr. Call. Expt. Sta. Teeh. RulE. 17. 196 p. 

-- 1917, Classlflcatinn and mmwurement of the ditPer~nt forms of water 
in soil hy mema of the di laton~~tpr method: &Iirbignn Agr. Coll. Expt Bta. 
T W ~ .  null. 3a48 g. 

1921, A new clas~itir.aHr,n of soil moisture: Soil Srlence, v. 11, p. $948. 
1=, fifovenlent of soil lnoi~ture from arraall capillaries to the large 

rapillaries of the sol1 upon frew.In~: J m ~ r .  A F ~ .  Researrbh, v. 24, p. 427-431. 
Botryouros, (2. J,, and 3IcCnll. M. M., 1025, The correct explanation for the 

heaving of soils, plants, and pavements: Jour. Am. Soc. Agronomy, v. 20, 
p. 480-401. 

Brewer, M. C., 1955, Genthems1 investigations of  permafrost In Northern 
Alaska: Am. Gmphys. IJniori Trans., v. 36, p. 503. 

1958, Rome re~ l l l t s  of geothermal invwtigations of permafroat in north- 
ern Alaskn: Am. Q ~ p h y s ,  Union Trans., 1.. 39. p. 19-26. 

Rridgman, P. W., 1912, Water, In tbe liquid nnd Ave wlid Tom, under pres- 
sllre: Am. Acad. Arts and 8ci. Prc . ,  v. 7, p. 441-558. 

Cnpps, S. R., 1932, Gladation in Alaska : TJ.9. Gml. B~irvey Prof. Paper 1 7 0 4  
p. 1-8. 

1040, Geology of The A l a ~ k a  Railroad region: U,#. Gml. Survey Bull. 
n07, 201 p. 

Cnrlson, Harry, 1952, Calrulation of depth of thaw in frozen gmund : Highway 
Research Hoard Spec. R ~ p t .  2, p. 182-223. 

Carlwoti, Harry. nnd Rerstpn. &I. R., 19:53, Calculation of depth nf frwinp: and 
thawing under pavpmenL*, in Soil teinpernturm and groru~d freezing: High- 
way Research R n ~ r d  Br~ll. 71, 11. 81-95. 

Cnss, TJ. A., nnd Miller, R. D., 19513. Bole of the electric double layer in the 
mechanism of frost henving: Snow, Iw, and Permafrost Research .Eutah- 



FROBY KEAVING OF PILES, FAERDANKS, ATASKA 399 

Chellla, R. D., 1051, Pile fonndntionx : New YOP~L, M,Tcaraw-Hill Book Co., 665 p: 
Chernfaheff, M. IA., T828, Deformation to wooden bridges due to frozen ground : 

Railroad n'ork, v. 5, p, 1-3. [In Russian.] 
Corps of Engineers, 194h, Alrfleld pavement dwign: frost conditlom: U.8. 

Army Corps Englneers Ad interim engineering manual for War Degartment 
construction, pt. 12, chap. 4, 10 p. 

IMb, Airfield pavement clesign: construdian of airfields on perma- 
nently frozen ground: U.S. Army Corps Endnwrs Engineering manual 
for Wnr Department construction, pt. 12, chng. 7, 20 p. 

1047, Report on frost invpstlgatfon, 194445: Boston, Mass., U.9. Army 
Corps En~inepm, 66 p. 15 app. 
1949, Addendum no. 1, 194547, report on f m t  investigation 109443 : 

Boston, Mass., U.8. Armg Corps Engineer4 47 p., 2 app. 
1%a, Arctic and snbaretic construction : building foundations : r.S.  

Army Corptr Engineers, Enginwring manual for military eon~truetlo~~.  
pt. 16. chap. 1, 14 p. 

195&h, Airfidd pavement detrign: frost conditlom: U.8. Armg Corps 
Engineers, Engineering mnnnal for rnilitnry construetion, pt. 15, chap. 4, 
21 p. 

11),76, Engineering problems and mmtmction In permafrost regions, irt 
The dynamic north : U.K. Ofice of Naval Opmtions. r. 2, no. 5, X? p. 

Crawford, C. B., 19.52, Soil temperatures, a review of published records: High- 
way Research Roard Spw. Rept.. 2, p, 17-41. 

Dabkil, N. G., 1935. Ground swellirhg under railway beds under permafm~lt 
conditions: Acnd. Sei. MOWW, U.S.S.It., Trudy v. 4, p. 170-187. [Englisl~ 
trandation by E. h. Golom~btnk for U.S. Army, Omre Chief Enginwr, 
Military (:onstmction Dlvislorl, St. Paul District, I8 D., 1950.1 

I)'Appolonla, Elio, 1944, Foundations in permafrost regions, mrt 1, Construction 
in permafrat regions ; part 2, Woad plle fourrdations in permafrost regfona : 
Unpublish~d report in flles of Northwest Service Command, Canada, p. 1-39. 

Diicker, Alfred, 19X, 1s them a dividing Zlne b & w m  non-fmt-Rnsceptlblp 
8nd froat-ausreptible soils'!: Strasse and Autobahn, v. 3, p. 8742. [Bnglish 
translation by D. k Sinclnir, reprint& as Natl. Rwearrh Council of 
Canada Twb. Trnmlation 72318 p., 1958.1 

Frost, R. E., 1950, Evnluatlon of soils and permafrost mndltions In the 
Territory of Alaska by means of aerial photographs: U.8. Army Corps 
Engln~rs ,  v. 1, 50 p., v, 2, 112 p. 

Gray, Hamilton, 1955. Dtwussion, b Trow, W. A., 1955, Frost action on small 
footings: Highway Reaearrh Board Rull. 100, p. 284x3. 

Grim, R. E,, 1952, Relation of frost action to tbe clay-mineral composition of 
soil materials, i n  Fmst action in mils, a ~ymposium: Highway Rmmrc11 
Board S m .  Rept. 2, p. 187-171. 

Haley, J. F., 1055, CoId-room stndi~s  of frwt action in solls, a progress report, in  
Soil temperature and ground freesing: Highway Research Roard Bull. 71. 
p. 1-18. 

Hardy, R. M., 1953a, Chemical highways: Manlx, v. 1, p. Si2 .  
1853b, Prewntlon of f rest heaving by injection of spent sulphite liquor : 

Internat. Conf., Soil Mechanics and Foundation Engineering, ad., hoe. ,  
v. 2, p. 103-106. 

Hardy, R. M., and DYAppoIontn. Ellio, 1918, Permanently frozen ground and 
foundation design: Eng. Jonr. Canada, v. 29, p. 4-12. 



Eemstmk, R. A., 1949, Pemafrwt at Xoman Web, W . T .  [Nodhw-t M- 
tory, Canada] : Calgary, Canada, Imperiat Oil Ltd., 100 p. [1953]. 
- 1&52. Engineering in permafrost In Canada's Mackemie tTallm : Internat. 

Conf. Boil Mechanics and Fomdatlon Enfieeriag, 2d hWr., 3 p. 
Hennion. Frank. 1955, h s t  and permathst definitions: Highway M r c h  

Roard Boll. 111, p. 107-110. 
Almshi, Aiklra, IIEKis, Expenmental stndp of frost hearing: Snow, Ice. and 

Ipemafrost R~ciearch Establishmeat Remrch Rept. 45. 20 p. 
Highway R~~earc'ch Board, 194R, RiblIagmphy of fmst action in soila: Wash- 

innton. Highway Resmrch Board, 57 p. 
1932. Frost action fn soiIe, a symposinm: W~ahington, Hjghway Re- 

search Board, Pwh. 211, p. 
Hopkins, D. M., Rarlstmm, T. h'. T., et aL, 1955, Permafrost and ground water 

In Alaska: U.8. Gml. Barney Prof. Paper 2%F, p. 133-145. 
IIlinoia Divl~ion of Hinhways, 1922a. Frnst action and miformity of snbmde  

support: Unpubllahed report in files of minois Dfv. Highway, Sprinfield, 
Ilk., 10 p. 
- 1922b, Slab and subgrade movements due to fmst actlon : Unpubli~hed 

r e p ~ r t  In file8 of Illinois Dlv. Highways, SpringBeld, nl., 5 p. 
Jackaon, K. A., and Chalm~rs, Bruce. 195Ba, Kinetics of wlidiflcatlcin : Canadian 

dour. Phgdcn, v. 34, p. 478490, - l orn ,  Study of ice formation in mils: Boston, Mass., U.S. Army Curpe 
Eingineers Arctic Construetion and Frost Effects Laboratory Tech. Rept. 
a, 28 P. - 1988, Fr-lng of liqalds in Wroas media witb s p d d  reference to froet 
hmm lu soil : Jour. Applied Phygics, v. 29, p. 117&1181. 

Jaillfte, W. M., 1047, Permafrost research area: YIlitary Engineer, v. S(E, 
p. 37M79.  

Jenaen, R. G., 1952, H o w  wells are drilled in  permafmst : World 011, v. 135. 
pa 112, 154, 157-158. 

Jobanason, Slmon, 1914, Die Festlgkeit dw bodenarten bel, vmhledenem 
\Vassemhalt: Swedish Geol. Sm., aer. C, no. 256, 145 p., in J. 0. Oster- 
herg'a En~lish translation (1941) of Beakow (1935). 

Johnson. A. W., 1952. Frost action In roads and airfields: Rf~hway Research 
Board Spec. Rept. 1, 287 p. 

Johnson, A. W., and Lovell, C. W., Jr., 1%3, Frost adon research needa: 
Highway mearch Board Bull. 71, p. W12.1. 

Jumlkl~, A. R., 1954, bnctlon force in mils uwn freeelng: Am. Soc. Civil 
Bnglneers Proc., v. e0, Separate 445, p, 1-14. 
- 1955, The frost penetration problem in highway endneering : N m  

Brnnswick. N.J., Rntgers Uni~ersity Press, 162 p. 
1954, The soil freezing experiment : Highway Research Board Sdl. I%, 

p 1WlQ. 
Kersten, K. S., 1949, Thermal propertlea of mil: Mtnnwta  Unlv. Inst. Tech. 

En$% Ed. Sta. Rnll. 28, Y. 52. 225 p. - 1952. Thermal properties of soils: Highway Ekwarch Board Ipec. 
Rept. 2. p. 161-166. 

Kit=% F. F.. 1960. Inatallatlan of ptles in permafrost: &fence in Abaka, 
Alaska Sci. Canf., Bth, Pm., Alaska Dlv., Am, A a m .  Adv. Sci., Gollm~, 
Alaska, p. 6'74% 



Kokbue,  Otto von, 1821, A voyage of discovery into the S o ~ t h  Sea and 
Behring's Straits for the purmse of exploring a northeast passage : 
English trandatlon in 3 v., London. 

Lambe, T. W., 1958, Modlflcation of  fmt-heaving of mil8 with additives: 
Highway Research Board BulI. 135, p. 1-23. 

LefingweU, a. de K., 1915. Ground-ice wedges: the dominant form of w a n d -  
ice on the north roast of Alaska: Jour. GmIogy, v. 23, p ~~. - 1919, The Canning River region, Northern Alaska: U.8. Geol. B u r v e ~  
Prof. Paper 109, 251 p. 

Legget, R. F., and Cmwford, C. B., 1952, Boll temgeraturw in waterworks 
practice : Am. Water Works Assoc. Jour., v. 44, p. 923439. 

h w i n ,  J. D., 1948, E s d a l s  of foundation design in permafmt: Public 
Works, v. 5'9, no. 2, p. -0 ;  no. 3, p. 27-30. 

Linell, R. A., 1953, F m t  dmign criteria for pavements : Highpay Ilegeawh 
Board Bull. 71, p. 18-32. - 1959, Interm report on load tests of piles in permafrost: Sdence in 
Alaska, Alaska Sci. Cont, flth, Proc., Alaaka Div., Am. Aam. ddv. Sci., 
College, Alaska, p. 2440. 

Linell, R. A., and Haley, J. F., 1052, Investigation of the sect of frost action 
on pavement-supparthig capacitj-: Highway Research Board Spec. Rept. 2, 
p. 2&5.328, 

Liverovsky, A. V., and Moromv, K. D., 1941, Constcuction on permafrost: 
Moscow. English translation by Meir Filch for U.B. Army, Office Chief 
Engineer, Milltary Constmctlon Uividon. St. Paul Distdct, 308 p., 1m. 

Lofqulst, Bertil, 1944, Lifting force and beadng capacity of an Ice sheet 
(Lfltkrast och Barformaga hm ett Istacke) : Atockhoh, Teknisk ndskrift. 
v. 25, 27 p. English ttranshtlon by H. A. G. Nathan, Natl. a r c h  Coundl 
of Canada Tech. Translatiori TT-164, Ottawa, 1951. 

Lubimoff, Von. L. von, IsM, Yerdruckung von Erucke~. durch Frost a d  der 
aibirischen Eisenbahn: Organ for the pmgwm of the d1~Oad industry, 
v. 39, p. 11&113. 

Melster. L. A., and Mel'nlkov, P. I., 1910. Deter~inEItiOII of adfr- strength 
of wood and concrete to ground and shear strength of frozen ground undw 
field conditions: Acad. Sci. B I m a ,  U.B.I.R., Tmay v. 10, p. -107. 
EngLisb translation by William Mandel for U.S. Army, Ofllce Chief 
Engineer, MflItary Construction Div., St. Paul District, 19 p., 1950. 

Misener, A. D,, 1955, Reat flow and depth of permafrost at -lute Bas, 
Cornwallis Island, N.W.T. [Northwest Territory], Canada : Am. GmpB$s. 
Unlm Trans., v. 36, p. 1055-1060. 

Mozley, Alnn, 1937, Frosen ground in the aub-arctic region and Ite biological 
significance: Scottish Geag. Mag., v. 53, p. 286-270. 

MulZer, 8. W., 1943. Perrndmst or permanently frozen ground and related 
engineering problems: 1st edi., U.8, GeoL Survey 8pec. mpt. Strategic 
Eng. B h d g  82.; 2d ed., 1945. U.S. Army Military Intelligence Div., Ofice 
Chief Enginer, [Also lltboprinted by mawards Bms., Ann Arbor, Mich., 
1947, 231 p.) 

Nees, L. A., 1951. Pile foundations for large towers on permafmt:  Am. 8nc. 
Civil Engineerr: Proc., v. 77. Separate 103, 10 p. 

Older, Clifford. lm, Bates experimentnl road : Illinoia D1v. Highways Bull. 18. 
24 P. 



Penner. E, 1958, The nature d frost action : Canadian Good Road# Assmlation, 
38th Contention, Proc.. p. 234-243. [10;571. [TleprirrtPd na Tprh. Paper %?, 
Dlv. Building Research, Natl. Research Counrll of Canadn, 10 p.1 

P4wC T. L., 1947, Permafmt and g-mrnorphology In the lnwer Sukon Valley, 
Alaska: Geol. Soc. American R1111.. r. RH. 11. 1257. 

1048, Terrain and prmairost, Galenn area, A l a ~ k a :  U.B. Armg, Omw 
ChIPf Engin~er, En@neer Intelligence niv.. Permafrost Promam Report 7, 
fi2 p. 
- 1949. Prelimimry report of permafrost tnvwrtlgatians in the Dunbnr 

area, Alaska: U.8. G d .  Survey Circ. 42. 3 p. - 1951, An obwwatlon an win&blown ~ i l t :  Jonr. Ceolwy, v. 69, D. R W o 1 .  
1952, Preliminnra report on the late Quat~rn~ry histow of t b ~  Fair- 

hanks area, Alaska: Geot Soc, Ameriran Rnll., v. 89, p. 12119-1290. 
I%%, Effect of permafrost on cnltivated flelda, Fairhanke arm, Alamka: 

U.8. Gwl. Snrvey Bull. 2RB-F, p. 315451. 
- 1955. Orlgin of the upltlnd silt near Fairhanks. Almka: Geol. 8nc. 

America Rull., v. 67, p. 6!%C24. 
1fiS8, Geola~ic map of the Fairhnnks L)-2 qnaclran~le. Alnaka: U.R.  

Genl. fiurveg Quad. Map GQ 110. 
PPw6, T. L., and others, 1953, MnlMe glaciation In Alnslka: a p r o m  rpport : 

TJ.B. Qenl. Surrey Circ. 2811, 13 p. 
Plhlalnen, J. A,, 1851, RuilcZing foundations on pennafmt, Mackende ralley. 

K.\Y.T. [Northwe~t Territwy. Canada] : Ottarra, Canada, nlv.  Rulldin~ 
Re9mrch, Tmh. Rept. R, 37 p., 3 app. 

RRthjen~, G. W.. 1356a Construction techniques deveIo@ In mining, mwer 
p lmt  ron~tn~ctlon nnd elwtriral distribution in Alaska. in The Dmamlc 
north: U.R. Navy, brrok 2, no. 2, 17 p. 

Rnbert~,  P, IV., and ronke. F. P.. 19%. Arctic tower foundntions frozen into 
permafrost: Eng. SP\VS-RP~., v. 144, no. 6, p. -9- 

RohInaon, F. Mni,. lW%, Core testa and twE wells Onmalik area. Ala#ka: U.S. 
Cwl. Rl l rv~g  Prof. Paper 30r+A. Ifis p. 

Smnd~ruon, Marie, 1950, fileanttring potent&l cvaptransplration at Norman 
Il'~1111: Om. Rev., P. 40. p. g?Rti45. 

Rmtt, R. F.. 1DM. F r e a l n ~  of slurry around wood and mnerete piles: Bnston. 
Mas%, FI.R. Army Cnrps Enplneem Arctic Constmction and Frost Enect 
LRhratorq., 6 p. - ]*cis, Freezia* of p l n r r ~  around pllm in prmnfrost: h. Hoe. Civil 
Plln~lnwm Pmc., r. R5. nn. SM4, pt. 1. p. 1-10. 

Skarm-FIsuu, Rr., 1952, The Nnrweginn State railway's measurn a d n k  
t r o ~ t  h e n r t n ~ :  HIghw~y Res~arrh noard Spw. Rept 2. p. 341346. 

Rnnw. Ice, nud Perrnntmst Rewnrrh Bstahli~bment, 1951-66, Annotated 
RIblln~raphg nn Snnw. Irr. srbd P~rmnfrast : U.8. A m p  Corps Engineers, 
Rept. 12, v. 1,228 p. : Ifh'r2, v. 2, 3716 p.; l!XVfia, v, 8, 316 p.; 1953b, v. 4, 360 p. ; 
I9Ma, v. 5. 2?K? p.: I9Mh. v. A, 500 p.; f95rin. v. 7, 270 p.; 1955b, v. 8,284 p.; 
I  ifl la. v, n, 273 p, ; Inr;trh, v. 10, Ino p. : 1950c, Index, 182 p. 

Sorby. H. C., 1850, On the freezing-pnlnt of water in capillary tnbee: Phllorr, 
Mag", v. 18, 11. 105-108. 

Sumgln. M. J., T9mb P~r~nnZal ly  frown aoll In the limtts of D.S.S.R. : Fnr 
Eastern Geophp. Qhu.. Yladlvoutok, U.S.R.R., 372 p. [In Bassian.] 



FROST HEht'Ih'G OF PILES. FATRBANKS, ALASKA 403 

T a k .  Stephen. 1916, T ~ P  mnwth of C V F ~ ~ ~ R  under external prewnre: Am. 
Joor. Spi., v. 41, p, 5?2-5fl. 

1917. Pms41re phenomrna ncmmpn~ying the growth af c r y ~ t a l ~ :  
Xatl. &ad. SrI. P m . ,  v. 3, p. ZW1902. 

191Ra, Ice forming In d n y  soils will lift surfa~e weights: EM. 
News-Rep., r. 80, p. W2-2#. 

InlRh, S o r f e r ~  henvlng cnr~nwl by smrp~ation of water forming ic.e 
cwtn l s :  Eng. News-Ilpc., v. R1, 1). M. 

199. Fraxt h~nvlnp:: Jour, Ooolngy, r.. 37. p. 4!%4&1, 
1SNkt. The rnpchn~iir~ nf fnwt h ~ a v l n g :  door. Geolog,~. v. 38, p 303-317. 

- 193011, Prrezlng ant1 thaw in^ of ~ o i l n  n?i fnvtor~ In the destrudion of rrrerl 
pavwtients: Public Rnn(tm, v. 11, p. 113-132. 

1943a, 80nw p r o h l ~ n ~ ~  nf road ronstrllrtlnn and ~rlalntenfince in Alaxka : 
Public Roads, v. 23, TI. 247-251. 

lr943b. Pewnnially frnxni around in Ala~ka-lltl origin and b1sto1-y: 
Qeol. Sw. AmerIca BuIl., v. PA, p. 14XLl WB 

Terzaghi, Karl, find Peck, R. R., 1948, Sol1 mrtbhnnics in ~n~lrlmring practiw: 
NOW Yo~k,  John Wilcy & Sons, 549 p. 

T~wndorf ,  Z. H., 1956, It~rlr~ nnd ~u lnt ic l~ trr  ftlr maintenance o£ way and 
structures: Anrhorap. AImkn,  'l'hr- Al~nkn nb!)rtrad, 102 p. 

Trow, W. A., 1!)55. Frost Hcotlon 011 ~rnf i l l  Pr~rhfi~tgn: I1igl1rva.r Resear& Board 
Bnll. 100, 11. 22-28. 

Tsfiovich, N. A., and Plirinnin, ni. I.. 1!)R7, I'rtnciples of  met-hanles of frown 
ground: Acad. Sci. Monrow, I!.S.R.H.. 4.32 p. [E~~g l inh  trarh~lntion by R. -1. 
Golnmshtok. Rteffannnl~n Lil~rnry: I'ttlRlrrlwl hy Siin\v, Ice, and Permafrrwt 
Research Establishm~nt, l\ril~nrttc, Ill., l93O.] 

T1.B. Weather Bureun, 1543. Clinlutlt- a t l n ~  Inr Alnwkn: A m y  Air  Fows 
W ~ t l ~ e r  Inf. nmnch Hestdqrinrters. Rept. 444, Z29 p.; ~ u l ~ p . ,  72 p. 

'ITFetem ('onstruetion, 1956. A l a ~ k n ' s  f r o ~ l  nlld fnnd p r h l ~ m a :  Western Ctrtl- 
slmctlon, v. 31. p. 21-2R. 

Wfl~on, IV'. K.. Jr.. 1948. The j ~ r f l l ~ l e ~ u  of P~rmafrnst : Militnry Engineer, v. 40. 
D. 162-164. 

I\rlnterknrn. LI. F., I=, The mnditinn of water In pnrrws ngsrt~mn : Aoll RCIPII~'P, 
r. 56, p. 109-115. 





INDEX 

AcknalMmsnts .......................... 3WZW 
......................... hrtive lnger, defined XI1 .................. AdlreWIna sttcnfth, deilmd 335 

hlarka Railrmrl . Tlm ........... Z0S.M%Wi,E71.3'1? 
hrld~e  at m i k m t  W.7 ................ 3-0. 

a1. m. 887; PI . 44 
brldm at m-t 454.4 ................ JR[MR3, 

ss7.s~~.m~~~i.m.m; PI . 44 
$rldm at m l k p m t  I F ~ I  .. w-m . m-38: pl . w 
I n t e ~ t r l l o n  ofstudl4Q ot frost-besvlng ot 

hrldw plUnm ................... 
Alwka- ................................ 359 
Alluvlal fans ....................... 989.grpO.8E.573 
Altm, John. cttsd ............................. 39t 
A mur Hnllroarl . R l W  ..................... M W 4 7  
Anrhoa"c. mesa air Mmbw Index ........... 346 
Aufelr. ri~flnrrl ............................... 337 

&t nltA 01 bddm at m l k w t  M.4 .......... 3M 
................... ~ K e r l  on !iILln~ olpllm 3:B 

In ddnsgewap crossed by bddge, at r n b  
post 4M.7 ....................... 

at mikpmt I%.+ 9 ~ a  

B m .  mnan alr &tinu index .............. s e ~  
................ tempomture of pmnatmat 385 

Relorkrylo*, c h d  .......................A=... 346 
Bmkow, Clunnsr, clteh .................... WW 
Flethcl, AImka ............................... 396 
Ulg Delta . Almks, plum oi a brldm mar ..... 345, 

W M 7  , 349 
Brldgman, P . W., cibd ...................... 340 
Brooks Range ................................ 868 
Burllnflon . Vt., mean nlr Reeelng lnder ...... 306 

C 
Oerlson. Ularr~r. cited ...- .................. 3m . %I 

Oass, L. h., cited ............................. a42 
Chalmm, Rrum, c l M  ...................... 841.342 
Chena River 372 
Chmn~ RIm flood p l d  ............... 3fW.372, 374 
Clesrwster Lake, h t  hrmvln~ of end pllw of 

............................ bridge 348 
cook, x . P., cited ............................. ar 
Crawkd,  C . B.,dted ........................ 345 

Page 
EndneorInu feehnlqnm to  oombuf h a t  beav- 

inu of piling. &urn8 ............ ~c?-m5 
Kqlar R o d  ................................. 388, 374 
Evlrpw~Hon mtea In F a l r h h  m a  ........ 3s63G7 

............ Fekburtks. mm aii-kming index aBB 
U.R.  Il'mthef Bureau station PnPnPnPn-PnPnPnPnPnPnPn . 3GS 

FdrbsnLa ares . clirnsto -7 
rffects d brat bravlq d piling ........... 335 
bmt sr t~on ............................. 873474 

................... silt d e w i t  In lmSmds 3(ur 

tcqqmphy ............................. W 3 R 9  
F-m Loop ROed .......................... 374 
Fink . rlted ................................. W-347 

....................... Flwl plain, p e r m s h t  372 
rradiments ................................ WI 

Fort Yukon, Alaska .......................... 395 
Free- index, deEntd ....................... 337 
Pkeaing-point dep&m 341 
Frmt acllon . deherl ....................... X37 

detwrnatiw QI a d  bridge at mflemt 
456.7 .............................. 378 

deIormatron d aood btidga mt 
455.4 ............................ m-m 

e f f d  on en- stmcb~~.. . .  . -5, 374 
in h ~ r b m k s  Arm ...................... ai3-a:~ 
rn pllnE ................................. 3Ra 
meb 01 intcwiw in Falrbunh area .. m 3 7 1  

.................. b t  heavinr, d e b d  831,?35, 337 
dend piles or bridges ..................... slP 

....................... of pilw, wmttrenw a47 

Qslen~ . Almb.  h e h - n m k  pohta r lcwtd  by 
host hesving ..................... 

Oeolopjc spctlons at Thc Alaslra Rallmd 
.......... brltlqa, at rnllcpoat 1M.7 

at  milopmt 463.4 .......................... 
at rnikpcmt M . 6  ............*............. 

....... Oeolo~y oi*lte, l~rldgo at m l l m t  458.7 
bri&ge at  rnllepmt 4 9 . 4  ................... 

................... hrEdw at milcpceost M4.4 
................. Olwls rs. from A I R S ~ ~  R ~ n m .  



INDEX 

R 
Page . . .. llemtwk R A ELM ..................... 34% 347 . IILstory of hrldpe at mi l rwt  456.7 37- 

.......................... at  miltpost 4.M.4 %@ 

.......................... nt milemt IR0.4 S T  

I 

J 
Jackon. K . A.. dtal ....................... X1.W 

K 
Kcen, clted ................................... w 

........................ . Wnten, M B., riteb 8H 

L 

P 
paw 

Parameten to at imte  fnrws involvrd In t m t  
heavlm o[ plllna 863 ................ 

.......................................... Peat 3R8 
. .. ............................ Peck, R €I cited IIM 

Pmwhast, at site of bridge st m l l e w t  l I . 7 -  370 
at  site of bridm st m i l m t  4M.4 ........ W 3 R l  

I -btlons in .......... 3U.w315.547 
In-limal Alrpwt ......................... Z1 

h h a t w y  teats oi tangenttat sdheealng 
strengths between I-inch steel rod 
and different msterlals ........... 853 

Lsrlrl Air F m  R m  ......................... 374 
LinelI, K . A., dted ......................... &5, 3e0 
Llveromky, A . V., cited ................ 845,347, a44 
lacation of Falrbmh wea ................... 33A 

defined ................................. a 9 7 . 3 ~  
diStnbution In A'snka.................... 3M 
drstribntion in Cloldstmm Vdleymmmmmmmm 370 
in Fairbanks rn ....................... Xi$-372 
in l m R d  area near hrlm s t  m4le-t 

m.4 ............................ 2a-m 
methdv to Improw the snchdng ~t 

pilea ............................ 
ot the fl& plaln.. ....................... 372 
ol the silt f ~ r u  and Htt lowlanh ........ 8n-379 
tangmtrl srllreerinaatrenath .......... aM362 
tvmpemtuw ............................ 960, 371 
t a h l ~  . dcfinprl ............................. a 7  

Phyalrol lmrtm affccrtfnu mount and butam 
01 icc acgegntlonq In the mound . W 4 4 5  

............................. Plln, cnmpmitlnn 3-45 
................................... defined 937 

nntarc otdurlate ........................ W . 5 7  
Pilee . clamifbcatlon ........................... 34& 

M 

Mnaley Hot Sprinps, klsdh, piling of bfidp 
new............................ 347, 34P 

................ M a  h* h d a ,  d e w .  337 
Mean Indexes, Alaska ................ %A 
Mekter, L . h .. clWd.- ......... W851,SW.35n 
Ji~lhikov,  P . 1 ..ad .......... W&51,3%-3M.6.~ 
31 WFI, R . D .. dbBd ........................... 342 
JIinneapMs . M U  . -air hetlac index .. ~ R A  
Moisture cootent, pltect on h t p n ~ a l  udht -  

tm &en@ betawn atfierent 
t y p  of m d  and different 

....................IS.... 852 
~ a ( s ~ ~  cwtent otpmand, influmtlm .. prip of km rm ilff. 

Eacttrr infiuen- mwth orie rrault- 
hoet heaving or es.......... 

84 5. Ma-H'a 
Moisture content of unkoeen ground, at m1Ie 

...................... pmtost.7... 873 
at mllepast 458.4 .......................... gR2 

at udhpost 4RO.Q ........................ E M ,  3R7 
Moistme cmtent ol permaftwt In allt  tmm- 

hon .............................. 860 
Mount McKinley National p&, plllnf of 

bridga near ....................... 847 
Momam, K . D., cfted .............. .... 8411.847, 881 
Muck, defined 247 ................................ 

........................... Muck foryaoic silt) 3613 
~ u l l w ,  s . w.., c % t e b  ............... a ~ . a ~ . a n 7 , a r r e  

N 
Xes, L . A., dted .......................... 852. 8.53 
senam ...................................... 3R5 

.... Some, ~ W P  h e a t n ~  ol end plk OK 349 
. . N m  Wells, Sorth-t M t w g ,  Canads 845 

~7,549,XK1.%2,8R7,3nS 
Northmy, A b b ,  bulldlnm dkturhpd hy 

cost kavlng ..................... S4? 

..... 

PlIcsupwlwi hrtdwa. Ooldstream Valley ... 365 
................................ Pilingl rleRnrt1 339 

CRQC~R of boot hc~vlnp .............. 338, SW&3 
Pdnt lwarlna, de~lnud 338 ........................ 
polywonnt pound, debad .................... 838 
Prwbpltutlor~, Fdrhenks 386, 247 ................... 
previous inve*tl~etlom ot the sffect oi bast 

heovlna 01 pnlng ................ 3-7 
profib, thermal, 01 permaht nmr Far- 

Iinnks ............................ B61 

R 
mlnfell .................. 868 
Aelicf .... $68 

................................. R~~ a85 
H-IB, b t  hang ......................... 345 

...................... plle tailmd b r l d p  349 

8 

& m d  bast 1 n dre.hger~ay u n h  bridge, at 
.................... milepmt rjs 7 B f s  

.......................... 4t milepmt 4 3 . 4  35-2 
at milepost 460.4 .......................... a%$ 

.. S(hpria, plle rallmd brfd- 346 
............ gilt, org9nlc, frost heaving Olp* 347 

..... organic htensftp o l  kmt B C N D ~ .  a74 
............... wolrr.holdlngmp6cIty 345 

Bktn ~Wction, h l u w n  prles and d gr~vel at 
........... bridge at mllemt 460.4 3'21 

................................... d e h d  33R 
01 unbomn gram& .................... aSpM 

......... R k o v d i n o  From C t m d  RtsMon 
.................................... Rnovlall m 3 R 7  

............................... 8011 capillarg 310, 843 . ...................... Boll moisture hew 3a8.84'2 
.... Roll Test Laboratorp at Bsnow, AIM- a51, 3\13 

Sorb ,  H . C., clkd . .......... 33(M40 
. ............ Siimpjm, M I., c i t d  - ssE, 853,393, 357 



INDEX 

T 
PnW 

Tanms lowland ......... ..... . .,.. ....... ..,. 313s 
Tmsns River. ......................... 8A6. BRA, 3:2 
Tanann Rlvcr f l d  plain.,. ........... .... . W. 974 

pcrmalrost. ......................... 3 7 1 4 2  
Tnnana ILlvor valley. ........................ $118 

............. Tane~ntlnl lulfrsr~lng atmn~lh 150.357 
lletwrrn different typos ol lmcn mind 

nnrl wt~trr-nnlomtnul wcml...... 8M-365 
hetwnen mnlst xllt  nnr1 P& pllc ......... Pi8 
tmtween wrrnalmst nnd tha pile .......... ,1H7 
bet- seasmally hacn ~nnv ld  an11 

diflmcnt matwiaLq untlw mturel 
conM~m ........... .. ......... BSl 

bet- seaqonallg h e n  pound ant1 the 
pllc,reductlan ................. 9&S-sBr 

hetween the glL and o m d c  silt at brldac 
at rnil~pwt 469.4 Mi .................. 

d e w . .  ................................. 
of p e r m W . . .  .................... m282, 3rd 

Temperat-Crmthmd Pags 
of t h ~  ground, lactor In dahmhI11p the 

taneentlul adlreehing strenrth ba- 
tween lmwn sedtmrota nnd differ+ 
ent sor1ac-a ............... 355356,357 

of unheen mound at bddm at m U @ ~ t  
4W.1 ... 585 

........................ Tertwhi, Rwrl, fitPd 359 
Texture of t he  pound, d t ~ d  ._._.-_.--__.__. 343 . 

lnclorloflu~ncma lmst h e ~ r h ~ o f  pike---- 347 
Innumcc on r r o ~ t h  or icp ~mpstions in 

the ~tound ...................... 342 
Influonce on langenrlal adfreerink 

strenath -..__..,,-.------------- 35W56 
Tomnto. Canada ............................. 854 

................... Trow, W, A,. dted .. -1.358 
Tsytcn'ich. N. A., dled.. ..,,. BJZ, W. M, W, 390 

U 

U.S. A m y ,  C-ol Eodneem ............ SE-Wl, 
959,36(3, z@J 

and different m a ~ a l s .  .---- --.. 852 
Of prmnrrast 371, an. 33s ....................... 

atNormm Welis .__.----..-------+--- 862 
... below mne o i  semnsl ffnctmtlun. 372 

In Oddstream Va l l e~  337 
of wappnal Irost In dralmt?mng under 

brid$e at miPepcst 480.4 iW 

.................... wtnterkom, H. F., clrad. 8M 

Y 
.............................. Yukon PtatmlL 888 ................................. Yukun Rlrner $OR ........... Ylrkon-TmanenpW,pmnhst 972 

83o~prspt1 y ............................. 3W-PA9 

* e m ~ t ~ *  Ira* henvink'------ 
U Fairbanks ........................... 388,367 
effect on tengpntIal a d M n R  lrtmnRLh 

between d f R m P  tm of wound 

17.8. Rmlttn~.  Reflnln~ & MInlnlt Co ........ 375 
u.8. weather R~~~~~~ aar~w ~ d ~ h b .  ~ R ( I  

W 




	B1111I0000001.tif
	B1111I0000002.tif
	B1111I0000003.tif
	B1111I0000004.tif
	B1111I0000005.tif
	B1111I0000006.tif
	B1111I0000007.tif
	B1111I0000008.tif
	B1111I0000009.tif
	B1111I0000010.tif
	B1111I0000011.tif
	B1111I0000012.tif
	B1111I0000013.tif
	B1111I0000014.tif
	B1111I0000015.tif
	B1111I0000016.tif
	B1111I0000017.tif
	B1111I0000018.tif
	B1111I0000019.tif
	B1111I0000020.tif
	B1111I0000021.tif
	B1111I0000022.tif
	B1111I0000023.tif
	B1111I0000024.tif
	B1111I0000025.tif
	B1111I0000026.tif
	B1111I0000027.tif
	B1111I0000028.tif
	B1111I0000029.tif
	B1111I0000030.tif
	B1111I0000031.tif
	B1111I0000032.tif
	B1111I0000033.tif
	B1111I0000034.tif
	B1111I0000035.tif
	B1111I0000036.tif
	B1111I0000037.tif
	B1111I0000038.tif
	B1111I0000039.tif
	B1111I0000040.tif
	B1111I0000041.tif
	B1111I0000042.tif
	B1111I0000043.tif
	B1111I0000044.tif
	B1111I0000045.tif
	B1111I0000046.tif
	B1111I0000047.tif
	B1111I0000048.tif
	B1111I0000049.tif
	B1111I0000050.tif
	B1111I0000051.tif
	B1111I0000052.tif
	B1111I0000053.tif
	B1111I0000054.tif
	B1111I0000055.tif
	B1111I0000056.tif
	B1111I0000057.tif
	B1111I0000058.tif
	B1111I0000059.tif
	B1111I0000060.tif
	B1111I0000061.tif
	B1111I0000062.tif
	B1111I0000063.tif
	B1111I0000064.tif
	B1111I0000065.tif
	B1111I0000066.tif
	B1111I0000067.tif
	B1111I0000068.tif
	B1111I0000069.tif
	B1111I0000070.tif
	B1111I0000071.tif
	B1111I0000072.tif
	B1111I0000073.tif
	B1111I0000074.tif
	B1111I0000075.tif
	B1111I0000076.tif
	B1111I0000077.tif
	B1111I0000078.tif
	B1111I0000079.tif
	B1111I0000080.tif
	B1111I0000081.tif
	B1111I0000082.tif

