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ABSTRACT !

This sfudy invéstigates the application of .snow in the con- .

 struction of snow roads ahd the suitability of the snow road as a #ransf.
' ﬁortation faéility. The sﬁbw properties are fevieWed aﬁa the current status
of‘snowifoad tééhnology'is idenﬁified} In the field studies, whére Yari—
ations %ﬁ snow roaa construction.procedures'ére evalqﬁﬁéd,'a conventional
snow blowér is utilized as a snow processing implement. The resultS“in—‘
Vdicate.that an equidimepsional particle siée is prodﬁéed‘with no significanf
chaége occuring'in eithér the parficle‘size or distribution with repeatédA
'processiﬁg; The results‘gurfher identify the operational difficulties in'~
handling'blower%pfocessed‘snow.during snow‘road<¢ohstfuction.‘ Increésing
the snow road density by introduction of_free‘moisture into the pofe.
spacés, through surfacebheét applica£ion, is.alsb.investigated.‘ For this
puréose a prototype wood-fired héatef is utilizedf ‘'The test results éive
prqmising inéica#ién that-this method of surface heat application, in
éombinatiéﬁ with ﬁeavy-compaction, cduld have‘considerable.practical ﬁerit.
The snow'road strength isnindicated in terms of snow 'pardness' determined
‘byithe Rammsonde cone.pénetroﬁéter} ‘The conventionél'Rammsonde hardhess‘
equafién'%s rejevaluatedvandAtheAhardness index is.cofrelated to snow

“ temperature.
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CHAPTER I

INTRODUCTION '

With increasing oil and gas exploration aﬁd the subseguent

interest generated by this activity in Canada's North; the potential

*damégé resulting from the movement of goods and'ﬁachines becomes in-
‘creasingly important. In particular; consideration of a Northern
'pipeline development has brought to the forefront a'recognition of-

bmany rulti-disciplinary probléms;

; Thévstudies by Adam’ [1,2] point out the'applicability of snow .

roads ahd ice-capped énqw roads in the transportation of men and.

+

materials during winter pipeline construction. The studies also in-

dicate that while the idea of compacting snow. as a means of improving

oversnowltrafficability is éxtremely old, the'procedurelfor constructing

. show pavements capable of'carfying heavy wheeled traffic, is not well"

vésfablished; 'Thié‘is partly due tojﬁhe fapt that in’tﬁe_Pést no ap-
pafent standard for the identiﬁication and treatment of the snow ﬁro-
gerties'ﬁas been fqllowed and that the existing information, thoﬁgh
exténsive, is widely dispersgd.

In Chapter II énd IiI.of this sﬁudy,‘pgrtihen£ f§cts aré

"pooled" to  form a single comprehensive reéview. The review includes

" discussion of the porous.characteristiés and the  thermodynamic and

mechanical behaviour of snow. A procedural guide for the field identi-

" fication of the ihdex'properties is also presented. Chapter IIT is a

- summary of the snow road construction experience where construction




equipmeﬁt, pfocedures and results ére discussed.
Pievious studies indicate that ;now cémpéétion alone will not
"produce the strengthirequired of snOW’roadsxsubjected to intensive
wheeled traffic. Disaggregation, miiling and mixing of the snow
(pridr to_final gradiné and'compaétion), to prodﬁce a mofe’non—dniform
partiéle—size diétributioh becomgs necessary. For this'pufpose,
A modified égricultﬁfal“earth tillers'andispecial.pul§imikers_havé been .
used, butvwith.variéd succesé.' In this:study,,the conventional. snow
~ blower is evaluated as a snowiprocéssing implemeﬁt and the significance
offmultiplé prdcessing is dgiermined, |
The iCe—éapped snow rdad is a processed and COmpaéted énqwbed
: with.Watef‘appliea fq the surface'tofincrease the road density and
stréﬁgﬁh;vtAithOQgh this class of Wintei road.pffefs'some significant
advéniages, ité uée may bé'sériouSIY'limited in permafrost_regibns
‘Qhére ﬁﬁe-large quéntities of ffesh water reqﬁired méy néf bebavailable;
The feasibility éf utili;ing a portable wood-fired surface heater to
_}p?bducg thg free water is invgstigated as an aiternéii&e to'the direct’
: water.appliéation metﬁod. The wood burner would have‘the'dﬁal advantage
of utiliiing righfédf;way slash material as fuel‘,.ana ét the same

'time provide'a facility for the disposal of the waste material.




CHAPTER IT

:SNOW AS‘A MATERIAL

Snow is a porous medium composed of ice crystals and/oxr
.aggregates.of_ice gréins. The pore spaces contain'air,'and water
vapour énd,in the éagélbf "Wét"'éhéw, ligquid water as:weil. Thus
the snow pack forﬁs a hHeterogeneous system which exhibits a. complex
énd‘continuous”intefaétion 5etween the phases.

In‘thisjcﬁépter, thé_properties of snow andlthe'pr0ceSSes-'
tha?‘oécﬁr due’ to thg thefmodynamic iﬂstability of ‘snow are reviewed.
';The.revieﬁ'cites pertiﬁentltﬁeory and includes quaiitative-explan-

ation of governing principles and terminology.

-~ A. SNOW METAMORPHISM

Destructive Metamorphism

After the depcsition of fresh snow, very local transfor-
mations,'called destructive or isothermal metamorphism,'aré first
_Observed. During this'pxocess the sharp points of the branches of

)

iﬁdiViauai gnpw flakés become blunt. This'is aéhieved partly by

. evaporation dﬁébté thevhigher vapour preésures’associated‘with small
fradii of ¢urvé£ure4 and partly by the migration of moleculés iﬁ the
quési-liquid sﬁrfaée layer (Bader {6]), The.érysﬁais become rouﬁdgd'
and thevlafger sﬁheres then érow ét'the expense of the smélier’ones
éxclqsivel? by vapour-trénsfer. .After a few dayé, qryétal shape is
almostvcpmp}etely lost. 'Each.grain is a single crystal ranging from
‘vé;S.tO 1 mm in size ﬁifhlonly'one of two small crystallographic

faces, The grains aré weakly bonded and the density of this fine-




’grained_snow‘usually ranges from 0.15 to!0.25 gm/cm3.

Constructive Metamorphism

Following the original deposition. of snow,-avtemperature
gradient through the snow covér'develéps (colder at theytop than

~at the bottom), and constructive or gradient metamorphism sets in..

Constructive metamorphism involves heat and mass transfer and is

characterized by growth of selected:crystals; decrease  of crystal

‘number'per'uhit bulk volume; and development of crystallographic

/ .
i

'Aféces, edges aﬁd'verticés‘(de'Quérvain [18]). 1In dty snow, the
ﬁéss transfér ocbﬁfs‘primariiybover the vapop% phase by'diffusion
and,owing to:the,tempéréture.gradieﬂt, is acceleréted by convectivé
air-flow‘in the'pofe spaces; |

| At.iow énow densities (bélow O!3’gm/cm3f, éonstruétivej
tfmetamérphism is very'rabia and resﬁlts in production of a distin-
étive.snow type knoﬁn as "depth hoarfi Heré grain size is.bet&een
.,é and'8 mm and‘singlg ¢rystals as iarge'as_15 mm.have been obse;ved
* {Bader [2]). bﬁepth hoar_éxhibité verybpdor bonding, and has a
high viscésity.  It is the méjor cause of avalanching. and is most

difficult to compact to a hard snow pavement..

vMelt Metamorphism

Melt'metamorphism characterizes the changes produced in
'snowvby'the presence of li@uid water.. As,the weather becomes. warmer, -
and the snow becomés’mqist, temperature gradiénté-andvtheir effect

vanish (Yen [44]1). C:ystallographic‘elements also quickly vanish due

i




to ‘the high surface tension of the water filﬁ éovering all the

]
i

grains. Thus crystélsbbecomé rounded andvclusters of gfaihs coaleéce
to forﬁ lafgér poiycrystalline grains. As meltwater'perCOlates'
-through'thé snow, crystals grow to a maximum size of about.3 mm and
composité grains fo about 15 mm. The bpndiﬁg befween the grains is
very'weak_and withig a fewidays, the.well knowﬁ "rotten" sﬁow_of

- the thaw season is produced. Upon refreezing howe?er, the wét

snow- aquires a high strength due to the grbwth'in bond aréa‘v -
| 'Due to the inhomdgeﬁiety‘of the snow ﬁack,_the»berééléting
meléwater'is nbt eéually distribufed.in-all‘the'iayers. lSome léyefg
retain very_littlé water while ofhersvabsofb Watér almést to‘ |

" saturation which convert to dense ice lenses on refreezing...

Pressﬁfe»Metémorphism.
1Pressgre métamorphism characterizes the densificationAdf.dry
" neve K@ranulated snow accumulated and subsequently éompacted to |
gl;cier icg). This précess is very slow and may take several
'deéades‘to éhange'énow of density O,45.gm/¢m3 tojice of density
O.83-gm/cm3. “fAt the,density‘of 0;83.gm/cm3,‘air'perméabili£y
decreases,fo zéro éhd the snow changes to.ice py’definition.' Pufé
ﬂiceihésra density of 0.917 gm/cmB).- Durinétﬁhié period of slow -
~change, grain and grain—bond grqwth by vapour or sﬁrface miératibn
appears. to be.of secqndéry iﬁportaﬁce (Bader‘[6]). The,deﬁsification
“is appareﬁtly dqmiﬁated,by;proéesses of‘mechaﬁical deformation under"
pressure. -

1.

 At the surface of the snow pack, hard crusts generally form.




Bader [6] attributes crust formation to: refreezing of surface
layers previously wetted by .thaw, rainfall or wet fog fall-out,
‘surface condensation from moist air, wind packing; and vapour

migration from lower snow layers. -




" B. SNOW AS A POROUS MEDIUM

The parameters predominaﬂtly used to describe porous media
systems are porosity, the pore-size distribution, and the rélation—

ships betweenicapillary pressure and the permeability and Saturation

of the fluid phases. In treating snow systems (wet or dry),
complications arise due to the inherent thermodynamic instability

of snow. As evidenced earlier in the discussion of snow metamorphism \

- the physical properties of snow are very strongly time and temperature

depéndént,‘ Phase equilibrium and thermal complicationS'prevent

extensive experimental analysis of the paraméters.

Porosity

‘Porosity is the ratio of volume of voids to the snow bulk "

volume. . It is calculated from the measured snow density using the
: following'relationship;

o 6. - p  .0.917 - p
' K - . S S

J ot e - 10900 (2.1)
év : ‘wherej . . o o L
| ¢ = porosity (Sometimes called "absolute" porosity),
_Di-=.density of pure ice =.0.917 gm/cm>, | |
p ='densi;y of :snow, gm/cm3.

8

. The term "absolute" pbrbsity is used when dealing with high-density

-Show (above 0.7 gm/cm3) and is distinguished from "relative porosity"
which refers to the volume of'communicating pores only. Apparently

at.densities greater tﬁan 0.7 gm/cm?, the volume df the isolated:




i

pores becomes significant. The relative -and absolute porosities'are
- approximately equal for low. and medium density snow. - No measurement
of relative porosity of high-density snow was found in the review

of pertinent literature.

' Pore-Size Distribution

Tﬁe hydrauiic'behaviqufvbf a_porousvmedium is_affected by
" the porosity and the distfiﬁutidh of boréesizeé ffém boint to point
'ih(the pqre'sp;ée. The.pore—size distribufion index? A{- is:derived
;fgom a log-log plot of éffe;tive saturation ‘ Se, versus -capillary
‘.pressure»head‘expieésed as; Pc/pg, (Lalibertg [25]). -Thg negative
.slopé of the straight iine portionlof thé cﬁrve represents the pbre—-
size distribﬁtion index,vk; Qﬁalitatiﬁely, the larger the index-- :u
the mofe.uniform is the pore-size distfibutibn.' Capillary'pressure

. for the air-water system is defined as the pressure difference

- Jdcross the interface of the two immiscible fluids, given as.

'
i

p =P -P S N

c a ‘w : : _ :
where

Pc = capillary pressure, dynes/cm ,.and

Pé, P§'= pressure of the air and water phases respect-

ively, dynes/cmz.

Effective saturation, Sgr is defined by;
S —~sr' A
Se =1 -5 i . . _ (273)
. r : .

where.




S = saturation, (volume of water expressed as a
decimal ‘fraction of the volume of voids), and
S_ = residual saturation, (saturation COrresponding to

a capillary pressure at which the saturation de-

creases very little with large increases in .

capillary pressure).

Friesen [22} obtained values of A ‘ranging from 6.2 to 9.9 for ;- l _ §

snow~densities between 0.40 and 0.48 gm/cm3. Colbeck (noted by

AdAm and Wilson ([3]) thained-'X ='4.9 for snow densities of
0.55 and 0;59 gm/cms. Laliberte [25] indicates a pore—size'distri—
'.bution index of 7.3 for glass beads (uniform pore size) and'3.7

‘for a fine sand.

' Bubbling Pressure

' The bubbling pressure head,nPb/pg , is defined asbthe inter-
P cept of the straight line in the log-log plot of ER versus
Pc/pg , (Laliberte [25]). The bubbling pressure is a function of

. : . .

. -the largest COntihhous poresrof the porous medium and is normally

T very close to théAmihimum capillary pressure head where the non-

wetting fluid permeability can be measured during dfainage. The
~ lower the bubbling‘pressure; the larger are the continuous pores in

thé porous'medium .

T ’ Colbeck'(noted by Adam and Wilson [3]) 6btained'a.bubbling
pressure:head of 5 cm for a snow-kerosene system and 3.7 cm for a
snow-water system.. Friesen [22] estimated a bubbling pressure head

i
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of 8 cm and 9 cm for snow densities of 0.48 gm/cm3'and Q.4O'gm/cm3

. . . *
respectively, in snow-soltrol C systems.

Saturated Permeability and Conductivity

' Fluid permeability.is one of the basic quantities thgt
‘describe the pﬁysical pxbpertieé of.a poroﬁé mediuﬁ . Saturated '
"permeability" is disfinguished from saturéﬁed “éonductiﬁity"'theg
former being a quantity,dépeﬁdent on'thejporous.matrix_and~the lafter
,being1a quantityldepéﬁdent‘on the porous>matrix ahd.the fluid;
| f 'Thebtélatidnship between volume flux and conductivify«(fdr 
stdblé porous.materials fully séturated With-one iiquiaiat_a con;f
stant.temperafure) Qas discovered experimentally by D'Arcy. A

popular form of the Darcy equation for one-dimensional flow is:’

ey - o
q = —C_—L‘——-— ' g , | . ‘ _ -',(2.'4)
w@ere .
'f .  C = conaucfivity, cm/éec ,‘q
P£ = piezqmetric poteﬁtiél, dynes/cm2 (r¢presents
the’feSultént of the.ndrmai surface and body )
’»forées per,ﬁnit &olume acting on a volume element
 in a fluid of uﬁiform density and has dimensions
of energy per unit volume), -
og ~=_:s§é¢iffi'<': Weight; dynes/cm3,_
>§§-= piezometfic head, cm ,
‘L = length over which-the incremental change'in
. piezometric head 6¢cUrs in the direéfionrbf flow,
'émﬁ,.and |
C %k .

:'Soltrol'c is a light hydroéarbon 6il.
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g = volume flux,>cm/sec (Fhe compdneﬁt‘of the volume
of discharge per unit time per unit of bulk area

in the direction L).

The Darcy equation re4wfitten in terms of permeability

o

‘becomes |
. K Ap* o o
q == T2,
q T L (2.5) |
\
where
L. "W = dynamic Visbdsity of the fluigd, ézﬁgiggg-, and
A . o 2 ) 'cm »
- K = permeability, cm . '
The coefficients C and X .are'related by
¢ =x P9 S v | . (2.6):

Calcﬁlations of permeability and cdnductivity based on
'.structurai-parametérs'have been proposed'by various authors} The
quzeny—Carman equation (Laliberte [25]):approximates the saturated

'permeability of'a_pdrous medium.with uniform pore sizé and low

3

eccentricity:
3 : , : : ~
k=0 o : . _ (2.7)
Sow. . 2 , » o
5s .
'IWhere
' : s 2 o
K -~ = saturated permeability, cm™ (permeability of
the wetting phase at saturation S = 1),
¢ - =-potosity,-diménsionless, and
o '.'-L.u . 2 .3 B :
s . = specific surface, cm scm™, (ratio of the surface

area of solid pore boundaries to the bulk volume

' of the médium). '
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‘Thebequation yields pdor approxiﬁatiénsi however}'for média exhibitihg

seéondary pqrosity. _Although sﬁow usually_possesseSVa smallArange

of poré size)'it éxhibits_some,secondary boroéity or.structure.
Shimizuf(Coibéck [11]) reiated.the satur&ted permeabiiity

.of snow to grain size and density by:

3

o —4 -
K = 7.7 x 10 "a% exp(~-7.8 x 10 > p_) . ©(2.8)
ow . . , '8 .
whére
. d - = grain diameter, ch , and
/ v o
Pe = snow density,vgm/cmé .

‘Kuriowa (Colbeék [10]) expresses the bermeability of snow as

Ca fUnctioh~of_porosity:

o -9 2 '
_war= 1.17 x 10 exp (15.9¢) cm2 (2.9)
_ForAaISnoW-kerbsene system, Kuriowa [24] relates saturated con-
;ductivity to porosity as follows:
o _a ¢‘N.,v (2.10)
oow . N-¢ , .
where.
’Cow = gsaturated conductivity cm/sec , and
'a,N.=Aemperical.constants dependent on snow structure.

For snow—water'systéms, Moskalev (noted by de Quervain [18})1expresses'
bsaturated conductivity as a function of both porosity'and grain size

by the relationship:’
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- 1.63 - , o |
COW = 2.88'¢.d cm/secf; | . (2.11)
" where

. d = mean grain diameter, mh .

de Quervain [18] obtained the following values of saturated

conductivity for water in snow.

_ Grainvsize ’ ‘ Snow Density(gm/cm3) 'Cow(cm/sec)"
d < laom. . 0.35 - 0.57
7 0.8 <d<1.5m _ 0.38 S 1.20
a> 2 mm ' 0.385 ' © 224

Colbeck and Davidson (summarized by Adam and Wilson [3])
;bbserVed'the fo1lowing permeabilitiesvdurin@;watef percolation in

Snow.

‘Snow Density (gm/cm3) - Porosity (¢) kow(cmzl'
0.653 . 0.32 1.2 10°°
0.623 - . 0.36 3.2 x 100

" Relative Permeability and Saturation Relationships

" The éoncept-of relative permeability‘has been applied exten-
‘ sively in deéaling with porbus media systems. . The relative permea- -

"bility of the Wetting‘phaSe, krw' is defined by the ratio:

._k =

k.
_v
rw - kK,

(2.12)
“ow '
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where
o !

k = efféctive-éeremability, cmz,.(permeabilityvof the
'wétting phaée at a~particuiar safuration S), and
. kow ='satgrated permeabilitﬁ; gmz, (pérmeébility of
the wettiné phase at saturatiOn s = l);' |
Similarly,.the relatije ﬁerméability of.the non—weﬁting phase,
krnw,.ié definedvby £he ratio:

R oeome | 213

whefe ROQW is the perﬁeabilit§ to the non-wetting phase-at ;
saturation Sr= 0. 'Note that‘the subsctipts p and. nw refer to
the'wetfing‘and nQn—wettinél§héses'resPettiVély.

- The relatioﬁship,bétwéen relative permeability and saturation
”.‘ is affécted by the:residual'saturationvand pore~size diétribution of
the porous medium;_:qu isotropic media,~the‘relatiVe‘pefméébility
fof'the wetting'éhaséA(dufing the drainage cyéle) and the nén;wetting

b,phase can. be apprpximated by the Buxdine eqﬁations, (Laliberte [25]).

(S as
. S—Sr 2 o Pc2 '
k= @) T (2.14)
o . J as:
: o] P_2
;C
and s
- b as
s-s p 2 :
kK = {1 - ( y12 & ¢ (2.15)
. rnw SC—Sr ol
o P‘2
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whéie
SC'= gritical ééturation, ésatgration<;t which the non-
wetting phase becomes discontinuous and which cor-
responds approximately to the saturation at thé

bubbling pressure, P, ).

b

Corey (noted by Laliberte [25]) found'expérimentally ﬁhat for

relatively homogeneous and isotropic media having an average pore-

size distribution (A= 2 approx.), equations (2.14) and. (2.15) could

be approximated:byf

{
k=gt ' - : . (2.16)
rw e . . co
and.
. N e B . , |
I o (2.17)

5:Laliberte.[25] shows that "e" in the mdre general equation,

Kow=So o . | - (2.18)

'

“éould be approximated by the relation

g 2134 - (219

Porous media of cémpletely unifdrmvpore—size distribution have-an
expOnent € = 3.0 and for unconsolidated sands having a single

grain structure, € = 3.5.

. Dealing with air-water-snow sYstems, Colbeck [10] mentions
the use of € = 3 in the relative permeability-effective saturation -

relationship_(éqn;2.18); vHowever, he uses € = 2. In later publi-
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‘cations [13], [15], [16], Colbeck uses € = 3. ‘Friesen {22] obtained;
€ = 3.3 and € = 3.2 for snow densities of 0.40 gm/cm3 and

0.48 gm/cm3 in the snow-soltrol C systéms.
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~C. " WATER FLOW'THROUGH SNOW

An understanding of the water flow mechanisms in snow is of

. particular importance in the development of predictive capability

- regarding avalanche formation and the seasonal release of melt. =~ &%
water. .Kanledge of the mechanisms also finds application in the :

- ice-capping process of snow roads. In recent years, general. theories

'of.fiﬁid,flow thidugh~porous media have bggp applied to the air- o \

‘water-snow system and a theoretical_basis.forfunderstanding the

flow mechanisms has been developed. In this section, flow egquations

-are reviewed and the results of pertinent studies are summarized.

General Flow Equations
Flow through porous media may oftenvbelcbnsidefed from a
macroscopic point of view and treated as irrotational flow. 1In

~addition, Where thé_inertial forces are negligible as compared to

:fthe viscous forces during flow through an isotropic medium, Darcy's
"1aw may be applied. The general differential form of;Darcy'é

R

‘gquation is

g = - Eoypx _ _ L ' (2.20)
, ' H v : . .
where .
' ' 3 2. :
: g = volume flux, cm™/cm =sec.,
: o ' L2
; k = permeability of the fluid, cm’,
4 = dynamic viscosity'of the fluid, ézﬁg_éijﬂéi , and
, A 5 cm . '
P* = piezometric potential, dynes/cm”.
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The piezometric poteﬁtial, P*, represents the resultant df the
normal surface and body forces per unit volume acting on a volume
‘element in a fluid of uniform density. P* has the dimensions of

:énergy per unit volume. If adsorptive forces are ignored, p*

becomes the summation of the pressure potential‘P,_and éraqitational-

' potential pgz. - That is

P* =P + pgz. a2 )

Equation (2.21) applies separately to the wetting and non-wetting

L0
phases.

For air-water systems where the air phase is at atmospheric

'-preSSQre’énd static, equation (2.20) may be ré—written‘as

o

L G , | T -
9 = "% V(Pw+pw‘;{z) _ S (2.2A2)

£

where

- volume flux of water, cm3/cm‘¥sec '

.

k. = effective water permeability, cm? .

u&_= dynamié.viscosity of water, QXEE—%JEEE,

. . ‘ 9 cm

Pw = water pressure, dynes/cm ,

pW = water density} gm/cm3 ’

g. égravitational constant, cm/secz, and

z .= relative vertical position, positive upwards, ch .

The associated continuity'equatidn'(water is assumed to be incom-
pressible) is:

s . -
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where.
l¢_ = porosity, dimensionieés,
’Sw = wafer saturation, dimension}ess, and
t = time, sec.

Combining equations (2.22) and (2.23) gives

kw , BSW _— .
dly {E;:V(PW.+‘pwgz)] = ¢ FYS ‘ ‘ - (2.24),

Equation (2.24) is known as the Richards equation {(Laliberte [25]);\

 Capillary pressure, as defined earlier,is the pressure dif-
}

ference écrdss the interface of the two immiscible fluids. For the>_

air-water system

P =P -P : (2.25)
) o] a W » . : ) .o
where
. ' 2
Pé ='capillary pressure, dynes/cm‘, and
Pa; PW = pressure of the air and water phaseé feSpectively

dynes/cn, (Pa = constant = 0 gauge pressure).

Cémbining‘eéuati§ns (2.24) and (2.25) gives
Sk v 3s _ .
le,[;—jV(PC_- P92zl = - ¢ praal - (2.26)
W ] .
For one dimensional vertical flow, equation (2.26) becomes
98 . P L
W 1. R C. :
9t T T 3z [kw (az pwg)] : ' ﬁ2.27)
The Darcy and continuity~eqﬁations for the air phase are

- similar to‘equation’(2.22) and (2;23).
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Capillary—pressure, Saturation Relationships

]
!

As an approximation to the snow—water_systém, Colbeck [131]

performed capillary-pressure experiments (for the drainage‘CYCle) with

" snow and'kerosenevat;a temperature of - 10°C. A fine-grained snow

(approximately 1 mm dia.) compacted to a density-of’0.56'gm/cm3, was

used.  The pidtted results are shown in Figure 2.1 frqm'which several -

"Observations may be made .

4000 Ty
/ o .
i
3200} ' ‘ s : =
‘? i |
3
= o ) 4
2400} o S _ : B
w = : -l
5
w o -
.ow
[
a 3 _ . . . T
> 1600} ' ' . 4
.5
(=] .
[&] - . .
o goof |\ o ' o R
Sk :
[ 1 1 N ! 1 L 1 [
o . 0.2 0.4 0.6 0.8 o

'Liquid Saturation

Figure 2.1 - Capilla}y preséure as a function of liquid saturation

' (after Colbeck, S.€. [13], The capillary effects on
water percolation in homogeneous snow, Journal of
Glaciology, Vol. 13). ' :

‘The curve indicates a‘rapidvdesaturation which-is typical of materials
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" with.a uniform pore size. Another important feature .is the value of

]

residual saturation Sr;x 0.07. Sincefﬁsualiy a narrow range of

pore size OCcurs in snow, the relationship described. in Figure 2.1

- may be a good estimate for most types of snow. Colbeck [13] indi-

cates however, that only a small part of the curve is significant

with regard to water drainage in homogeneous snow since water sat-

urations generally exist in the narrow range, S = 0.1 to S = 0.2.

. Friesen [227 pérformed capillary pressure experiménts with °

snow. and soltrol C at a. temperature of -15°C. Residual saturatibns

'1of/Sr = 0.035 and Sf = 0.094 weré obtained for snow densities of

-0.40 gm/cm3 and 0.48 gm/cm3, réspectively.
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D. HEAT AND MASS TRANSFER

There are three modes by which heat is transfered from

“one peint to another: conduction,; convection, and radiation. Because

of the low temperathres associated with snow, the radiant heat com-

ponent.is usually negligible (Yen [44]);‘ Also, according to Yen [44],
_thermal conductiVity through interstitial air is often ihsignificant.

Therefore, conduction through the ice skeleton, convection, and heat

transfer due to vapour diffusion are the significant;contributqrsf

'to{the overall heat flow. In'dry snow a net mass transfer and re-
- distribution of density occurs (constructive métameorphism) owing to
"the‘prdceSSes,of sublimation,'diffusion and condensation-of the water

. vapour along the temperature gradient.

The .general Fourier heat conduction equation for a medium
containing no heat. socurces or sinks (no sublimation, vapour transfer,
condensation, etc.) is:

.

AT _ 2

_ = . ’ 2.
5t <« VO T | N  ( 28)
where
S = temperature, °c,
-t = time, sec ,

« = K/pCp: thermal diffusivity, cmz/sec ,
K = thermal conductivity, cal/cm-sec-°C,
p = density}_gm/¢m3, and

Cp =Aspécific heat, cal/gm-°C.

For one-dimensional heat conducfion, equation- (2.28)

reduces to: R
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) D ]
T 37T .
ot - 2 y (2.29)
9z .
The heat'transfer:rate in the 2z direction for a‘particﬁlar time
_ t, or for the steady-state condition, is déscribed by the Fourier
rate equation;
ar .
= - g 2= 2.30
gz i K dz F )
where
' _ . 2.
a, = heat flux in the =z direction, cal/cm -sec ,
/ ar . . S o .
! a;~= temperature gradient in the =z direction,
éC/Cm, and
K =

thermal conductivity, cal/qm—éec—°c;

- Sulakvelidze (noted by Yen [44]) formulated a heat-transfer -

equation to account for. the evaporation and'COndensation occurring’

porous media containing vapour; water or ice at temperatures close

’ td.the‘transitiOn temperatures. This was done by inclﬁding an

‘additional term in the Fourier heat conduction equation. For one-

T

»8t-

where

-dimensional heat transfer, Sulakvelidze's equation is:’

1

2 L T o
- 3_'!21 -2 g - _ : (2.31)
0z cips C
. 5 o | . |
%%-f D‘gf%-: the‘intensity of evaporation or

: ) . 3
" condensation; gm/cm”-sec ,

o . 3
vapour concentration, gm/cm”,

iatent heat of sublimation, cal/gm,

épeqific heat of ice or snow, cal/gm-°C ,
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o
It

density of snow, gm/cm3, and

w]
It

mass diffusivity, cm2/sec.

in dealing with'snow;air systems, the concept of effective
j'the_rmal'cehc'iﬁ-cti\}ity;ha's been applied extensively. 'Effecti&e thermal
_conduceivity'(@eeighatea-Ke) represents the net effecti(excluding |
raaiant transfer)‘ef_all the mechanisms acting in.the heat flow.v

A general expression defining5 Ke is:.

q =K grad T S (2.32)
.‘»/ o . . A ' ‘
"~ where

’ 2

qg = heat flux, cal/cm -sec ,

K, = effective thermal conductivity, cal/cm-sec-°C , and

T ‘e-teﬁperature, °C.

Meesurements of effective thermal eonductivity have been

- obtained by several investigators. Where the results have been

fempiricelly correlated to structural properties, snow density was the

eole @arameter. Yene[44] summarized the results of several inves- .

tigations shown in Table 2.1. (p, = snow density, gm/cm3).

TABLE 2.1

Effective Thermal ConduCtivity'(Ke) of Dry Snow.

~ .Investigator : Empirical expression Density range
Abels : 0.0068p,> . ’ 0.14<p,<0.34 ..
Jansson . . 0.00005 + 0.0019p; - 0.006p,* 0.08 < p, < 0.05
Van Dusen - 0.00005"+ 0.0010p, + 0.0052p,®
‘DeVaux 0.00007 + 0.007p,* : 0.1 <p;<0.6
Kondrat’eva, .-.0.0085p% . o 035<p, .
- Bracht. ©0.0049, : ' 0.19< p,<0.35 -

Sulakvelidze " 0.0012p, ’ . ps<035
Proskuriakov - 0.000005 + 0.00242p; o :
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(after Yen, Y.C. [44], Recent studies on snow properties,,Advénces
in Hydroscience, Academic Press, New York) .

'The éigﬁificaﬁt héat transfer mechanisms in densg snow are
cénductioh thrpugh_the icé:skeleton and the pqre space. . The effective
thermal copductivity of densé'Snéw is expressed by Schwerdtfeger
(Yen [44])as, | |

S 2K+ K - 294 (Ks—Ka)-.

K = — . . K- . : (2.
e 2K+ K_+ ¢ (K - K)) S (2.33)
s a s a -
where

- f

1 o
.Ke = effective thermal Conductivity, cal/cm~sec-°C,
Ka' KS = thermal conductivity of air and snéw‘respect—

ively,'Cal/cm—sec—°C,_

¢ = l'—"(ps/pi): porosity of snow, dimensionleés, and
ps,‘pi = density of snow and iceée respectively, gm/cm3;.

For a li@uid saturated porous medium, Somerton (noted by
ﬁAdam and Wilson' [3]) proposed 'the expression

. _ o 1ce oo . -

R N S K2f34)
where -

Ké- = effective_thermal conductivity, cal/cm-sec=°C,’

KS,AK = thermal conductivity of the solid and liquid
respectively, cal/cm-sec-°C,
) =  porosity of the solid matrix, dimensionless, and

C = empirically de:ived correction (=1.0). -

'
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In the case of a flowing liquid phase, the heat transfer

'
i

vprqcess_is complicated by convection. Based on the comprehensive

review by Adam and Wilson [3], the problem may be formulated by the

heat. balance éqpation;

)

_._.[K

az

where

_ 9z

9T,
=]

' 3(c_T) :
o 3 (vT) a : . -
T - (2.35)

thermal'conduétivity, cal/cm—sec—dc,

fluid flux, cm/sec , | ; e A &;

'volumgtric heat capacity of water,. cal/cm3—°C;

90,

c - Lpi'SEi : “apparént" volumetric héat capacity

of the‘system,<cal/cm34°c,

volumetric heat capacity,_cal/cm3—°c,

- latent heat of fusion, cal/gm.;

ice density, gm/cm3 , and

volumetric ice content, cm3/cm3.- : '» I ?_
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E. SNOW MECHANICS

]
i

" Snow mechanics is a-relativély new subject of scientific-
technical research. Con?entionally, the study of'snow.meChanics

-has been based on analogy to soil mechanics; however, difficulties

arise due to the strong time and temperature dependence of many
snow properties.

Bader [6] and Mello:v[BO]:provide‘an extensive review of

S

 the~méchanical,propérties'of snow. Their»:eviéw forms the basis of

the following summary.

Densification

Undistufbed snow‘whiéh has undérgone déstructive metémor~
phism (a few days following iﬁifial deposition) has a'dénéity
ﬁsuaily,above 0.15 gm/cm3:agd_a graih'siZe typical1y.of about 1 mm.‘

_»The. s?:ructure oAf', this ldw de_ansity' dry snow cén be éoncéptqalized
‘as a éaéking of'granulés'with some of the grains remo§éd, Thus,l . o . s
ﬁhérg are ;eiatively lérge pore-spaces‘intg Which'grains can move

-when'fhevstruqture.is"deformed; Densification occurs due to shearing

i

of the contact areas without éeformation of the individual grains.

At a densify of around:O.S gm/cm3, the COhdition of close packing
<is‘approached»and further densification is not possible without

grain deformatioh..’The rounded.grains (due to destructive metamor-—

' phism) achieve relatively small contact-areas ahd thus contribute
-to low strength. Constructivé metamorphism further contributes to '

évdecrease_in'strength of the lower layers.
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By reconstituting snow (mechanically disaggregating, milling,

1
i

_mixing, etc), a density increase accompanied by a significant in-

crease in strength is achieved. The increase in strength is due to

the growth in contact area promoted by the more intimate contact of

fractﬁred‘grains of different temperatures.

. Response to. Rapid Loading

A well bonded,ﬂ@ense-snow behaves as -a eOmpressibie Vis;.
cdelastic.ﬁaté£ia1, That is, for e very shért time interval it can
- respond elasticaily under meeefate lqad( with strains which are
progertienal to.etress aﬁd which ere recqverable on‘removal of the-
load?',Wi#h sustained_léadsf howeve:, deformation is largely
.viscoplasfic end‘is.irrecoverable.' fhe fe1etionship between
iounéfs_medﬁlus end density-(Greenlend-snow) was investiga;ed by

"Bentley, Lee and Nakaya (Mellor [301) and is shown in Figure 2.2,
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“Figure 2.2. Relatlonshlp between dynamlc Young's modulus and snow

_ density for a range of ‘Greenland snow types at' -9°C. (After

Mellor [30}], Polar snow - A summary of: Englneerlng Propertles, MIT
' Press, 1963)
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- For the naturally compacted snows of Figure 2.2, Youhg{s modulus (E)

follows the relationship

E=6.3%10° exp 14.6 p  dyne/om>, (2.36)

for the density range O,27f< p < 0.5 gm/cm3, and

E = (16.4p = 7.20) x 100 dyne/cm?, S (2.37)

for the density'range O.5f< P < 0.9 gm/cm3. It was also fbun&

thét for a.giVen density, E tended to increase with a deérease in

sy .

tmfembe:ature'and decrease with grain size. The inability at present,

. to assign numerical  values to textural characteristics makes

rigorous defiﬁition of relatiohships~difficult,

The'investigations in Greenland by Bentley, Pomeroy and 

A Dorman (Mellor [30]) have .shown that Poisson's ratio variés very

little with_chahges_injdensity,v,For snow with density between 0.4

and 0.7 gm/cm , Poisson's ratio is given by:

-l

I

. 0.150 + 0.2 o ‘ - (2.38)
where - . .
-V = Poisson's rati@, cm/cm, and
snow density, gm/cm”. .

o)
It

The tests perfbrméd by Lee on high-density processed snow (noted by
Mellbr [30])Vare“in‘a§reement with equation (2.38).'

Butkovich, Ramseiér and Gow carried out extensive inves-

_ tigation’into the strength of snow. The relationships between
-f stréngth and“density) as summarized by‘Bader [61 and Mellor [30], are

shown in Eigureé-2,3,i2.4 ana'2;5{
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‘Many attempts have been made to apply the Coulémb equation to
snow. The Coulomb equation,as applied in soil mechanics xeiates

”shearlstréngth~with normal pressure in.the linear- form;-
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0
il

c+p tan ¢ L C(2,39)

" where

s = shear strength, psi,
- p = normal pressure, psi,
¢ = coefficient of cohesion, psi, and

) ='angle:of;shearingvresistance...

In the case of snow, the plot of shear strength against normal
pressure is not linear. However, in studies of oversnow vehicles

(Dipmond [l9]/'Nuttall, Thomson [341, et al) where normal preésures""

lie in a narrOW'Lahge (Q to 10 psi), the portion ofvthe curve is

often approximated with a straight liﬁe.. In this(cgnhection,

studies made over a wide range of surface snow densities and tem-

peratures indicate variations in 'c' ranging from O to 1.6 psi and

values of ¢! ranging from 21° to 55°.

Response to Sustained Loading
. - -
|

In most cohstruction materials, a detectable rate of creep.

o . .
is often considered to be a failure. In snow, where relatively

_high creep’ rates in engineering practice are tolerable, failure is

identified_with collapse.rather than with creep. -
_The:strain rate due to sustained loading does not bear a

linear depeﬁdénce on stress but rather exhibits an exponential type

of relationship. ‘It has been found that the creep rate of snow

can be'repreSenfea by the hYpérbolic sine function;'

. : o . . V
&= asinn ) | S (2.40)
| - o I
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wheren

Lo -1
strain rate, sec ,

- M
1

2 ! ' . :
stress, gm/cm , (where stress is expressed
in mass units, the force associated with the
mass is implied),

il

o, = & constant having the stress units, and

A

A value dependent on the snow density.

The. creep rate is highiy dependent on density and the value of 'A' in
equation (2.40),vafies as the snow is strained. Bader I6I'indica£es
that when sfresses-are always above 800 gm/cmzb'equatiohl(2.40).may-be

‘ simpiified,t
P o f o
. ; e o - ,
€ = ¢g_ sinh — . . : ) (2.41)
o . o o : o A , . '

At a 10%. error limit, eqﬁation (2.41) may be furthefrsimplified to

5
e == exp
2 - .

QIQ

. (2.42)‘

where

60:= 700 gm/bmz.

o ‘ o 2.  .- : s . -
Where stresses do not .exceed 600 gm/cm, a direct proportionality be-
.twéen stress and strain rate may be assumed.

“Creep rate can also be expressed as anh exponential of the density

‘by the relationship;.

bp. - p0.)
. . 1 70 o _ ,
El = eo'e D ‘ | _ (2.43).
- where,
. o ) v -1
EO =.gtrain rate at time t = O, sec
él = strain rate at some later time t = 1, Secfl,
0o pl = snow densities at t = 0 and t = 1 respectively,

-_gm/cm3, and
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b = a parameter which behaves nearly as a constant
with a value of'21.0§ most freguently found. It
- is believed that 'b' is dependent somewhat on snow

type, time sequences -and temperature.

’ Thg range.of creep rate withip whith‘the‘relationship of eéuation (2.43)
»ié véiid ;s hét known. Badérlté] indicates that the theéry-of equations
(2.4O)Aénq (2.43) for which‘ o, = 700 gm/éin2 and' b = 21.05, fails. at’
‘st;esses.fo)'thaf are,greater thah'S kg/cm2 and at_denéitiés'(p) éreéter'
.thaﬁ 0.@4 ém/@mB, Iflis interesting to ﬁoté that at theée densitiés a
perﬁeable'éndw hQ longér exiéfs'but rather a poioug'ice.
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properties will -be referred. to heneceforward, as the index properties

significant index property of snow. The average dénsity is'usually

fmeasurement are used in more pfecise laboratory work. Bader tz]
snoteé'that for the purpose of correlation with other properties, the

determination of snow density to two significant figures is often

‘qualitatively as being either fine, medium, coarse, or very coarse-

34.

F. INDEX PROPERTIES
' !

Field identification and classification of snow type for‘any
given purpose is not a well-developed subjéct. Although no standard

for field ihvestigation exists, review of published material suggests

a consensus that at least the determination of density, grain size,

grain shape,-temperature and hardness be the minimum criterion. These

of snow.

Deﬁsity -

The density (mass per unit volume, gm/cm3) istperhaps the most -

determihed by simply weighing a known'volume:of snow, or melting a
known voluﬁe of snow and measuring the volume of melt water. . Stain-
less steel tubes are generally used to obtain the snow sample. More

Sophisticated techniques such as radiation scanning and attenuation

insufficient.

i

Grain Size

With reference to grain size, snow is usually described:

grained. A systemhof classification, presentéd below in Table 2.2,
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‘was pfoposed by Schaefer, Klein, and deQuervain. The predominating.
grain diameter is determined by direct inspection with the aid of a

hand lens and plate having a l-mm grid.

TABLE 2.2

Snow Classification

Predominating grain - ' - Designation

diameter (mm) .
< 0;5 ::. . . ~ very fine graineab(vfg)r
‘ [ . '0.5 té-lLO. . ' fine §rained , (£9)
1.0 to 2.0 ‘ . v -medium éraineé (mg)
% 5 2.0 to 4.0 ‘- coarse grained (c9)
? ‘ﬂ4,6_, - _ ' very coérsé grained (ycé)

(after Bader [6], The physics and mechanics of snow as a
“material, CRREL Research Report, 1962) '

f o Depending on the nature of the investigation, grain size may

be measured ‘under a microscope or by screening or elutriation. When

- snow is sq:éened'into fractions,. Bader [6] proposes the following

i ,  ' »I definition of mean grain.diaméter.
a=+/mm o S (2.44)

where

- mean grain diémeter-of a fraction, mm ,

2
I

4 =
i

=_side length of square mesh openings through which -

the'fraction passes, mm , and
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m = side .length of square mesh openings on which the
: . _ !
fraction is retained, mm.

The mean grain diameter of the mixture is:

n -
I wW.4,)
R ii
d = (2.45)
s n _
‘ (W) ’
A=1 :
v . -
where -
‘ ds,= mean grain diameter of the mixture, mm .,
i . [ .
; - n = number of fractions,
: R th .
i .di = mean grain diameter of i~ fraction, mm , and
§ Wi = weight of i h fraction, gm/cm?.

PN

Grain Shape -
5 A large .variety of grain shapes occur in freshly deposited
snow. - TheAréason'being_that the snow flake shape depends on thé
;atmospheric conditions in which the ice crystals grow. New snow is
3commonly claésified; stellar} co1umn,.plate, needle, capped golumn}AOr

~spacial déndfite,-depending on the géometric features of thelsnow

. flakes. - These distinct features, howaver, soon disappear folldwing
. the initial deposition.
- Grain shape is observed generally to determine the stage of

L ‘ metamorphism (identification of depth hoar, etc.) and for deciding

. .whether a"given'dry snow has or has not been previously wet:

¥
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Temperature .
S : : B : .
In the classification of materials, temperature is not usually
considered to be an index property. However, since so many properties

of snow are highly‘temperature dependent, -témperature must be

specified. Snow can exist'at tempetatures Z 0°cC.

. Hardness

-"Evaluation -of the strength parameters by direct means is
usualiy iébqrious and timéféonsuming; apd hence ofvlimitgd utility in 
thé field; tAttempts;havg been made to"deviéé indiréét‘méthoas which
'pfovidé‘a quaﬁtitative correlation to £hevfunadmental stréngth para-
ﬁetérs;'.These ihdirgct methods are generally. based on some'fqrm of

-penetrafion test.

Perhaps the'moét'pépularléf thé.field testing pfoqedures is
the dgtérmination of a hardhesé nurber by means of the Rammsonde. cofre
penétrometerfv TheAﬁeééure of'"hardnes;" (kg) is baséd oﬁ the-péne—:

tration of a ‘cone under an impact of known energy (discussed in

TApéeﬁdi# C). The Rémmsonde.instrumeht is used'in the‘study of ‘un-
disturbed sﬁow coveré as well as the compacted snbw Surfaqes of
_ snow roads and ruﬁﬁays.

The Rammsonde.kRam) hérdﬁess‘neceSsary for suppofting'Various
wheel,loads‘and tire ﬁrgssures fo; a specified pumber'of wheel coverages
(Figﬁré 2.6) has‘been.determined‘by WuoriAL43]. The hardnéss~values
représent the-loweét hafaness'permissiblé ih £hebtop 15 cm of the |

prepared snow surface. An additionél requirement is that the under-




lying layers:have a herdnessAof at least 75% of the surface layer. |
The Rammsonde hardness of a snow-pavementehas aiso Eeen
correlated to the uncohfined compressive strength. Clark Abele,

and Wuorl [9] present a nomograph (Figure 2.7) in which the un-

confined‘compressive strength is related'to various wheel loads,

contact pressures and number-of wheel coverages. The use of the

'

“RAM HARDNESS (O<i3CM DEPTH}

100 ’
; .= ‘ -
32 120 l Z "(’
=) :
3;’ ; 'ﬁcoo'
& Y
i ;_,?;. ; g
Ly . d .
zg_g‘ 105
=%

- © WHEEL LOAD fus)

Figure 2.6: ' Required ram hardness for'sﬁpporting various wheel loads. .

. The abcissa 1nd1cates wheel loads at various tire inflation pressures.

(after Wuori [43], Supportlng capacity of processed SNOW runways,
CCRREL, 1962)

Ranmsonde penetrometer’in'conjunction with a prepared nomograph, as

'shown,in Figure 2.7, facilitates quality control duringfconstruction

‘of snow pavements as well as the monitoring of performance during

operation.
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‘Figure 2.7: Reqhired hardness (or strengfh)‘cf a snow pavement for-

various wheel load conditions. Examples in the use of the nomograph

~are shown for various aircraft. .(after Clark, Abele, and Wuori [91,

Expedient snow ailrstrip construction technique, CRREL, 1973)

'

In Figure 2.8, deQuervain (noted by Martinelli [29]), illustrates’
a gooa'correlatidn between ram resistanée'(hardnessf and the tensile
strength'of'new snow. The resultsfindicate age hardening, and. show the

tensile strength for snow four (4) days old or older to be. & 1.5 times’

greater than the tensile strength of younger snow with the same ram

'resiStance; Age hardening in snow is highly temperature dependent,

however no reference.to temperature history is made.
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Figure 2.8¢ Average tensile strength as a function of ram resistance and
age (after'deQuervaln, Martinelli [29], Phy51cal propertles of alpine
snow as related to weather and avalanche condltlons, U S. Department of
Agriculture, Forest Serv1ce, 1971)
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A number of investigators have correlated Rammsonde hardness

‘to snow density. Martinelli {[29] summafized the regression and cor-
relation coefficients for several sets of data fitted to the regression
log R=a + bp , B ' (2.46)

in Table 2.3 where

:.R' rammsonde_hardness*number, kg,,and

snow,dénsity, kg/m3.

- O
I

TABLE 2.3

/ - Summary of'RegreSSion and Correlation Coefficients

Correlation Age of Density

Source’ . - a b coefficient " snow, . range
: () :
3
© Bull (1956)  -0.6107 0:00531  0.80
Keeler & Weeks - .8446  ..00640 .94 - <4 months 100 - 510
(1967) . ‘ S -
| Keeler (1968) - .7482 ..00599 .89 <4 months 150 - 430°
.
{ L - - : o .
L - .a28 00543 .84 <14 days 40, - 450
‘2 =305  .00343 - .54 . - <l month 100 - 390
3 - 463 .00421 .68 <4 months 100 - 430 -

p (after Martinelli [29], Physical properties of alpine snow as related to

weather and -avalanch conditions, U.S. Department of Agriculture, Forest
Service, 1971) B : :

'Pdlar snow of Greenland was studied by Bull (1956) and dry seasonal
. snows of Montana by Kéeler and Weeks (1967, 1968). Alpine snow

{source 1) and snow from a sheltered opening near source 1 (source 2,

3), were studied by Martinelli. No reference to temperature is made
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‘.in'theseistudiesfv
Ager [41 studied the ieflﬁence df.temperatufe on the density and .
'herdnese of snow in £he'temperature range from ~1°C to- - 23°C . . He
fouhd.that for ‘a given compactive effoft, highest’densities were achieved
ati— 1°C. vSUbsequeetly,:highest’hardness velues were obtained when the
COmpaeted‘sample Wae-cooled'to - 23°C. He also found that the‘density_
"and hafdness Qas,mucﬁ more eensitive to temperature variation in’fiﬁe—
grained show:than_in coaree—grained Snow. |

The studies of‘Abele, Wuori, Clark, et.'alw;-suggeet that
-eey:elatien'of Snew‘hardnessitoftemperature (ét'partiCular.densitY) e
is pefhebs e‘mbxe meaningfui apﬁroach to tﬁe density, hardhess,

temperature'interrelationship of snow.
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CHAPTER III

WINTER ROADS !

The idea of compactlng Snow as a -means of 1mprov1ng oversnow
trafflcablllty, 1s extremely old. The snow road'of the horse and
_sled age was compacted by. prlmltlﬁe means - today, accomodatlon of.
'heavy—wheeled trafflc nece551tates improved methods in the construc—
tion of snow_pavemepts.. |

Man&'studles:directed towards obtaioing'a better traffic
ffogndation; have‘beeh'carrled.outj.‘The,literature prodﬁced by a »_~
'num;er‘of'thesedlnvestigations,'is reviewed in phapter'III; Salient
observations and-cohclusioos are'citedAin_order that a procedural

guide, for:the_constructioh of snow pavements, may be'developed.

System of Classification

To dispel'any COnfuslon;regarding the terminology oseddin this
'stﬁdy, a complete:classification of.winter roads ls presented. The -
sistem ofAclasslfication proposed by Adam [l], is adopted herelnT
. Wintet'Trail 4."a trall used onlf in.winter‘between'freeze-up and
| | break—cp, and whlch is establlshed by a 51ngle pass
of a wheeled oxr tracked Vehlcle uSLng a 'blade' if
necessary to gain access."
Snow\Road . = "a road built‘primarily by using snow as cut,and-fill
| materlal_to'establlsh'Some resemblance‘to a.construct—
- ed toad>grade. Compaction is paft of the conStruction
procedpre.::A soow.roadican“be'fuﬁther classlfiedfby

Awhetﬁer‘the snow is‘agitated or 'processed' before




Ice Road -

44,

compaction:

i)  Compacted Snow Road - the 'snow is compaéteg without
'processing’.

ii)vaocesséa SnéW'Road - the snow is prOcésséd before
COmpacﬁion."

"; snow Foadfwith the physical'additioh of wétér tq form

a bonding agent. between snow particles in order to give

'added stability to the roadway itself. . Ice roads are ~

Winter Road -

s’

.Similar to snow roads, in that they can be sub-classi- -

1

"fied as CQmpacted:or_prbcessed.f(Ice roads ‘should nOt'be'

confused with winter roads on lake or river ice, which

are someétimes erroneously referred to as ice roads).'

“this name:applies to all three classificatidns;-namely,."

winter trail, snow road and ice road. .It is any road

-that_carries traffic only over the winter period."

Ice Bridge | -

, -

Yan artificially thickened ice cover that provides the
required weight capacity at river crossings or other

bodies of water." ;

. Route Selection

Although the discussion of route selection is a deviation from -

the main:thruét of .this study, the importance of ‘the subject justifies

‘a few brief éom¢ents,, As pointed out by Adam [1,2], pefformance

evaluation of

winter roads must include trafficability{aspécts_as well

' as-environmentaljcohsiderations. - Trafficability can be improved, and

[

operationjand'maintenaﬁce césté reduced, if shallow gradients and flat

curvatures éré‘maintainea.'.Also, the degradation of underlying perma- g
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'froét'in:permafrostvareas, and drainage and erosion probléms may be

.minimized or avoided through proper route selection.

Measures -to Increase the Bearing Capacity.of Snow

The successful construcﬁion of wintér rééds requirés a
.'kthledge'of the basi¢ mechanisms by which the strengfﬁ of;snoﬁ
increases; Tovéaihfa qualitativé éerspective, fhe_méchahisms are
'reviewed;- | |

Stﬁdiés by Ager,-Cla?k, Abele, Wuéri( et al, have éhown that”
snow strength incfeasés with an increase in denSity.éﬁa-a decrease
in'%emperature. In_additibn; bbﬁd grthh occUrring'between-tﬁe
individual énowlgrains (age hardening or sintefing)ﬁ‘makes a signif-
icant contribﬁtion_to sf?engtﬁ increase.

Itvhasibeeﬁ-found tﬁat bywmechanicailf agitating (processing)
the énbw, a more non-uniform pérticle'size distribﬁtion is produced.
This’allbws (upoﬁ compactidn) more intimate’grain—té;gréih-cqhtact
wh;chvresults.in.an ihgréasé in dénsity and an;écceleration of the
4éqe hardehingfﬁrocess._ The disaggrégatidn and compaction éf:snow is
fmbSt efféctive.if pérforﬁedbatAhigher temﬁeraturés (béiow fréezing),
' hdwever,after-that, lower teméeraturés are desirabie to achieve-high.
Tst£éngth.f | |

The age—haraéning.of snow - is higbly.éeﬁperatufe dependent;
Hardéning.rates are-highervat highér'temperatureé (bélow freezing),

however snow which ig age—hardened at a lower temperature will.

ultimateiy reach a higher strength.
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‘A, SNOW ROAD CONSTRUCTION

Snow roads are basiéally constructed of compacted in-place-

. snow or compacted processed snow. The available literature describing

the construction experience is extensive, as is the variation'in
construction technique and construction equipment used. An outline

of the basic steps in snow road construction is presented followed

- by ‘a’review (limited,to-a seléctive,croSs—section'Qf,the literature)

of construction methods and results.

;A thorough literature research (winter roads, environmental '

© implications, etc.) and catalbgué'of abstracts ig presentéd by

- Adam [1].

1. 1Initial Site Prepar&tion

Following the first major snowfall of the season, an initial

dragging operation is performed. A simple wooden drag_iS'towea by a

_low-pressure tracked vehicle to promote frost penetration'and to

f

$mooth out minor surface irregularities. When a sufficient snow cover

has accumﬁlated, and the underlying ground is.sufficiept;y frozen,

'

'snow road construction may be started.

In permafrost regions (where this preparatory stage is

{espeéially applicable)’caution must be exercised nbtAto-remové too

much cover-vegetation and thus cause degradatien of the underlying

permafrost in subsequent years.

2. Disaggregation/Processing

There is general agreement in the -literature that compaction
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aloné; on ‘in-place sﬁow, will'pq£ be éufficiéﬁtvto acﬁieve fhe
»,étrength required of snow surfaces subjécted té intensive wheeled
traffic. That is,.the effects of compaction alone are usually too
limifed in depth to proyide'a sufficigntly thick snow éavement.‘ Dépth
processing.ié thgrefore requirea and the types of equipmenf uséd'for
this.purp§Se‘have beenAfotary'earth tillers, vérsions of tﬁe farml'

"'har:ow,'rotary snow plows, and pulvimixers.

3. Leveiing —'CqmpéCting'

'/ ~ .For maximum:effectiveness; the coﬁpaction should be perfbrmed
iﬁmediatély aftef~disaggrega£ion, that‘is, befofe_thevproceSSéd sSnow
.ﬁésja chance to"sgt—up' (age harden)} ‘Any leve1in§ reéuired ié
 'performed‘§rio£;to-or dufing the compactidn;

,fhe_leveling'is usuélly performed by toWing a sﬁeel or’woodén.

arag.- Thevdfé§ may beia'simplé frame?like>apparatus fixed with
; cutting édgeé or q'ballaétéa pontoon—type_assembly. Depénding.on ﬁhe
wéiéﬁt and- design, the drag may serve a dual pufpoSe‘af léveliﬁg aﬁd
‘ compactihgf ‘Where major leVeliﬁg of irregularitieé df shaping :is
réquirea,ubéékblaaing with a"bulldoéér is pé;formed.

. cOmpaction iéxuéually péffqrmed by dragging énd/or rqlling
{with lérge diametér (8.Qr_10 ft) rollers. An aaditionalvéompaCtive
 effort isfprovided by theitracksféﬁ the tow vehicle. Vibratory
“cdmpacﬁion eéuipmenf'havé’aléé beeﬁ studiea, however, Fhis type of

equipment is not extensively used.

4. Preparing Final Surface

, Thé~fihal grading is usﬁally_performed using a finishing drag
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or snow.blahe; followed by a finalvrolling; The.finishing drag or
snow plane is fixed with adjustable CUtting blades permitting-a
. smoother surface to be achieved. This type of equipmeént is pre—
’ dominantly used in‘suow airstrip construction. If the roadway is
suff1c1ently age hardened the conventlonal road grader may be used to
remove high'spots and-fill in depressions. An effort must be made to
achieve'asdsmooth a‘surface as possibie during thefinitial coﬁpactioh
as the low'spots fiiled‘by the grader, at'this‘stage}_geherally o
‘fremaiu weaker'even after.the‘fihal rollihg.
{ Ice capoing of snow roads, as a means of achiev1ng a road
:gsurface capable of w1thstand1ng a hlgh 1nten51ty of heavy wheeled
'v‘traffic,_has been studied. 'The 1ce—capped snow road is a procesSed
iand compacted showbed‘which‘has uater‘applied‘to the surface to iu-
crease.its density ahd'strehgth Methods of'increasing road strength.
-and surface durabillty, by heat application during disaggregatlon and

'surface finlshing, have also been investigated

!
|
!




49.

B. CONSTRUCTION METHODS AND RESULTS

The Scandinavian Experience

‘Ager [5] discusses the snow compaction tests carried out in

i

Lycksele (1956), by the Forestry Society and Royal Domain Admini- -
’vstfation (S.D.A.) of Sweden. Although the methods described are
applicable-only to horse and tracked vehicle roads, the tests iden-

- tify the significance -of snow processing in snow road c¢onstruction.

- The results of the tests were compared to the results produced by

the.traditional-method-offsnOW.road construction, where the snow .is
oy : S .

!

first processed throughoﬁt the roadbed, with a deeply penetrating

; V » 'tréck-typg tractor,.énd then dragged.f'

The folléwing éqﬁipment was used in the tesfs: .é=w00dén
dragAkS-blades).haﬁing'a éontact'pressgré of 0.035 kg?émzi'é ;éil—'g'
@ ‘2,' ‘rollefl(opén ffpe) having anEappfoximate weilght éf 450 k§ per 1.5 m-v

'lenétﬁy a~clOsed rdllér‘which was consfrﬁcted by cqyering thé rail--

i ' _' rdller.With corrugated_sheet metai, a pontoon drag 2 m long and
‘ $eiéhing 180 kg{.éﬁrotary tiller; and an Oliver OC 3 ﬁractox eqﬁin

ped with standard tracks. | | x

!

bThe,test results, for variousicombinations-of the equipment, -

 'compéred as follows. Roads constructed by a sirigle snow processing, -

‘uSing the rail—roller, followed by a éingle dompaction»pass:with

the‘pontoon‘drag or. the' closed roller, were equivalent in quality .

"to the roads constructed by the.traditional method. A double
. processing with the rail-roller, followed by a single compaction

with the:pontQOﬁ’diag or closed réller,bproduced roads With.hard—




) the dlSC harrow and the rotary tiller were used to process the snow.

o
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ness (strength) values approximately 40% greater. A double processing

with the rotary tiller,ihowever, followed by a single compaction with

the pontoon drag, yielded considerably higher bearing strength
values.
Leijonhufvud [26]>describes similar experience in the con-

struction of snow roads intended for horse-drawn and tracked.

‘vehicle traffic.. Agricultural equipment such as the spring harrow,

The best process1ng results were achieved uSing a modified rotary

tihler where the original rigid tines were replaced by chain flails

"Leijonhufvud also p01nts out the superior depth effect produced by

roller compactlon as compared to drag-compaction. The drag, however,

produces a harder snow surface due to the crushing and grinding of

: the,snow particles in'the surfaCe layer,

. The .conditions necessary for hardening of a snow cover may

'vary depending on the type of snow and on the temperature. To

achieve a desirable hardness in snow roads, a fine grained snow

Acompacted to aphigh density is initially required. The fusion of

Snow particles (sihtering), however, is depeﬁdent on the avail-

'ability of free water or water vapour.  Ager [5] carried out experi-
" ments on the hardening process of compacted snow'during which he

- insulated the road bed either from the atmosphere or the ground

surface or both. " He found that a newly compacted snow road'hardehs

 from the bottom"upward independently of the‘prevailing,weather
conditions, but the hardening'of the;surface layers depends largely

~on the low temperatures of the air and on the penetration of low.
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temperatﬁres déep into,thé snow. It has been foﬁnd that hardening -
_which starts from the bottom is faster on peat soils than on mineral
soils (Putkistoi[35]).

' Putkisto'[35]vsta£es that the direct effect.éf the relative
- humidity of thg'aif 6n the hardening of‘snowvis pfdbably compar;

: itivgly.small. ‘ﬁoWévér,;an ekceptionally lo& reiative humidity may
“caﬁse in;enseISUblimation of snow ; séftening the uﬁperulayers and
festraining the haraehing»process. It is-also pointéd out tha£ an
éccﬁmulafioﬁ of.fresh snow:on:a’snow.road insulates the road bed from
the/coid atmospheréband sthehing from below will‘éécur.
As_iﬁdicatedvby'Ager.[5],'Putkisto [35] -and Erikssén 217,
the after#oon'is4geﬁeia;iy'the-ﬁost-favourable time;for compacting
'snow...During thi$ time éf:day, the sSnow has'a'réiatively high
’ temperature‘éﬁd,thQS'has sufficient'water.vapour betweeﬁ‘the snow
'éérticles. .Aléo, duringvthe night when the teméeratufe drops;'
freezing Wilivoqcur.v Putkisto [35] considers the'most favéurable
.Tetérologicgl,conditions for snow road coﬁSt&uction'tQ oc@ur immed-
) iatély‘fgllowiﬁg the geésation'éfulow-pressqre periods,L Thattis;
i£he coéi‘air‘curfenﬁs and laék.of p:ecipitafioﬁAof~higﬂ~éressure‘
: periods}a;evmost'aesiraﬁle, 'Furthermore, the‘constfuétiqn should
Iprocééd,during'eaﬁly wintér as the size of snow pérticles~(és pointed
out in Chaptér Iiy, is mbre_advantageous'és regaras-to disaggré—
gation, compgction and hérdening.

.Thé next'sectioﬁ deals with the North Americaﬁ_experience'
where a‘mﬁch heaviét Variéty of‘eéuipment is usedjto cohstruc£ sﬁow
,‘Payements capablé éf withétanding a high intensity ofvwheeied trafficﬁ
-it will be nOtéditﬁatﬁthe basic,cqnétructién techniques and}vériables

remain the same.’ .
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”.Thg_North‘Amerigan Experience
.l;;.Camp Hale,'Coloiado
| In 1956,.the U.s. Bureéuvof Yards and Docks carried out.a
series of fésts on dépth processingvand compac£ing of snoﬁ, aﬁ
1Camé_‘Hale, Cdloradq'gU:S.<Navy Teéh. Pub. [40]). During the test
period; (létevJanuary,'l950, to mid—March, 1951), the snowidepths:
‘and témperéture'data wére as‘follows:
4ayerage Snow depth l7’in{
- maxiﬁum snow.depthv 30 in}
{ ‘_’ aVéfage téﬁperafﬁre 17°F;
Amaximum:tempéraﬁufe 64°F} and
"minimuﬁ;feméegature -28°F, -
Thé.folIOWiﬁg-equipmenﬁ was used: 
'1)v 8—’ft7vdia.me,1.:er,. 8= ft-wide, 4-ton, hollow-shell,
fixeddféce,-corrugatgd;steel.rdllef; |
.'1;2)>'péntooh barge'apég,'weighted to 7 ton$>With'
P o .beariﬁgApré55ure of 6.88vpsi;
- 3)  Seaman's 6—ft—§ide‘pulvimixer;
4)'udisc,harrow;;and
- 5)."256;006;Btu/hr'gasoline.ﬁéafer_with a 5earing
| préssufe;of 0.2 psi..
Baséd on the énow £oéd densitiésAébtained, the Varigus techniques-
triéd, rank_in the following‘order;
1. DraQ; pﬁlvimixe?, roller
‘,2;A Roller, aiSC harréw, arag

3. Rollexr




‘ 4,V_Puivimixer, foller
5. Roller ' d
6. Pulvimi#er, drag
7. Pulvimixer -
8.‘ Pulviﬁixe;, heater
9., Dfag harrow‘ »
10. Disc ﬁafrow
" The téét.rqad‘sg¢ti6ns COnstrQCted:by methoas,i} ana 2; withstqod'
only limited traffic of'é 4—tan 6 X 6 Army Wreéking truck. The
ofh?é test éeétibnskwere'hbt.tfafficQtested. |
| Tﬁe~repoft cohclude;‘that a multiplefpass'pfocedure‘is more
éffectiﬁe tﬁan the éingle—pass for increasing the density and in most
'éaSeé fof increasing‘the hardness. The conciusionsvalso.stéte that
~the'mulﬁip1e—bass'procédufe'beyoﬁd fhe;third or foﬁrth pass-is im-
' ; practicall.It.is‘inferred that double or triple passes_of'ﬁhe equipé'

ment were performed on the 10 test seCtionsfreferred to.

I

2. Point Barrow, Alaska

r season,.séveral\testgstrips were

,

During the 1950-51 winte

!

bﬁilt,using varioﬁs combihatibns of anW'stabiliZatibn»equipment at
foint Bafrow,'Aiaska.» The U.S. Navy Téchnical Publicgtion [40] éi&es
faccount of the 4 most effectiveicombinétions téstgd. _The.equipment
. and.methqd§ used, and the resuits‘obtained fr¢m'thé 4 test roads
ére'summarized. ’

JSection I - The Snow ‘cover (avérage 18 in.jvwaé_processea‘by,
a seaman's, 6—ft—wide‘§ulvimixef»and immediately fbllowedvby_én
8—ftédiame£er,'8~f£—wide,'4—ton,.holloweshell,4fixed—faﬁe,;corrugated.

“steel roller; Five pisses;of;this'combination, at_2—hour,intérvals,
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Hwas performed. - The'pglvimixer oferated with ease, cutting about 12 in
'into the snow on each pass, and'the roller, exhibiting a high
diaﬁerer to weight ratio, rolied freelf without plowing. Subse-
. quent-tests ipdicated that the densiry'of the entire depth of ssow
j increased'uniformly Qith no strarificationQ _Hardness.vaises,'however,
are net given,"‘ | |
The road section;'subjected"to a traffic test, withstoed‘
20 eohtinuéus'rrips-ﬁith a'Jeep and 10 with' an empt?‘GMC'z 1/2,ten,.
6 x:6 cargo'trucr. vThe resulting miner surface.deterioratienvwas
v eas}ly rebairea by”e‘single pass of a'light fired—SCreed steel arag,
A low—bed trailer, with a gross welght of 26 tons was‘then towed over
the roadwa&, by a Caterplller Model- 12 motor grader. Thls,caused
shallow;tlre depre551ons.slong the line of travel_whleh could'be ]
remeyed quickly by a l?ass of the drag a.nc.i. rovlle‘r. |
~ Section II'flThe'equipment coﬁbiration usedein this froad
section was rhe-pulviﬁixer, immediately followed:bf a surfaéevheater
_eﬁd‘sheepsrbet'roiler: ‘As in Section I, 5‘pésses'ef the equipment
_;ombiﬁation"were'perfdrmed at 2-hour intervals.. The test results
' shewea a:marred increase:iﬁ the densitykof the entire Snow cover
ﬂover'rhst.obtaiﬁed in_Sectibn'I, with rhe grearesffincreaSe near the
,surface.' When subjected to the tréffic-test,-hoWever,‘10 trips with
itﬂe Jeep and 10 with the. empty GMC 2 1/2 -ton, 6 X 6 truck necessi-
tated a maintenance" pass w1th the steel snow drag. A srngle pass’
over‘thebsectionAwith the_motor grader and loaded,26—t9n—§ross_1ow_
Alﬁed traiier!eaﬁsedbvery shallo@ tire_marks en tﬁe road.
Firm conclesiens regarding the benefits of USiﬁg~a'surfaee

-heater wekre not possible-with»the-data available. 'The,study‘points
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out, however, that the method of surface heatlng used on Sectlon IT
is very 1neff1c1ent because of the large quantlty of heat lost to
'the atmosphere. Also, the surface heater towing speed, belng approx—
'vlmately 0 85 mph (other equlpment 1.5 mph), 1ncreases.overall
constructlon time. |
Section,III'L The‘show_was_processed with the pulvimixer,
followed by a.water'carrier and the Sfft roller.' five_passes of the
eduipment combination were made at atls-hr‘ihterval betweeﬁ passes.
The water carrrer moved at a speed of 1.0 mph drscharglng water at-
the/rate of 50 gal/lln' ft (0.5 lb/sg 'ft,), through avspray bar
8,ft long and 2 l/2';n. in,diameter. Tovprevent adherence of..wet
;snow:to the’roller,-a‘30—minuteiinterval was allowed hetween water
:application_and rolling; Thersurface density.of.the fiuiShed road-

‘way was»very high, however :for the application rate used, the water

'_"pehetration was not complete,and the lower layers remained at a low

density.
{ " The study concluded that although the water appllcatlon had
some effect the test sectlon was not 51gn1f1cantly better than the-:
one built u51ng only the pulv;mlxer and roller (Sectlon I). It‘was
‘also observed that in regions such as the Arctlc plalns, lack of
o adequate water‘supplies would make the water application technique
‘infeaslble. As regards to trafflcablllty, high amblent temperatures
prevented adequate trafflc testlng of Sectlon III.

.Sectlon IV - The snow was.pr0cessed‘with the pulmimixer':
»'followed;immediately by.a pohtoon bargehdrag with a 6,300-1b load.

.Fivevpasses of the equipment combination - were performed.at'a 24-hour
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intervalkbetween passes. It was found fhat the'dénsity inéreased
ﬁniférmlvaith each'additiqnal pass, although the actual values are
nqt‘given..

Due to high amﬁient temperatures the traffic tests were
inconclusive. The study poihted out, however, that the‘pontoon

barge drég'was not satisfactory as a piece of snow stabilization

.or .maintenance equipment because of its bulk and 1ack_of man-

euverability.:

. The Point Barrow Studies concluded; "a combination of ag-

itaFion and rolling appears to be the most practical and effective

means of stabilizing a snow‘roéd on the Arctic coastal plain®.

‘Furthermore, ..."the best metth of maintaining a snow road is with

a weighted steel or wood fréme.drag. Either drag followed by the

- 8-ft roller. is very effective in restoring the surface to good

..ChUrchill; Manitoba énd 2 miles from the shore of Huds?n Bay was

o

condition".

_3;f Churchill, Manitoba

o

N In 1951, a lZ—ﬁileAséction of snow road, 45 miles from

cdnStfuoted.and maintained by the Royal Canadian Engineéré (u.s.

' Navy Tech. Pub. [40]). 1In this region, high winds are common, and
¢ the snow cdnditions are described .to be analogous to thqse'dccurring
‘on flat, éxposed Arctic coasts. The‘temperaturés during the test

péri9§ (Mid-Fepruary to eariy April), ranged from -30°F to 15°F

although hiéher temperatures "of 20°F and 30°F were expérienced in

iAprii. 'The.equipmentAused,_COnSiSted primarily of; 1 ski-mounted

Seaman's pulvimixer equipped with a chain: flail consisting of 120
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'chainé'(5/8 in. diam.), each-15 in. in length; 3 variable-weight
(3,175 b to 5,800 1b by 75 1lb increments), corrugated-steel rollers,
6-ft in diameter and 8-ft in width; and 5 tracked tractors.

The snow road, with a 15-ft surface width, was constructed

by an initial buildﬁp‘procésé, followed by the pulvimixer treatment
and roller. Two tfacﬁbrs, initially spaced 45 ft apart, onvopposite'
‘sides of the right-of-way, windrowed the snow in towards the center-

“line. The crests of the 2 final windrowé,.after 3 passes'of each A' : \

'traCtor;vwere 10't0]13'ft apart. ‘The contraction in snow,vblume

-a# Fﬁisigtage{ starting with aisnow_dgnsity of’0,3'gm/cm% (18,7.lb/f#§);

! thas in the order of 40:br SO;percent. A rough.leveling‘was thenv

performed witﬁ:thévtracked tractofs,<fbllowed by'5 passes, at l-hour-

intérvals}'of the’puivimixerjrdller combination. No safisfactory

f - answer wgé obtainéd iééafdiﬁg'fhe:optimum'number-of passes of #he‘.

| équiﬁmént éoﬁbinatién;'hoWever,:it_was céncluded.ﬁhat_the time
-inﬁervél~between'pasées shéuld be kept to:a minimum and in no-case

‘shdﬁldibe allowed to exééed'thours. ‘The build—uﬁ process was

;cComplished aﬁ thevrate of 7 miles per day; however, the p?ogresé

on the finishedvrqad:dépended,on the single pulvimixer; limitiﬁg‘the'

ACOnstructién rate to 3 miles per 24—hour wbrking day, under favour-
able conditions. Favourable conditions are defined as terrain open
- and flat, snow dépthtunder 3 £t , wind chill factor less thah 2,100,

r'andlvisibility_at'leést half a mile.

The densities achieved ranged between 0.4 qm/cm3 and
0.5 gm/cmB-and upon completion of a road section, a 36—hour'éuring_

period was_allqwed~before the foad was‘sﬁbjécted to traffié. The
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' traffic éonsisted of: 3—tongtrucks loaéed-td a grdss Weight of
9:téns, dévelopiﬁg a#lé loads of 11,500 ib; 20-ton lbaded-sledé
{moving at 25'm§h). énd-trécked tractors. The actual tréffic Vbiume_
is not given in reférence [401; however, it is inferred that the'
«tféffic was more of];ess.continﬁous over‘the_testvperiéd. No
failures Qccurrediovér7any part 6f thé>fbad;vand no'evidence of
_deteriorat}on.qf the.réad surfacé wés visibie at'tempéraﬁures‘upl
tCVZOfF; The study_cqncludeé that the effect of thé'heé?y traffic \
was to.improve'the béérinquualities~of the snow pavemént over the

duration of thevtraffic testing.

4. Greenland

.Thé'basié techniqﬁe of snoﬁ stabilization cbnsisté.of depth
1proq¢Ssing foliowéd by éomp;éssive cémpaction. In 1953, trials on
;va:iétiOns of tﬁe basic teéhnique were conducted by the'U;S.:Navy on
the-Greenlénd Ice;Cap. The.variations inciuded'doublefdepth proceé—
siqg andv;afer compaction. vThe cdnstructibn of a»snéw-cémpacted
.%unway during théée gfials, is deséribed by que£ {317 and'Sﬁm@arized
'-.b.eélow.. | : |
-9 ffecompaction Pfepafation; - It Wasffound'that'cohsiderable
gradingvoffthe_Wipd—driven undﬁlating snow éurfacg (sastruéi) waé '
.7{nébéssar§ fo-prbduce.a level surféce fof compaction. HAs a. result,
Aa'Ski?mounted.énow'plane for_grading‘and leveling show~was'developed;b
Thié'6,i20~lb snow plahe'is‘mounted on 4 skis.giving‘agbearing
- presSure of 2l5-péi, andﬁisfequipped‘with a lZ—ftfwide.comEination
' planer bowl and grader bléde;- APPrOXiﬁately l2.to 24 hours after

»'initial rolling with aA107240—lb,v8—ft-diameter,-8;ft—wide steel
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xolle;, the afea_was-leveled with the snow plane. TWo'indépendent
rolling passes were pefformed ddringvthe,initial rolling (1 to 4
hours between passes) and 2 to 3 paéseé of the plane were required

'jto achieve a smooth and level surface. Allowing 24 to 48 hours}df

agé-hardeﬁing after the }e&elling 6peration,Athe entire surface was
’1dquble;roiied;.,Appfoxiﬁately'2 days laﬁer, the-first éepth processing
wés pefférmed on theuprépa;ed'sﬁéwbed;. |

b. Depfthroééséing f‘Depth processing of Eheiprepared éhowbed Qas- S | ;

pérfbrmed using the Navy Model 42 snow mixer. The snow mixer .is a

‘méd}fied éngihe—driven,earth pulverizef, 8 ft wide,. with a 42-in
rotor. Tﬁebhodificatiéns_pefmitted an-inpreaseiin the roto;.per—
vipﬁeraltspéed'from 2,480 to 5,665 fpﬁ, and iﬂcluded a balanced ski
- mounting eliminaﬁing poréqising‘and providingvinitialrcompaction |

',to:the proéessea snoQ, At an average air temperaﬁure of d°F, 3
mixing'paQSeé (at a 32-in -depth-of cut) were perfofmed atvl—hour
'ihterVals, imﬁediatély'followed by -3 rdiler passes. The snow par—:

‘ti¢les ranged in size from 1 to 5 mm after one depth processing
O : : I o A ‘

(3 mixer passes) and regardless of the numbér of additional mixer

passes, further pulverizing<Wasflimited. The;3—pasé mixing followed

“by 3-pass rolling pfoduced a 16-in tbiék snow-mat that was 46% more
deﬁse_than thefnaturai snow (0.33 to 0.47'gm/cm3)'and withinv3~days
- was 6 times as'ha:d (39 to 231 R*). It was concluded that the.

'numbér-of mixer.passeS-is dependent on the type of snow beihg processed

and that old, perennial snow, such as that found in Greenland and
‘Antarctica, requires'fhreé passes of the snow mixer for good pulver-

f

ization_and blending.

* The quantityiR‘isvthe snow hardness index obtained with fhe Rammsonde
cone penetrometer. "The penetrometer is discussed in detail in Appendix .C.




,density'to.0.54'gm/cm3;:ﬁAfter 30 days of age hardening'in an
_.aVerage air_temperéturelof.145F, the average hardness . was raised:to.\

. 635 R. . Aircraft,testseshowed that the mat could generallylsupport )
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.

c. Double Depth Processing - During the trials, it was reasoned that .

.

by reprocessing a well-bonded, once—proCessed snow, a more thorough

pulverization and consequently a smaller snow particle size might be
sttained. A double depth processing (3 mixer passes followed by

3 roller passes) was then applied to the top 10 in of the once~

processed snow. The reprocessing produced smaller individual particle

sizes, mostly ranging from 1 to 2 mm, raising the -average snow

! : A
wheel'loadS-up to 100.psi except for sporadic soft spots where. the

mat hardneSs was aslloﬁ’as 300R. The occurrence ofssoft spots result-
ed froﬁ'poor”quelity'control during the‘depth'prooeSSing.

The-herdneSS_growth_due to'depth prooeSSing is illustrated in

Figure 3.1.
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Flgure 3.1 -~ Normal hardness growth in a. 51ngle layer of polar snow.
_(After Moser [31], Navy cold- proce551ng snow compactlon technlques,
MIT Press, 1963.)
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d. _Surface'Hardening - Rammsonde hardness tests performed on the
‘double-depth processed snow mat, indicated that the hardness was not

© uniform with depth. That is, ‘the bulk of the hardness occurred in

the middle_two—thifds of the mat. To improve the finish and hardness

‘of the upper layer(:a standard commefqial 13-ton pneumatic;tired;
l3—wheei foller,was.usedvfollowéd by'a 2,830-1b finishiné.drag. The
"afiﬁiéhing drag.was'construCted with bylindrical bottom skiés énd
measured 20‘in’high, 7 l/ijf.*iong and 12 ft‘wide; Aftyéical

Hardness distribution, occurring before and after surface hardenihg,

~is shown in Figure 3.2. -

Suriace of- snow mat

Midc thickness

Hardness = r— e e

!

~ Figure 3.2 TYpfcal'vertical hardness in compacted snow»éompared with
. its redistribution after surface hardening. (after Moser [31], Navy
‘cold-processing snow-compaction techniques, MIT Press, 1963.) '

e. Layered Compaction - Two heavy-léyers’of drift were deposited

during the operation of the snow funway. - The layers of ‘drift were
.-double-depth procéssed and a final mat consisting of the original
16-in layer plus a 9-in layer and an 8-in layer was produced.'-Aftér

testing-with_aircréft with various wheel inflation pressures, a ten-

" tative minimum hardness guide for compacted runways on deep Snow was
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‘ developed;'aThe guide is‘shbwnsin Figure 3.3.

First layer Second ;lsyer Third ‘layer
" 600 -

" s00
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o0

Average hardness (R)
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150 :
0 10 . [ 30 &0 48

Snow mat thickness (inchés)

i Flgure 3.3A— Tentatlve minimum hardness gulde for compacted—snow
runways on deep snow. (after Moser [31], Navy" cold—proce581ng snow-~
'compactlon technlques, MIT Press, 1963.)

The layered éompactionsfechnique offersd several a&&antages.‘
_firstly,Athé_runway wasuelevstea abéve.the natural snOw'surfaqe,
' sliminating:aﬁy fxuthef drift‘problems. Secondlf; 5 more uniform
1oad7béaringisurface Was achieved ss'ths probabilitykof'coincidence:
'6f:losz£ren§th a;ess‘in £he.individual laye;s was ver§ small. A
lﬁgicsl'conclusioﬁ"is that the léyered compaction technique allows é
.relaxation‘in ths dééree.of control fhat‘is requirea‘to prqducs a
v‘uniform hsrdnsss:in-a sinéle lsye;‘of'snow paVemeht.'AHowsVér,'the
methsa generally reguires trapspoféatios of bsr;owed msterisl Whicb
could be both qostly_and‘time consqming;

In the same publicstion, Moser cites oﬁher éxsméles;'whefe the
céldAProcessiné methbds dessribed,vhave beenvqsedvsﬁqsessfﬁily;- fhese‘

l:inslpde the 125~acre'parking lot and l-mile snow road at Sqan'Valley,
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: -California_kl96Q.WinterlOlympic Gémes) and £he‘3—mile snow road at
‘ McMurdo Statidni Antarqtica (1969); FUrther.detaii on thé U.s. Navy 
'cold—processihg'techﬁique and equipment is given'by Moseri[32];

'U;S,vNavy {391, Camm [8] and Easton [20].

'~ 5. . Kapuskasing, Ontario (1952—53)

The report entitled U.S.-Canadian Joint Compactioanrialé [38]
provides a compféhensiVe summary of the cold—processingvand dry heat-
 processing téchniQues experimented with at various Canadian and U.S. e \

locations. The experience gained at Kapuskasing, Ontario is represen-

' téfﬁve of the joint effort.
| - .Dﬁring the c&drse'of the triais atyKapuskaéiﬁg, Ontario, the
lelowing'coﬁﬁiﬁatiéhs‘of eQuipment were inveétigated:
1. -a‘lané processed from 1 to 10 times by a pulvimixer with
ér without heat;
"2. 4@ léne processed from 1 to 10 times b?ga pulvimixef with
: Orlwith;ﬁt’heatvfollowéa'by a:rollerAOr dombinétion of
A '..".rollers processing the same;lane from 1 to 10 times;
.3_  a,lane_processed~from 1 to 10.tiﬁes by a rOiler or

) . . A
© combination of rollers followed at varying intervals of

ﬁime (1 to 24 hours) by a pulvimixer:with or without heat,
proceSsing thQ lane from 1 to 10 times and followed finally

. by a roller or combihation of rollers processing the lane

from 1 to.lb times;
4. a lane pr¢cessed-from l'to 10 times by a roller or
" combination of follers;

5. A lane'processed from 1 to 10 times by a Woods Preparizer;

ahd 
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6. a lane processed inm 1 to 10 times by a Woods Preparizer
followed by a roller or combination of rollers processing -
the lane from 1 to 10 times.

}1The_basicfequipment referréd to is detailed as follows:

' Rollers - Several rollers of different type and weight were used. The v

' rbllé;s used most extépSiveiy and successfully were: ‘élsegménted
v‘éteél-rbiler (4, Z—ft - ségments inaividually méunted),HIO’ft‘in
.diamétﬂ:énq'weigﬁing»22;400}lbs; a'lO—ft'diaﬁetgrrcorrugatéd rolierv.
8 ft -;oﬁg;aﬁd wéighingi7,700 1bs ; a William Brés.vrubbér—tired :
'fb;}érfWéigﬁtéd'to_a gfoss weight‘ofv38;000 lbs giving a‘ﬁnitvtire
éreSsure,éf liO psig

‘f'PﬁiVimixérs - Sgamén's'pulvimixers with maximum rotor éperating speeds’
of 275 fpm wege uéed.’fTwé'of thé éUlvimixe¥slwgfé”ﬁoaified by fhe
-agtaghﬁent bf.hea£ers'to the cahoéies.' In this,ﬁodification;'b

2 sizés of héaters were used e’oné heater capable of turning out
approximafely l,OO0,000‘Btu/hr and’ the other 5,000,0001Btu/hr}.

'7WoédS‘prepari2er - The Woods preparizer‘is a standard pavement,breaker

I

PR .

With,a mechaﬂical aétibn similar'to.that_of the Seaménfé pulvimixer.
Thé Woods prgpariZer.h6WeVer‘;s éqﬁipped with a:more-péerful,engine 
» and a-highe: speed éf'the rotors is poésible; |

Traffic testing of all lanes was carfied'but using étapdard A
Y.Canadian andvU.S;.Military Vehicles.A Luéged‘tires and commerciall
»éatférn tirea'were-ﬁéed at iﬁflation pressures‘réﬁging f?om 15 psi't§ .
76 psi: :Thé lanes-caﬁable-éf cérrying the traffic had‘é minimUm denéity
‘ofVO.53‘to 0?553gm/ch§-aﬁd a minimum Rammsonde hardﬂess of 350. vThé

fqllowing_tableféhows.thé percentage of lanes laid by each'method_
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which were able to carry the traffic.

TABLE 3.1 -

 Summary of Traffic Tests .

- S E ‘Percentage of -lanes placed
‘Method : " by method indicated which
v C carried traffic

_,Pulv1m1xer with heat and rollers ' o B2%

 Rollers (segmented and rubber tlred) alone_ _ o ' '_61% _ ' \
_Pulv1m1xers without - heat and - with rollers ' . 56% '
Pulv1m1xers alone with heat ‘ : : ' 7%

R - o o _ .
.PulVimixers alone without heat _ : _ : "12.5%

eInfthe‘ebo§e aﬁelysis,‘no~particular attentidn was given to.
sﬁch variablee as ambieﬁt air.teﬁperatere,;temperetgre of processing,
'periddvof‘ege-herdening.or ﬁérdened snow tempefeture; Hewever, ehe
.analyeis*sﬁronglybindicatee that fegardless of the method of.snow
aéitatiqn;.with or withoﬁt‘heat, heavy foliers are eéseﬁtial'tevpro—
@uee'hara,surfabes. .FQrthetﬁore,'whereas the maximum.Rammsepde
hardnees produced Without ﬁeat with heavy roller2Was 531,‘the ma%imum

Remmsonde hardness achieved’with.heat and with roller Qas 2631. It

1 can be concluded that the probability of successful lanes where heat
and heavy rollers are employed is greater than when heat is not used.
It was reasoned tﬁet to produce. .a snow surface thét'could

“defihitely" carry all military tréffic, a minimum deﬁsityeof

O.6'<jfn/cin3 wouldube fequired; It Was also confirmed that a density
greater than10.543§m/CMBQwas very difficuit to achieve by cqmpactien
alone, even when_using-extremely heévy-rollers.v<Therefore_thefincrease

©in density has to come from a decrease in voids due to the addition -
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~of water.,»The.aaaition of 10.4% b§ wéight of wéter to énow élread?
compaqted to Ol54 gm/cmB will;bring abouF'thé required increase.

For a l2—i5 de?th of.snow, this represents thé additibn.of~3.3-lb of
‘wate?lpervsquare_foot.- To satisfy this requifemeht the fol;owing
proqéséing‘sqheduie'was developed.

1. 2 passes with 22;400*lb steel roller - density approaching - .
e ' : - - 0.54 - 0.55 gm/gm '

2. 5 passes of pulvimixer with heater - 10%'moisture added

(heater output of 2,560,000 Btu/hr, -
forward speed-of 1.9 mph)

3. -1 pass of 22,400—lb5roller S ;'density.increased to
SR SR - 0.56 - 0.60 gm/cm’

The method described above alléws construction of a finished
8-ft roadway (under favourable conditions) to proceed at the rate of

1;9‘mph. Diesel fuel consumption is'éstimated at_233.5,gal/hr; _

 6.€_McMurdd'SfatiOn,‘Antarétiéa (1972fi3)
| AlOmile test éection of snOW’réad, overlthe Ross Ice Shelf
betweén MéMurdqfstation'énd'wiiliams Field, was qonst%ﬁcted.usiﬁg a .’
1é§ered compaction procedure;: Thé pﬁrpose'of the experimeht was, to
V ;im§lify‘£he existin§ cola;pfocess1ng feéhniqUe‘as devé}opéd by the
_.Naval Civi1 Ehginéeriﬁg Laboratdry,(NCEL), The NCEL géld-prdceSSiﬁg,
| techﬁique_has Been discussed iﬁ'Section B of this~chaptérlundér the
/heading"4. _Greénlaﬁd‘; | |
| The Simplified $now road cohstfuction procéduréﬁas‘outlined

by Thémas and Vaudfey f36j; consisted of the following S?eps:

| - 1;"Sitefprép3ration - The snow surfacé along the proposed
l'snow rpgd.aiignment‘wéé initially rolled‘with>an'8;ft'diameter;'éjft'

wide, 10,000-1b steel rpllér. The folling was necessary .to produce a
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' fairiy‘unifoxm, compacted surface for depositing the 1ayers'of blown

. Snow.
!

2. Containment berms - By.é'single pass along the outer edges
‘ bf'the‘prpposed road,;tﬁe snowblower deposited 2 berms of snow

~24‘to 30finches'highf The bérms cﬁntainéd the:layers of snow sub-
séqueﬁtly'deppsited by the_bioﬁef, and-prevented a 1étéra1,aisplacee
ment during.the'cémpactioﬁ.andvléQeling-of the individual laférg.

.3; Co#strucfing.the snow layers' - Snow was deposited between
the_cgﬁtaiﬁment bérﬁs asiéveﬁly as possible and in sufficient quantitf
so as ﬁéAp;odupé'a 4-in layer after'levéling éﬂd'compacti§n'had been
completed. vLéveling_of.the blOwh show, immédiateiy fdl}bwing thé
deposiéioﬁ;'was'attempted.with low ground'pressure (LGP) D-4 and D-8
dozers, howe%éf,'with’no su&cess. it beééme necéssary to use aﬁ
80-ft snowplaﬁe;'towed'by an LGP D-4 dozer, té accomplish'the levelingiv

| , To.compaqtfthe 4-in layers,-3 wélking'passes of;the'LGP'b;S
tracfor wéré'used; ~Attempts to use the 10,000~1b‘rollei we:ehun—k
;sugéessful'as thé rollerltended fé plow creatinq'a rough and hﬁmﬁy
éuxfaqe.'

4;  PfeparingAfiniéhed surface —'Onée the desired road heiéht»- 

 yas achiéVed,'thé 80-ft snowéiane was'used forlﬁiniéh‘leveling'fhe
surface;. Aftér'fiﬁish leVeling; the road was alioweﬂ;to set:up for
3 days. Theﬁ to éurface'harden.thefsnow rbad'é rubber-tired,
‘wobbly;wheeled roller was used asiin the Eonventional NCEL.coid—
processing mefhodf tFollowing‘fhe rolling, a tiﬁber draé.was tbwed
be a»l;toﬁ piékpp»to sﬁooth the road surfa¢é.' Aftér 4'daysiof age  '

hardening, the road was opened to horﬁai traffic.
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The study concluded that roads built by the modified method

would give satisfactory service for the movement of éargo and pérsonnel'

by heavy, wheeled transportation equipment. Test results have shown

that the densities and shear strengths obtained by the layered

- method compare favburably with those obtained by the conventional

}'cold—proceséing-method (Pulvimixing). Furthermore, the 1éyered method

allows a reductionfinboverall construction time by more than 40

percent and:eliminateS‘the'need for special'equipment such as the ski—f

*

mounted snow mixer. - I o . R \

L 7. /Norman Wells, N.W.T. .

During.ﬁarch'and,Aﬁril of 1573, a winter'road'research-study
“'QasHCOnductédv(Adam_[Z]) near Norﬁaﬁ Weilé, N.W.T. to evaluate con- . - o @
structionnmethqu;and énvironméntal effécté'of>Variqus typés of winter
roads. TheAféSéaréh étudy iﬁcluded the ¢ons£rﬁction and t;affickiﬁg'
‘jéfiavéompécted snowvroad, ah ice—cappédgsnow road, énd:a solid:iée
road. Thg.evaluétiéﬁ_ofifhe winter roads, as'regérdé to Qqnstructién

mefhod and-trafficability, érg‘summarized.

1. Snow Road - Snow was first bladed in towards' the centerline

. of the right-of-way to form about a 30-ft wide’baSe'foi the snow road.

A makeshift leveler-compactor was devised (as more adequate equiPmept.

'was not available at the site) using a large diaméter log with a

.

Euclid'tire tied on for added weight. This leveler-compactor was towed

by éAD¥7;1?A tréctor and 2 cbmplefé passes over fhe rqad éurface Were

ipérfdrmed.‘ Tﬁe_snow-foad was ailowed to age;harden‘fgf 1 day before
‘ ‘it was pr@céséed'to a depth of lO_ihches'ﬁéing a disc”fillér.>.TO:

;bermit~contrgl over_£he:dépth-of'penétratibh, thgidisc’tilier was

‘mounted to the front-end loader assembly of_afIHC—TDG, The snow road
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Qas proceséed by 2 pasées of the disc tiller and_tﬁen'qombacted by
4 passes of a D—7'tra¢t0r, each pass covering the road surface
}traﬁ#—tﬁ—trabk. The road Qas alloweé to age-harden fbf 2 days before
it was‘traffic testéd to déStruction.
Prior“tovfﬁe traffic tésting, thé snow road had a deﬁsity of

) 0.5340;54'§m/cm% éﬁd a Rémmsondé hardness of 251; In one lane, the
isnow.réad failed bgyond fepaip aftgr 25 passes‘of:a'Fgrgo( B-30
sefies,flé&passengef bus witH a:GVW‘of-7,700-lE, ahd ti;elinflation
_pfeSSuré off29.psi. }Inrthé other lane, the snow rdad failed beygnd
répfif after 4‘passés of a 65,006 lb,‘FWD, 64whééi drive Qater tank
truck. JThe traffichﬁests support the_eérlier;studies éérried out at’
'Kaéuskasiﬁg, Ohtarioiwheré‘it was detefmined:that a-minimuﬁvRammSondé
.ha£dnéss of 35O was iequiféd before a‘énow road cdﬁld be traffickéd
by wheeled véhicles; 

| 2. ice—bapped énow roéd - Thé:sﬁbw road of 1. Qas.reshaped
énd”then(cdmpaqtedlin 4 walking passes'df a'D—7 tréctor. This wés.

' followed.with an‘additional 4 pésseé éf‘the leveler-compactor. - fhe
‘ A;o§éAsurfacé was finally 1eVéled with a singlé pass §f an”i—Beam Qrag;
1The I-Beam drag éonsiéted éf;6 I—beamé'(lein x-7‘iniﬁg>3.ft )
“arranéed'in a.V4sﬁéée with 3 I-beams héoked one behihd £heAbthér pef
‘éidé..lThe snow dénsity aﬁtained was 0.50 gm/cm3 bver an avefage road
thiékness of‘37 cm and the. average Rammsonde‘hafdness'after.23 hours -
: ~§f-age;hardening'(inyan:aﬁﬁienibtémperature ofvapproximately —10°Ff

iﬁaé 75. | | |

Approiimately 24 hoﬁrs-éfter thg‘reshaping»ana cqmpactihg of

the snow road‘Was completed, water was applied at the réteﬂof
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,6;49‘ga17ft2'by hose. The dehsify'éf the icé—capped snow road
.’;véraged'0.63 gm/c_m3 over a 20-cm thickness, 0.79 gm/cm3 over a
10—¢m thickness,_and'O.SS gm/ém3'o§er a 5-cm thickness; After 12
'hoursJof age—hafdening,;the average Rammsonde Hardnesé increaSed_to
' 646. | P |
B Oné daygaftef the icefcapping,.the ice-capped snow road was
tréffié testéd.‘ After;25‘passesvof the Fargo 15¥passenge£ bus, minor
faiip;és wére Qbéefved'aiong fhé’outer edges of the>réad‘3urfaée:
Dufihé furthéf traffickihg,,numerous more failures (2.5% by area)
Qccprred_t Thesé fai}uresAwere eééily repaired by hand and the road
.remained.éerviceébie'én_a cohtinuoﬁé.basis. The occurrenpe:of weak
E spots.was‘atfribﬁted fo the;lack of ﬁniférmity.attainéd by the.hose—
éﬁdimethéd.bf watef~app1i¢a£ion. | | |
. . The traffic testing.remainea moreror'less cohtinuous f?om'
March 15 to April 17. The testjvehiciés included: .

‘l-Fargo, 15 passenber'bus, GVW 7,700 1b., tire‘preésure
29 psi; - . . o

[ - 1l Fargo 4 x 4 Cfew Cab, GW 8,000-lb., tire pressure
© 40 psi; o '

1 Ford tandemlT804 Séries,‘GVW 43,000 1b., tiré pressure
65 psi; . - RN

1»1HC_;OO>Se:i¢s,.GVWAS,éOO lb., tire pressﬁre 28 ési;
'ZJGMC tandéms('GVW 39;000’lb., tire pfeésuré 80ap$i;

T Eora,F-spo, GVW 20;000 1b., tire pregsute 75»p$i;
Vi’Fofd F—350;>GVW ld,QOC lg;, ﬁire'pressufg §Q'§si;:and
:;vFord F-100, GVW'S,QOOtlb., ti£e preséure»32'psi.
A total of 35,924 vehiqle'passes were accompliéhéd'by these

Hvehicles travelling‘an estimated 8,160 miles over a 1,200-ft test loop.
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The test loop included the ice-capped snow road and an ice road. The

ice road portion.of the test loop is discussed next.

3. 'Ice road - A road bed was prepared by an initial ‘leveling

.operatidn using the:Euclid tire drag towed by the D-7 tractor. The

'iqe road was then consﬁructed'by spraying water from a spray bér

mouhtéd

cations

on the back of the water,tank trucks. By successive appli-

of water, an ice layer was built up to an approximate

"thiqkhess of 5.35 inches (13.5 cm). As already noted,-the,iée réad

portion

of the test loop:was trafficked‘at the same time as the ice-

capped'snowAroad.:'Thelice road held quWell to the traffic, requiriﬁg
SO ’ _ : 7 -

i

' little maintenénce except for occasional sanding to improve traction.

The study makes,sevéral;éoncluding comments'regarding the

3 types

of winter roads evaluated. These are summarized as follows:

~ Unless sufficient moisture is available in the snow. it

' is -impossible to construct a trafficable snow road without

. the use of heavy -drags and,rollers;-'EVeh with suffiéient

moisture the‘use'of-light equipment is questionable.

- Application of 0.5 to 0.8_gal/ft240f.water to a mihimally

‘ COnstrﬁctgd-snow road will pfoduce a trafficable ice-capped’

-snow road ovérnight,if temperatures are_well‘belOWIfréezing.

Maintenance of ice-capped snow roads is substantial if the

‘hose-end method of water application is used. It is pos-

sible that'by a more unifdrm application of water, a lafge
poftiopzof”the,maintenance could be eliminated.

- Ice roads may be trafficked before'qompletion-on a limited .

hbasis.- No traffic, however, could be tolerated on' a snow or

ice-capped snow road during its' construction.
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= The large quantities of Water'required'for‘ice road con-
struction may prohibit extensivehuSe of this type of winter

road. .

- The traffic applied to'the'test loop, as regards tp'total

‘number of passes and total tonnage, simulates the actual

traffic anticipated in 48" pipeline construction.

_Final'Commént

It is apparent that -a number of "interrelated" factors Will

. influencé'winter.IOad constructionh practice. These include: geo~
/.

.graphic lécétion;n@teqrongical.cénditibns;‘buildinq‘ﬁaferial pro-

perties; structural requireménts; and other multi-diéciplinéry concerns

_ (enVironmentai;‘eﬁc});“ In ofdér to édapt a'techniéﬁévdf winter road
'cons;tﬁction to?the féqﬁirements, somefhing must be-known'abquﬁ_the?
 raﬁqé éf:results,obtained byvﬁhe different cqﬁstruqtioh methoas and;A
vthe Vafiatioﬁ-in.reéuits under -various cOnditions.

‘in.thé review‘(Copstrﬁgtioﬁ Methods and'Résulfs); two pﬁases

!

in the field of winter . road research can be distinguished. The firsf

'phase:includes:'fundamental studies on the properties and behaviour -

“of snow;fthe se¢uting of information on the variations of the bearing
propertiesiﬁhder'different>éonditions; and the détermination:of the .
' demands made .on the snoy substratum by the different types of: trans-

port .. Thé'sécondrphase'belongs to .the category of applied research

and is aimed at the development of construction and maintenance
. techniques that satisfy the-requiréments from the viewpoint of
- traffic demand, economy, and environmental impact. The literature,

indicates thatvalﬁhdugh the. first phase is fairly well déveloped,»the

second is'still-in'its‘adolescent stages. .
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CHAPTER IV

FIELD STUDIES

‘The field studies were performed with the following primaryi
objectivee: |
| 1. To eValuate the performance of a_Sicard snow blower
as a.snow.processing implement.
2. To study the effects of'ambient and snow temperaturest
on‘RammSOnde hardness.
3. Tohlnvestigate the potentlal of utilizing-a_towétype
surface heater in the construction.of enOW'roade.
The_constructlon eqﬁipment'was'provided by.the University of:
.. Manitoba Maintenance Department{ The limlted'equiément selection de-

‘termined the course of the field studies.

A. EXPERIMENTAL TECHNIQUES -

‘ Constructlon.of Snow'Road Test Lanes-

In order to evaluate the performance of the Sicard snow blower

as a -‘snow processor, 5 snow road test lanes were constructed. " Three of.

~ the test lanes (200 ft- long and 18 ft wide each), were constructed end-

to—end using 2 -4 and. 6 complete blower passes: (Jan. 26/76) Two_moret
, lanes:(350 ft long and 12 ft Wide; each),‘were constructed.separately
, (Jan. 26/76 and Mar. 18/76) u51ng a single process1ng

B Suff1c1ent snow was brought in and p051tloned adjacent to.the
roadhed by windrowing the ‘snow on either 51de of thedproposed roadwan‘
l'A.with:a Chaﬁpion D-562D motor grader. The positioning was neceSSary as

the snow blower was equipped with_a'Standard loading’chute and could not

' eject the snow to the rear of the machine, only to the side.’ Immediately *
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'following thé“windréwing, the snow was proéesséa ana depositéd'adjaCentju
 : to.the windrow'if furthér piqpessipé was té be peff&rmed,'ér:spread as
uniformly. as possible,over tﬁe roadﬁed'SGrface if the finél processipg'
waé being completed. The snow blowér Was_kep£ at full loéd, @oving aﬁ
"a,forward'speedAof 6d‘ft /min ’ ﬁith an output of about 630 tons of snow
.per‘hour. ‘The aﬁge? aﬁd'impeller sbeed was haintained at éboﬁt 700 rfp}ﬁ;
Photographs E-1 to Ef6'illus£ra£e the.constrUCtioﬁ procedure.

o  FQllowin§'the final prOéessing and depositiqn; the_rééd surfaces
‘Awerélsmoctﬁed and dragéed with'a 6f x 10" x'll' widefflangej s£eel beam
, in.8'c§mpiéte ﬁaégés each. Fﬁrther'compactién'was attempted wifh ar
‘casé 1150_crawle£.f§lléwing a:2—hoﬁr:pe£iod oflagé—hardeﬁing (Jan. 26/76’.
;K 4—f£ 'diaﬁeter, Z;ton, éteel:roller wasfﬁsed iﬁvcoﬁétructing the singie

- processed tes;'Iane‘onfMarch 18/76.

Surface Compaction at 0°C (Feb. 9/76)

bgrihgzthe period Jandéry 26/76 to March 18/76, unﬁsually.high
vtempérétureéfWeré experienced. During one.of the warﬁ spells, the snow
 ﬁeﬁperatu;e élimbéd:@o C°Cy.simulating'a sufface'conditién as might bé
l prddu¢éd by aAsurfaEthééteg; ‘During'ﬁhié wafm'perigd, a portion of the
_éinéle-procéssed tesfziéne was surface édmpaéﬁed with fhe Caée 1150
'crawlér ;r;dtori .The‘groundipressure delivered gy the tractor tracks was _

:fabout 9 psi.

. Ranmsonde Hardness Tests

' Thé.snow road hardness.in the. 0 - 5cm , 5 - 10 cm , 10 -'15 cm , .
" and 15 - 20 cm , layers was observed -daily, starting immediately after

construction and c@ntihuedvup.until permanent thaw in March.  The 1360
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readihgs obtaiﬁed'wefe used,as.iﬁdicators aé regards tq roéd béaring'
,stréngth, with‘ﬂiéh-aﬁd low Rammsonde hérdne;é corresponding to high
:, ahdilqw strength respeCFivelyp The Ramméohde cone peﬁetréméter is
disbussed‘ianetaii in Appendix C. | |

j_The show hardness of the different lanes'was_comparea and the
'significance of.singie-and mulﬁiple;piocessing usihg the‘Snow blower,
waé e&éluaﬁed.-;The aée—hardening phenomenoﬁ épd the ﬁemperatﬁre/
hardness reiatibﬁship.in the test lanes was:obéeived."fhé correlatioﬁ
‘between snoW'tempexétu?é.and;hérdneSs,waé detefmined ana é‘linea£ re=
_gressién eqUatiop.fittea té the‘aata.- The'ahélysis ;nvolVed'700'sno&'_

temperature/hardness dafaipairs.'

Temperature

Air_temperatures_were Qbserved on’é continﬁous basis fbr tﬁe
dﬁraﬁioﬁiof the fieid:studies. The proximity of the fieid teét;area tQ
VtheMéteérblogical Station at ﬁhe Winnipég International Airport, per-
: mittéd.fiiliné in of missing.déta‘from the publishéd mOnthly:Meteorolbgical-
Summaﬁf, 'The“daily relative humidity for the»téstihg‘périod was derived

from the same source. Snow road temperatures were observed only during

. the time of Rammsonde Eesting,and were taken at a 10-cm depth.

Grain Size

~

The grain size of the snow, befoie andéfterprocessing, was
"_estimatedAby visual iﬁspectién usipg a millimeter-sc;le;' Tﬁé sﬁow'Was'
randoleASaﬁplea”and”an appafent éveragevparticle.size détermined;'.No‘
'-Statistical iﬁterpretafion Qasjapplied to the saméling and. no siéQe

'analysisfwas perfoimed to establish the particle—size dist;ibution.‘
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fDenéity;
A snbw sampling tﬁbe was used in determining;the average
-  den$ity of the undisturbed and reconétitﬁted‘snoﬁ; 'The snow cores
measured 5 cm  in diameter and 19 cm '(max.f ip iépgth and the- average
. mass.dehéity (gm/cm3) was?determined by weighing the khown‘volume of‘
_ Snow. The density of the individual test ;;nes‘was baséd on the mean
of 6-¢ore.sampléé'in,each lane.
o The déﬁsi#fkfpfofile"in é tbtél.of 34 core.saﬁples was deter-
v mined‘(pri6r t§ andvafter tﬁé.burn test) usingva Nuc;earéchigago-8775v
A 'Ascaier/timef['and‘a ﬁaxéhéw bS-2QO érystal'scintiliation.détéctofm |
:éobélt-605was used as a gammé4ray source which was direétéqfas a beam
throuéh a pin-hole ihAthe machinéa lead shieldihg bficks. ‘Thevéore
"saﬁéie was piaqed bétWeen'the radioactive source and detector and ét
least 10 counts of.O.2-minute'durati§n_were made at each‘poiht aléng

the:COre;’,The procedure is presented and evaluated in Appendix D.

The Prototype Wood-fired.Surface Heater

ro The good résults obtained from the snow road surface compaction

: £g5£ at Oéd encouraged'ah invéstiéation inté_thé possibility and ﬁ:acti—
 cébility qf artificiallsurfacé heating.“Foffthis‘purpése a wood;fired.
-heater'ﬁas considered to be potgnﬁiallf.the most advantageoué} Thatvis;
'}aloﬂg with:pérforming ifs primary function, the heater would also pﬁovide
a'dispééal facility fér;?ight—of—way siash‘materialj .Té evaluate the -
péténtial of”the'héating»meﬁhod, a:pr§£otype'heater was consﬁructed and .
~tesﬁed.'

..Six;'45—g§1 , o0il. drums were cut in half longitudiﬁally_and the .

halves wére.welded'together in a configuration as shown in Figure E-1 of .
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' Appendix E, ~The'assembly.was adequatélyfreinforced and.tow hooks were

_providedfasAshqwn.' The weight of the_heater,jas cdnstructed; was

]
H

. Seasoned pihe was selected as the fuel for the burn tests and

one (l)_cprd-df the seasoned wood was used. The wood was randomly

piled in the burner and after setting it on fire, 15 minutes was allowed

. for the fire to épread-evénly to all parts of the pile. The wood burnexr’

was then towed by the Case 1150 crawler over the multiple-processed snow

“road.. = .. A _ ) . . . S

‘The slpWest tow speed possible. with the crawler was 20 ft/miﬂ.
To study the effects of the heating at SPeeds less fhan 20'f£/min', a
/ : . _ : ‘ e v .

start-stop towing procedure was necessary. During thé stop intervals,

'thé_heater was held'stationary_er'l,«Z, 4, 6, 8, 12 and 20 minute

‘durations.
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B. 'RESULTS AND DISCUSSION

Construction of Test [,anes

!

After the final snow processing and deposi;ion'by the blowef,

vfhe snowbed Varied‘iﬁ depth.ﬁrom 1.5 to 3.0 feet.(Photogiaph E—é).
ThisTdépth'of;snow préved QXceséive fpr;the éqﬁipmeﬁt usea,qnd man;
'.euverability-ﬁroblgms:were ehcpunteied. Dﬁring‘the ievéling»and
,dfaggingzoperafion, tﬁe érawle?'tenaéd_to bog down,éhurniné up the
sgowbed réthér thén cémpacting‘it. Alsé,bthé stéél drag Qas_too;light
and ﬁnstable‘to.be very effécti&e; With_éaqh'sucbessive pass of the\
crﬁyier andvdrég cémbinati§n, the énoWbed»bécame'increasinély spread
out ;nd uﬁeﬁéh;' It:became'ﬁéceséary.to*re—éhape:ﬁhe snowbed1with the
.,-gr;der.aﬁa stért,anew.' Thié‘timé,_the ieveling_was échieﬁed4by using.
»VtwéhtOWNthicles,‘cne‘on,each éide of thé roadbea.ﬁith.the‘steel drag
in éhe ﬁiddle. This‘gave soﬁe'stabiiity.to the~drag and a.smooth'and
.even'foad>5u£face'Was‘achiéVed.in'S passes. Cdmpaction’of‘fhe_snOW
fdad~Was_neéligible'by this dragging methad. |
3 "TWO{houfs‘afte: compléfion-df the 2, 4 and 6 blowé%—pass test
ianes an attém?f was mad¢ at compacting the rqads'by-walking the Caseviv_
- 1150 crawler'over'the road 5qrféces.' As it turhed outi age—hardeniné
'had not advénCed éuffiqientl& and'thé tractor broke.through'thé road
' surfage ;n the first pass,v It.Was obServéd thaé thé doubie—ﬁrocessed
roéd.section carried the tractor with né difficult& whéreas the tractor’»
immédiately'broke thféugh on;the'é'and 6 blowex—pasé teéf lanes.'vSinCe
it i;_lggical to expect a finér partiélé size to be produced by repeAted’

processing, the observation suggests a slower age-hardening reésponse in
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fingrfsﬁow. Ager [4]hreport§'similar qbservatiqns régardiné hardness

.seﬁsitivity td-temperatﬁfe aﬁd grain-siz%f. The.haréhess/temperatufe/
_graigfsiZe.iﬁtérrelatiohship is discussed furthef in later sections.

Consﬁruétion-éf the single—proceéSeé test lane'(Margh'18/76)~
:_usiﬁg'the‘2;t§n, 4-ft diameter steél rQller, ﬁas7unsucc¢ssful. To

avoid'thejmaneuverébilityvproblems previously experienced, a layered

- gompéction_prdCeduie'was‘attempted. It was found‘thaﬁ even with shalldw i
:lénéﬁ 1éyeré'of‘3.to‘4_incheé,‘é coﬁéetent roaa could#hot bé constrﬁéteq.
":Althéﬁgh the reductioﬁ in énowﬂdepth improvea équipmeﬁt ﬁaneuvérability
s iéighificantiy& the‘peiformance'éf'the éte¢l roiler rémained unacéeptable.f
' /. .

Due to the . small ‘roller diaméter, skidding tended to occur producing’J'

b

an'dﬁéven_bumpy surfacé,' Furthermore, with the roller width énd diamétér'

l,;being-apprﬁximéteiy_équél, a side-to-side tippingvaction persis£éd.
After 21or 3 passés.qf the:poiier,'ali.resemblence bf.a roadbed was
destgéyed, The preseht;egperience,.witﬁ bloWerQProceséed'snow,zleﬁas
justifiﬁation for the use of specially aesigned 1oﬁg;sRén‘snow planes
quéﬁués recommgnded by fhomas ahd>Vaudrey {361, KMcMurdo:Station,'

!

Antarctica).

_;-Porositj, Density.and Grain Size
Thé minimum porésiéy'obtainable With an aggregate of fequidimen—
;sional'.particiéé,.all ﬁouéhing éne anothgr is:40.2%. This corresponds
to a SQOW'density‘of'approximately:O.SS;gm/cm3. Reqalling that a snow
réad densify of 0.6 gm/cm3 ﬁés.beeﬂ:estaﬁlished as the‘acceptable.minimum
- (U.S. - anadiaﬁ qunt'Compaption Trials [38]), the pfémise ubon Whicﬁ

'bléwef—précéSsing'is based, is that the required density can be accom-
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’ plished by a filling of;the'§9id spaces with;particles smaller.£han
. ﬁhOSe creating the voids. That is to say, the milliﬁg and mixing .action

' . ) ' !
of the snow-blower produées a particle»siZe distribution such that the
' physical'conditidn of optimal close packing is approached;‘ This condition,
_ in addition to-satisfying the density requirement“wqﬁld alsQ'be most
adyaﬁtaéeoﬁs for maXiﬁum 56nd'(strengthf giowth; vUnféftunafely, as will
be sgeﬂ iﬁ the f&lléWing‘discussiénflthe field obéervations‘permit only a
 quélititive-evaluation ;f,thé cold—préceéSing téchnique.

| Thé'avéiagéldénsiﬁyfofiﬁhe i, 2, 4 ana 6 bloweerass tést-laﬁes_
Qas‘0,45§, 0;481( Q.Sll andfO.Sl? gm/cﬁs.respectively‘(Tabie A—B;:
‘Appéﬂdix A).- A 5% gain.in density waéfachiévéd by iﬁcréasing,thé blower;
pfocessing from 1 to é pésses and a ﬁufthéf 6%bééin by incféaéing the
' pr§ce§sin§ fromvé té 4.?a$ses. -Repeaéed proéess;ng;beyqﬁd‘4 passes,
pioduéed'hq furthe: denéify‘iﬁéréase; The apéarént avefaée grain_éize
befofé and aftér.pr0cessing; was estimated at 2'ﬁm'and Of6 mm, respectively;
No'visual difféfehce‘ﬁaS;detectable'in.ﬁhe single;andAmultipie-prqceésed‘
 snow. | |
f .. :Faiiure;to achiéVe densifies thatbépproach fhe acceptable O-.6' gm/cm3
can;bé éttfibuted,lét léést in part,'to;inadeqﬁate compaqtion'of the ‘
. érocéssédbéﬁoﬁbed;_ HAW¢§e£, Qithoﬁt knowledge éf fhé pértiéle-size
gfadétion in’the pfocesseé'show, the effgctiveneséiofjthe processing
fﬁethqd remainsAunqertain, In this regard}‘thé_hypothesis is adopted
that fépeatgd prdqessing_tends:tb p%oduce an 'equidimensibnal” matérialA
- with‘no’signifidantvdeéreage in‘the average size of the'snoﬁ pérticles.
 ;As theipresent denéity regﬁlts imély, the condition of’migimpm porosity,
prodﬁced bg_a‘ciése packing of equidiﬁehsional.particles,v;s apprdached'

through the repeatéd.proceséinq. Previous studies lend further credence
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to‘therhypothésis in that they show repeatedly;_that regardless of the.-

. infensity of agitation; a snow density of approximately 0.53 gm/cm3

!
i

remains ‘the upper limit.. Although, in concept, the snow processing in
the present field studies was performed to achieve nbn—uniformity in -
grain size, the results make strong claim that ah‘equidimensional

particle size was produced.

"',bPerforma#ée Chafactegistics of tﬁe:sicgrd Snow 310wer
’1A£ fuil loaa, tﬁe-Sicafd sﬁowblower”(pqwéred bi-ah IHC—345,'\
- VeB.en@inef;'proéessgd the ffeshly'wiﬁdioﬁedisnéw'at an average rate of'
.630?£ons per hOuf._'At a'full dépth of‘qut'(blowér intake Héod,‘?é"'g-J
309)-ana;an'iméellgr'speed of 700 r,p,m;, a férward speed of about |
60 ft/ﬁiﬁ»k0.68'mbp;h.) could;be maintained; ~The:d¢nsity:of ‘the windrowéd‘
;Aéngw was approximately 0.30 to 0;35'gm/cm3.- .

'-Thevaischérge charaéterisﬁics and gpﬁeading uniformity (photograph
E;3) aebenaedvoﬁ the machine;operator‘s ability to mainfain a constant .
1oad-énithe infake'aﬁgeis; OVexloading'or 'choking' churred f;equéntiy,-
§eéuirihg;temporary stbps>90 that engine and impeiler.r.p.m;fs could be
regained. Thig'behaQiQUr éredominéted when double-depth pfocessihg

(seé,Chapter iII; '4.; Gréenlahd')_wés attempted,.

"Rammsonde Hardness of Test Lanes

The“Rammsonde hardness data are presented in»Appendix A. The-
hardness ﬁumbérs_are given in bothfthe‘uncorrected {conventional) and
éorrectéd forms. The two methods of presentation are used in Figure A-1 .

.to illustrate the typical snow road'hardness obtained. '
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The.hardness data indicate very low étrehgth in the snow roads.
:Iﬁ fact; for all 'practical?vpurposes, none éf the:snéw réads could be
cléssified és tkrafficable. On the basis!of previousyinveéﬁigationé, in
‘partiéular'the experiénqe Qained at KapuSkasing,»Ontario;[38], and the
 i.studies'by Adam Ll,2],ban average hardness in.excéss.of *350 is required;'
| On‘ﬁhe'bésis ofvtﬁis'criteriOn,'only the test lane.cdmﬁacted a£ the surface
“teﬁperaturé of 0°C was‘acceptable. Figﬁre A-4 illustrates. the hardness‘b
inqrease due tolthebsuffacé cbméaction. | | |
;A diStinéfion bétweén;Z,‘4‘br 6 blqwer—pasé p;océssiné could not
>v-£é'madé<§n thélbasis of the:RammsQnde‘hérdness data;;althgugh,.thejéinglé—
proéessediléne (withoﬁt surface compactidn atrO°C)jshowed'séme téndéncy.
'.,fo:be softer."it.wés generaliy'obserVéd, howévér( that With an increase
V‘-ih.hardnéss (decrease in temperature), the deviafion:frdm.the mean

increased as well. -

Rammsonde Hardness-Temperature Relationships

The.relationéhjﬁ?betweeryRammsonde hardngss andvair'témperatureyl_
ﬁofithe-dufation’of thevtésting’perioa, ié shown in Figure A-2. It is
obséfved"that duxiné thé initiaiAageuhaidéniﬁg period (épprox.'2 days),
  -the snow road héraﬁééé iﬁcreaééd indépéndently of theifiucfuétion (+.or_
,_) inuair £eﬁperature; .After fﬁat,‘with some‘lag'howévér,,the hardnéss.

_ {éaralléied tﬁé &ariaﬁions in aif temperature. In humerous previous
vattempts,jno correléfion-betweén_Rammsonde hardness and air temperéture
was_fouﬁd.  ThisJié likeiy:dué tbbghis 'iagf phénbmenon where conséqﬁeﬁtly

'the:handling Qf'data near the temperature inflection points bécomes_

'. ® The'average‘Rammsohde hardness of 350 is equivalent, in the corrected
form, to an average hardness of 1050 in the top 10 cm.

i
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prob;ématical.u.

 ih tﬁe,present-study, correlatién of Rammsonde hérdﬁess and snow
road temperature was attémpted. The coréelation coefficients found for
the 0-5 ém, 5-10 cm, 10-15 cm and 15-20 cm depths were 0.78;‘0.65,.

0.43 and 0.37, respectively. A data scattef diagram and regréssioh line,

" for the 0-5 cm layer is represented in Figure A-3.
Burn Tests '

As a’méaps of increasing snow densify, the filliné of voia'spaces;
with free'moistﬁré thrdughgsurfaéé heaﬁihg)*Wasvinvesfigated. The resulté
“;of,Fhé-burﬁ:tésts,_uéing fhelpfqtqtype surface heatér, are given in.
Appendix B."Figure B-1 showé the snow road aensity profiles,'beforeﬂandA
aftet the ﬁeat application; | | | |
| fhe practiéabiiity bf,the hééting method may be appfaised in

ﬁérms of efficiency. ’quvtﬁe~preéent.anai§sis, effiﬁiencY-is defineq
. as.fqllows; .

(Energy:théoretically requifed to aéhieve}the )
-_observed density increase) : :

!.:“ ' e.?Total energy éxpended during the burn interval)

1TheAresults ihdiqaté-that the’heaﬁing method is abou£ Q.S%Vefficieﬁt.
-Tﬁé low‘efficiency'is'éﬁtribptable to two factors,"Figstly,Athe design @f
the heaﬁer'pefmitted large quantities of heat to‘ﬁe logt'to the
.eatmospﬁere; aﬁd segondly, as indicated by thé'efficiency equation, the
__déﬁsity inc£éasevdepended entirely;on,the géneraﬁion gf‘free:water'to
_ bécupy'thé.poré'spaées: lCleérly, éﬁrfa&é heating in.#his'fashion becomes .
oﬁly:a.pbor.subsfituteIfof the direct water applicatién methéd; |

ane'ﬁhe Sno& ;s Wérmed:to 0°Cc, the additional heat applied tp
the'sﬁow mass istuéed for conversion of tﬁe snow.to.the.liquid state.

i
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'vThe cqmpaétion test at 0°C (previously discussed), indicates that a
high m¢isture saturation, even with minimal compaction, -is not required
to produce a trafficable pavement. A significant improvement in results

can be‘expécted thxbugh'the combination of surface heating immediately

" followed by héavy compaction.
An obvious and essential modification to thexprototype heater

_would'be_the addition of a suitable canopy over the heating unit. .

Appurtenant features may include a fan and soot trap. As indicated in

'PhotographiEfB,fthe'cdntainment:of_soot and ash_pérticleS'would be a

majb{r considération. A
A sample'calculation:of the heating efficiency just discussed is

Apresented'ih Appendix-B;.
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CHAPTER V.

CONCLUSIONS AND RECOMMENDATIONS
!

The litérature review in this stﬁdy identified two distinct
aféas'of'reséarCh'peftaihing to snow. One area_éfvresearch deals with
the‘£héoretic§l aspects of the.snow properties and the-é;her with the
“ pracfiqal‘apéliqations of snow as’ an engineering matéxial. Evidently,
ﬁhe two aréé% havé évoivéd more or less indépenaently and thué much of
- the present practicgl knéwiedge.regafding snow roads is'baséd'on'jﬁdgé—

‘ mental_obServation.  Aithough.thé more recent étudies havé éenéfallyr
'.bee?:based.on evaluable data; méﬁy ofvfhe'cbnclusionszhave'been?arawn
.éh'the shéer weight éf accuﬁﬁlaﬁed experience. |

By virtue of its vast impliqétions, the Single most impbrﬁant

_factor inflﬁéncihg anﬁ road constrﬁciion_is éeogra§hic>l9catiQn,, Im-
‘plic%t are. the ihfluénées_of mefeorological conditions, ferfaih_features,
-énvi?onmental stabiiity, ... etc. The ﬁechnical or prdcedu?al éépects
lspeciﬁic to ;he‘preégﬁﬁzstudy are dealt with_belOWA‘ |

JA  __ The résﬁlts of the field studiés indicate.tﬁat reéardless of the
-Aethod or inteﬁsity.of snow proéessing, heavy cbﬁpdctors'are essential
forVCOmbactiﬁh'of the snowbeq.'_If heavy roilers aréxuéed, they must be ..
of lérgé diaﬁeter in prder that free roiliﬁg'can be mainﬁainéd. When-
dealingjwith blqwer—proeessédisnéw, it appéars_tha?,a iéye?ed—coﬁpaction
-‘prpcedUre, és prépééed b?'Thpmas and Vaudrey'[36]-is’neéeésaryff Depehding on

‘the type and Size.pfﬂcdnstfuction equipment used, the fine-grained snow pro-
.duced. by blower proéessing may createtmobilityfprobléms even in snow depths'

- of 4.0r 5 inches.-vmhe use of containment berms would eliminate the
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.pr0blemsugf lateiai aisPiacément during leveling and compaction.

| -Multiple¥pfoces§ing,.uSing the Sicard snow blower,~tended.to‘
; produce snow'with an'eQuidimensional'pafticle siZevk£¥ 0.6 mm). -No
'signifiCantAdecreése in.the average particle.siée.or increase in strength

(hardness) was observed with repeated processiﬁg}“‘Apparentlyf the benefits

attributable to processing result largely from the sintering phenomenon

Which'is enhanced by the mixihg of fine snow particles of different
‘temperature.
The results of the snow road‘agéﬁhardening:observations confikmed-

ﬂthe'findingS‘of‘previbus studies;‘ For the first 48 hours (approx.)

after the snow héé béen'reconétituted, an increasé iﬁfhardness will

.c5htinﬁe régafdleSS dfvthevfluctuationr(+ or —) in:tempefature.. After
that, there épﬁears‘td be a strong correlation between snow hardness aﬁdr
sSnow temperatuge} In the field'stgdies, where;the-sndw temperatureidata
'were hot enti;elyvédequate,va:éoxrelation_coefficieﬁt of‘0,7é was found
fof the;top 54cm'éf’the snow roads.

The,result§ Qf the»coméaction'and burn testS~ihdi¢ate that a
cgﬁbinaﬁion'of.surface héating ana sufface‘cdmpagfidh,may'be'a practical
means of inéfeaéinglénow rqadxdénsity. Surface heating'aloné,,hdwever,b

'is:onlY‘a pdo; substitute fbrléhe direct water application method whére
in both caées the incréasebin densify is due exclﬁéively~to thé‘intro—
fduétiqn of free water into the péfe-spaces; Moaificatidns, to miﬁimizg'

'_ heatvloséAare'neceSSary_befote furthéf testing of the Wadd;fired heater -

Vﬁould be préctical. vAvcapopy; which may include-é fan, a heat discharge

chute and a soot trap are essential.

¢t
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Unquéstibnably, contiﬁued field ihvestigétioﬁs will-contribute
to the preseht snow- road construction ‘knpw—hoﬁ'; Futuré studies éhould
iincludg:
| l,v.A detailed_investigation into the partiéleésizg gradation
?roduéed'by the differentAmethods of‘snow‘proéessing.
2. Full-scale field testé utilizing impfoved versiéns of the
wboé—firéd surface’heater in‘combihatién with'rollerICOmpacﬁion.:
3. Further iﬂve#tiéations inté the relationship.between $now
hardness and snow temperature. |
4. :Dé?elopment of.a 'standard' field snow-testing kit and.data
‘d¢éumentétion.proéedure. Thevtestiﬁg eQuipment_ﬁust include
précticél£d§Vicesiby which.aCtﬁal Qréin size aﬁd arrangément .
caﬁ'béiétudied; Also; témperature~reqording dévices which
could be‘permanepﬁly‘inétalléd th#éugh_é créss—section of
snow road..
5. ‘ﬁocumentét;on,.by interview, of unrepbrted con§truction
égperienéé. Iﬁ is e#pécted that fgom:these'intervieﬁs
: will.emerge avenueg of investigation which aﬁherwise.might.

‘not be uncovered.

B
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APPENDIX B

EXPERIMENTAL RESULTS FROM BURN. TEST
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Sample Calculation of Heating Efficiency

General datd:
ESnow teﬁperature

Air temperature '

‘Effective depth of density change

Thermalvvalue:of seasoned pihe:
. Averageuburn rate

Heater/snOW contact area
'Gross'heater<outputr

Specific heat of snow .

Latent heat of snow

10,000 cm

- =9.0°C

-9.0°c
14.0.cm
8000 Btu/lb

19 1b/min
L

‘3}800 cal/min/cm2

0.5 cal/gm/°C

80 cal/gm

- The efficiency calculation is based on the average dehsity’increase

observed in a column of snow road, 1 cm? in surface area by 14 cm deep.

In this particular calculation, the 6 minute burn-interval is considered.

_This burn interval, for .the surface heater used, is equivalent to a

:uforward speed of approximately 1 ft/min. The'average'density in a snow

column 14 cm "deep, before and after the burn test (6 min. ), was .0.48

gm/cm and 0.55-gm/qm?:respect;vely. Therefore, to brlng about the

density increase, the following heat exchange was required.

(1) Heat required to raise the average snow.temperature.

- from -9°C to 0°C;

0.5 cal/gm/°C X O 48 gm/cm b'4 14 cm x 9°C

L= 30'24 cal/cm

(25. Den51ty increase (0.48 gm/cm3 to 0.55 gm/cm ) is
) ' equlvalent to. the addition of 1 gm of" water to the
14 cm column Thus, the heat requlred 80 cal/cm :

Therefore by the definitiOn;




(Energy theoretlcally required to achieve the
_ observed density increase) '

—(Total energy expended during the burn 1nterval)

!
I

30.24 + 80
3,800 x 6

0.005.




: . APPENDIX C
i THE RAMMSONDE CONE PENETROMETER:




THE RAMMSONDE CONE PENETROMETER.

The Rammsonde cone penetrometer consists. of a hollow

2 cm-diameter aluminum shaft with a 60° conical probe, a'guide rod

and a drpp hammef. fThe,total iength of the standard probe (to the

beginning of the shaft) is 10 cm; the cone tip havihg a diameter of

4 cm and a'height,of 3.5 cm .. .The standard Rammsonde penetrometer
kit contains two drop}hammers, il kg and 3 kg in weight. 'A proper

-combination of hammer weight and drop height (range Oft0'50 cm)

.allows“a-suitable‘rate of penetration in a;variety of $nows.

2 o C ﬁ)HAMMER B -
o : : : 1~ il 2.cm

g ~ GUIDE"
no

iOCcM

. 38CcH

Figure'c.l: Diagram of Rammsonde cone penetrometer showing the
various -components of the instrument.

" The hammer is raised by hand to a certain height (H) which
is read in centiméters on the guide rod (Fig. ¢.1) and then dropped
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 %£eely.. Thejdepth'df pénétration is read from‘the céntiﬂe£ér
sca;e'oﬂ'the.shaft . The résisténce'to éeneﬁxation (hardnéss) of
snow can be'determiﬁed'by obserQihé'eitﬁer the amOpnt of the pene-
" tration after each hammer drop or the.number:of.hammer:dropé (blqws)'
ﬁeﬁgssa;y to 6btain4a‘certain peneffafion. The haraness readiné ét
‘any aepth, obéained’when the éi?'of the cone is at,th;t*deéth,A
'»represent$ the'mean ha?dness through the depth incrémeht bétween
this‘and,the_pxeyious'geading. The Rammsonde hardness is‘compuﬁed.l‘
“from the fqiloWing'égpressién.'
.R<;"‘Wﬂ-+ W+ 0 o o . (1)
X S o o :
wheré
.R.é Rammsonde_(ram)‘hardness number , ky.,
W= Weighf of'drop hammer, ky.,
H = height.pfidrop,Acm;.
nfﬁ‘number of hammer blows,
x = penetrafidn_affer.‘ﬁ' blows;bém.;_and-

Q = weight of penetrometer,.kg;

Eqﬁétion.tl)”ié a si@plification of the real case and is
not cbmpletely satisfactory for every situation gncountéred. lRe4
eyaluation.df‘the equation by'Béﬁder, qunkeAaﬁd‘Niedringhads-'
:,(Veda; Seilman_and»Abele {37])‘haé showﬁlthat becéuse of the cdnical
 shape of the peﬁétrometer head aﬁé thé progimity of a free sﬁrfgéé;
-thenresistanCe'nuﬁber obtained-requireSICOrreCtioﬂ.. Thg'résistancé

number '(R) , for the ‘0 to 5 cm depth has to be multiplied by 4.7, -




that for thé 5 to 10 ch depth by 1.6, or that for the 0 to 10 cm

depth'by.3.0. It has not been standard. practice, however, to

!

apply these correétions,vahd therefore, the_ramwhardnéss'daﬁa and

correlations to the strength parameters as presented in the liter-

ature, are generally in the uncorrected form. A further limitation
of the Rammsonde cone penetrometer in its present shape,_is;that'

‘it becomes unreliable as an indicator when hardness values exceed

800 ki .. -

Although R has units of kilograms, the magnitude of R,

except in relative terms, has no real significance. The leloWing
; : A"re&iew of Rammsonde hardness equations will serve to illustrate

. the rather arbitrary nature of equation (1) and its limitations.

. . The Original Rammsonde Hardness Eguation

The originalvrém hardness equation was developed by.reasoning'

_ that the kinetic ehergy ofvthévfalling hammer equals the mean force

'fR}times’the penetration S. That-is;

s . , .sz .
o Rg = — S (2)
29 - - C

where

W = weight of hammer,. -
: 4v1 = veiocify of hammgr qpon impact,
{ : S = penetration into the snow}.and~
' giévitaﬁional,édnstant,

Q
on

. By Substituting the idéntity,




‘l_m
2

where - o ’ ) : I

2 . ' ‘ S _ _
Vi T S o B

m = mass of hammer, and

=
il

:héight of hammer fall.

into equation '(2), the original equation was derived as

WH . f | v : : :
R.= s - ' : : ' .(4)

Equati6n3(4)'proved upsatisfactofy aé the impact effect.is not . -
accounted fof. That_is,fw is:noéﬁthevweight and<V1 is ndﬁ ghe
veiocityvof'thé:SYsﬁém in mptioﬁ dufing tﬁe pepetratioﬁ..flt‘is'

_ interesting<to nofg, hoWevgr,.that thé right hand side of équatioﬁ

(4) is also the first term in.eqUation (L) .

Niedringhaus equation for ram hardness
The momentum of the system after impact was accounted for
ih the following way. In order to conserve momentum, it was assumed

~/that,

|
R
whéréﬁ
Wf =;£ota1 Weight = W>+‘Q,
Q .=1weight of pehétromgter,‘and
Vé.=icoémdn velocityiéfter imbacfy of the

penetrometer and hammer.

‘The kinetic energy of the system, following the impact of the

’




c.6
hammer is thérefore,
| 2
W Vv .
. = L2 ' o ey
RS = 23 . : v ‘« _ (6)
.Sub‘stituvtingvv2 of equation (5) into equation (6) gives;
WTW2V12 : 3
RS = —— (7 .
~29%
- and ‘since .
= 2gH. : - ST ' ‘
vy =2 S o By
‘equation (7)'becoMés
[ . o ‘.
. WH. W ' : : '
R=-—T.—" . ‘ : ‘ - (8)
s Wy, .

'Equatioﬁ (8)‘(ﬁiédringhaus'quaﬁion) waé'evaluated aé:f§llOWS".
(Waperhouse-[4l]):  Sinéeja common velocity.for’fhe penetromeﬁér
.and hammér (aftér imﬁaqt)_was‘aséumed, thelpollisionvis treated as.
ineiastiég fLatéf tests showed tﬂat'this.éssumptioh wés~not valid

'aﬁd'tha£ R: varied COnéiderably Qith-changés in Eammer weightm

'.,Eduation (8) was COhéequently-discarded.

Haéfeli ram hardness equation
In an attempt to correct the Rammsonde hardneés equation

?[_deficiencies; Haefeli (1963) deveioped an equation that included

" the coefficient of'féstitﬁtion ﬁér the hammer-penetrometer collision.
The ram,hafdness was expressed as;

W+ ew , o _
N o - S (9)
LW H+W S - ‘

WH.
S T

CR'=




- where
e = coefficient of restitution, and

Other symbols as previously defined.

‘As with equatioh (8),'Haefeli's equation'could not be
generally applied as it too was sensitive t0'variatiOn in hammer

and total weight.

‘Hiley ram hardness. equation.

.¢hé‘Hiléy.éQuatién is bﬁsed on pile'driviﬁg techﬁology'anda

(ig thé prééeﬁt:nOmenclatﬁré) is.writteh'és:
S »,R'>=‘.WH‘W+e2 ' . (10)
| ' e ‘ s.: W.+ Q . ’ ) P : _
g 'Cémpariné té equatioﬁv(9)vwe-can see thét"WT ‘Waélreplaced by 9.
% . ,Wéterhouse [411.indicates thaf ﬁtilization.of equation (1@)
| ;fqr;ﬁhe_raﬁ number Qduld permit future corﬁélation over é broad‘ 

‘ Qﬁanée éf maférials and_cgnditions{”mmwm .
- s vas ‘e,i%?lencea in the review, ‘the Limitations of the F??na‘.?“i.c

formulae result'from the inability to account for energyilosses auring
cone pénetratioh. Singe aé¢ountability-of_all lossesfis impossible, a .

© cértain margin of error is inevitable.




,'  APPENDIX D .

_DETERMINATION OF SNOW DENSITY USING A
RADIATION -MEASUREMENT TECHNIQUE




'DETERMINATION OF SNOW DENSITY USING A RADIATION MEASUREMENT TECHNIQUE

EquipmentfandAMatérials Used !

1 Nuclear-Chicago, ‘Model 8775, scaler/timer

 Scaler: -5 decade~readout.

99999 maximum count capacity'

preset count capability

Timer: 4_4 decéde readout

99,99 minutes maximum time capacity ' ) \_;

-— preset ﬁimé'capability
o . 1)Haréhaw, ModelrﬁS-ZOO, crystal scintillation detector
© Crystal: -sddium»iédide, thallium, activated,
f-'NéI(il}
-2 Vin—_:;i"iame’te';: by 2 in-thick
-'reéélution better than 10%.(Nucleaf;
ChiCagg Corp; [331)" |
"1 Cobalt-60, l‘milli—Curie.gammafray‘source

P Machined lead brick shielding

"Equipment Setup and System Characteristics

The's¢ihtillatibn detector. was aligned and set 12 cm
awayvfrom‘the face of thé‘lead shielding, thus making the distance

to'the-radioaétivegsource 17 cm  (see Figure D.1). The equipment, .

'infthis cdnfiguration} had -the following characteristics.
1) System efficiency - The "system efficiency"” was defined

. by the felatioﬁshib}-




B3

' CPM - BPM .-
e = T ) (1)
. !
where
e =5syétem'effiCiency,

CPM' = recorded counts per minuté/
BPM = background'count per minute determined when all
radioactiVe sources were removed from the
. Vicihity of the detector, and
- DPM = diSintigratioh‘pér minute of the radioactive .
' 10 o, o
"source (1 curie = 3.7 x 10 =~ disintegrations

! S ' ,per"second).

For.the present éystem, where'é,i:miili—curie gémma—réy:
soﬁiéevwés uséd,.thé efficienéy waé»O.QlS%. .Alsq'fhroughqﬁt the
tes;s} BPﬁ'was éiways less . than 2% of . CPM. Tﬁe low system efficiéncy'
Aisidue fb tﬁé high agsorptidﬁ ofvtﬂé‘gammalradiation w&thin ﬁhe.v |
léaa shielding. |

B 2) Coincidenée‘losS~%;Becausé of the ranaém nature of
Lemissiéns from a.radioaétive éample it is.possible for a pérticle'
_émiSSibn:to éhterlthé de;ector.whileAthé detéctqf is Stiil "éara—
 41i2¢d"‘from a previéus pulséf Inborrectiy; ih'this casé, only oné
 _ éulsé would Eé detected by fhe éounting‘system% The significance

1:o_f ﬁhis Cbun;ing error‘dépendS‘oﬂ‘theZrésoiﬁﬁidn time of the
,'détéd£9#3.1Thevco;réc£ioh fqr this'soﬁrce of_érrbf’is reasongd_as

follows.

4.<2)




. where
£ = time in minutés-auring;whiéh;the sygtem is
;nsénsitive per eaéh{léminute:coﬁnt interval,
CPM'% recorded counts'per minute, éﬁd
T = theffesolutidn time of“the detector. in
‘seconds .

Since there is as much chance for emissions to occur during time
,'t'las'during any other period of equal duratioh,

S L eRM(T) L e :
% of counts lost'='—g~i—ij 100 . - : (3)

/
i

ahd theréfore

numbef-of counts lost -

per minute semx T . T ‘4)

\Testinngrocedufe

’4The-anﬁ~ddre,éampleslﬁeré'bositioned midwaybbgtwéen the
lead shielding and detector §n an édjustable stanlehich could be
v» f{eiévated or:loﬁered as‘deéiréa,j A.miﬁimum Qf 1O‘¢ouhts_of10.2
‘-minﬁté dﬁration'We;é<m§de at each pdint (épaced fr6m i{O to 2;5
cm apért) along the.iéngth.of the core. The couﬁt/deﬁsity relation4.
.ghip fpi the snow ?és.assumed fo'be linéar and,the‘slopéiof.the
,.relatioﬁship waéjdefermined from the éveragé:céunt for-a'CCntainer
filled withAwatéf and that forjﬁhe empty céntainér; The 'inside
diaméter'of.the pléstic>containért(5‘cm) was tﬁe same aé thé out{
'side aiametér.ofAthe snow‘cérebsampiesl Héving accéunfed for the
- loss in;recoraéd ¢puﬁt due to the pléstié CQntainer, a chart for

B




D.5

the»count/dépsityArelationship was developed.. .Prior to each round -
of testing, however, the‘charﬁ'waS'correctedvfor fluctuation. in

background noise. ' Furthermore, all_recbrdéd counts were corrected

for coincidence loss as described by eguation (45.

-+ ‘Statistical Interpretétioh of Data

The lOtcouhtsvof 0.2-minute duration'at each point along‘

the core were each tréated as random samples of a larger population.

The sample mean (mé) was computed and assuming a normal distri- . R

buﬁion.fér the count rate, the.Standard deviation for the ‘sample
.wgs calgulated; " Over 250, 1l0-count samples were obtained -and in -
every .case the:standafd deviation was less than 1% of the sample

‘mean. The result could be expressed as "m fil% at 68.3% probab-

s
ility".
To estimate the pqpulatiqn'méan (mp), however, the error

i . - ;! . N

, 'associa£ed_withfthe mean value determinedbfrom a sample of random
céuhts must be'gonsidéréd. 'fhé_errdr'is inversly profortiqnal.
:,té the équareAro¢t*of thé'totai’ﬁﬁmber-of doﬁnts_(regardless of
. S S - - L

"_the time requiieai.and'isrexpreséed as follows: -

-

error =K (5)
- where o .
) ’fk‘=.a'mea5ure*§f confidenbe, apd
n = .

number of Countsuobsérved.




If° k is expréssedzin,terms ofvfnumbér.of standard deviations"

. 'fromythe'sample mean, than the deviétion that is statistically

o
H

expected in the sample mean is;

% deviation = —  x 100 s S (6)

where

'k =.confidence constant (expressed as
"number of sténdard'deviatiOQS" from the "
$ample mean), and -

n'= number of counts observed.

z.ChboSing>k'; 1 as the’;equired confidence, and for n = .10, the 

statistical error in m, as an approximation of mp, is 32%.

That is, there is a 68.3% ﬁrobability that thevpopulation_meaﬁ'

4 f(m?) falls wifhin;the range 'ms + 32%. To reduce. the statisticdl

error, the sample size would have to.be increased. For example,

" for a 68.3% probability (k = 1) that-mp would fall within the range

m_ + 10%, the sample size .'n' would have to be 100. .

{

'In the tests described, a small sample size (10 counts of
0.2~minute duration each) was necéssafily‘chosen as the~testing
facilities were nofAtemperathre controlled. With,a larger sample

size, Significantlmelting_df the snow would have occurred.




. . . N R : o 4 - snjexedde
UOTRRTITIUTOS/UOTIRTPRI 3Uy3 FO sjusuoduod oTSeq pue Juswebueiie oyl burmoys wexbeTqd :T-d oInbTd

‘wy gfg:| -ajeag

mhm=:u\oo_muw y10ddns ajgeisnipe-

0} ‘pes)

aslnos
anljoeojipes |

1013313p UOIIB||1IUIISY = K

ahona=w,u=muw\v .

ﬁ_.__.m_,__m peaj




L .  APPENDIX E

CONSTRUCTION EQUIPMENT AND MATERIALS




‘DESCRiPTION:OF'CONSTRUCTION EQUIPMENT AND MATERIALS

Champion motor gradér, Model D-562D. )

' Weight:
. Engine:
Width:'.
Turniﬁg-radiusE =
1Tifes:.

‘Tire pressure:

26,495 pounds |

673 cu. in. Cumminévdiesel
7 feet 9 inches

40 feet

14.00 x 24, 12 ply

20 psi

- Allis-Chalmers (loader) tractor, Model TL14D

/ .
" Engine:

Transmission:
Cab:
. Tires:

Tire pressure:

Model 6000 diesel

Power shift

'Industrial»cab Model 8266

14.00 x 24, 12 ply

20 psi

TL14D tractor equipped with Sicard snow blower and IHC

_power unit.
o , _

B

Sicard snow blower "Snowmaster Baby", Model BMG4f27

Blower-fraﬁer

Conveyor assembly:

v3/16 in.-thick piate steel intake

hood, 78 in. wide and 30 in. high

' mounted oﬁ 3 - 1/2 in. thick

' steel skates.

2 - 25 in. diameter, 3/16 in.-thick -

steel augers.' Left.and-right auger




Discharge chute:

Cclutch: -

EnginewR.P.M; re-
duction gear box:

sections weidéd at center to form

impeller

4castiﬁ§ direction variable 180°
with 10 to 50 foot casting

distance’ capability.

Twin disc

3.6:1 gear ratio.

‘;_IHCvsnow'biower»nger unit, Model UV-345

Engine:

. Full load R.P.M.:

‘J;I;_Cése loader, Model 1150

Engine:
' Operating weight:

~Track:

8 cylinder, 3 7/8 in. bore,
¢ 21/32 in. stroke

2500 £ -100

6.cylinder

451'c.i.d; caée diesel
‘approgimately_24,000:lb with
buckefnand countetﬁeight

15 inches wide, ground preésure

(approx.) 9 psi.

‘  Steel rOller,'Enterprise'Mfg. co.

Diameter:
' Width:

" Wéighf:.;'

‘4 feet 2 inches '
4 feet 4 inches

" approximately 2 tons




. Steel I-beam drag
‘Cross—sectibn:
Length: .

Weight:

. Seasoned pine fire-wood
“Quantity used:
Z'Wood-dehSity: 

1Volume of solid wood
“per cord: S

Weight per cord:

Thermal value:

Average burning rate

during burn~test:

85 ft

-W10 x 29

11- feet

320 1bs.

1 cord
: v 3
27 1b/ft
3

2295 1b.

8000 Btu/lb.

-19 1b/min.
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Photograph E-1 Windrowing the snow with the Champion
motor grader in preparation for processing with the
Sicard snowblower.

Photograph E-2: A view of the snowblower/tractor unit
processing the windrowed snow and devositing it along
the proposed: roadway.




Photograph E-3: The roadway after final snow processing
and deposition. (Note: Photo. E-3 illustrates the
spreading capability of the Sicard snowblower. The snow
depth varies from 1.5 go 3.0 feet). -

Photograph E-4: Road surface after leveling and dragging
with the steel drag.




Photograph E-5: Station-wagon traveling over snow
with no detrimental effect on road surface. (Tire
inflation pressure 28 psi.) ﬁ

Photograph E-6:  The Champion motor grader blading minor
snow accumulation from the snow road surface.




Photograph E-7: The prototype surface heater shown
fully fueled with one (1) cord of seasoned pine.

Photograph E-8: A view of the surface heater in
operation. (Note trail of ash and cinders on road
surface.)




