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o A numer1cal model was used_to pred1ct th.'magn1tude of

«
frosp hbave for varlous climatic cond1t1ons, 5011\types and

“water Qable depths. The heave is pred1cted us1ng a model

developed by Konrad (1980) The results are presented 1n a

) manner to that enables an upperbound estlmate of the frost
P

- heave magn;tude to be predlcted for partLqular environmental

conditions. 4he magnitude of predicted heave is_dependent on

<

. the segregat1on ﬁotential‘of the'soil,'the,deuth'to the

water table and. the ground freezing index- - : S

i

The use of'1wsu1aEinq layers to reduce frost(heave‘

under unheated bu11d1ngs was studied u51ng a two dimensional

-,

model for the heat flow, coupled with a 51mp11f1ed'meth39 of

frost heave pred1ct1on. Insulatlng layers were found to - ~ .

reduce the magnltude of frost heave substantlally The
. 1_ .
effectlveness of d1fferent 1nsu1at1on onf1guratﬁons around

4=

-~

'footfngs of unheated~bu1ld1ngs werefexam;hed for—qarlous_
£ b .. Y

—

ground freezing indices,lsegregation‘potentials and footing-

depths.

*

[

The ségreéation potential of a sdil is,infiueneEd by

the type.and amgunt of cday:contained.in a soil. On1y~1 to -

D)

2% crfy content is suff1c1ent ‘to produce potentxally ~

o

S

damagln;\EEgregatlon potentlals. A correlatlon between

v} ~ -

? segregation potentlal and soil propertles is examinegd,

howexer~no_definite conclusions .are possible without

{ . .
‘extensive testing of soils.

.4

-~
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.. L ’IN'I.'ROD_UCV'I"IVON e ‘
o In Canada; extensive“damage is caused Yo roads, |
1rf1elds, plpellnes and unheated structures by frost heave.
Damage results from the deformat1ons caused by the bulld up
of ice lenses in the soil and/or the thaw weaken1ng ‘that

occurs as the ice melts. The heave results 1n serv1c1blllty

L] .
i)

ptoblems or structural damage to the structures. ;

Frost heave has been a toplc of cons1derable research

-in the past. It has been concluded that frost heave 1s

caused by temperature induced suctlon gradlents in the
frozen.zone (Mageau, 1978 and Konrad 1980) Konrad (1980),

examined the facters wh1ch 1nfluence the amount of water 'F

™

frost heave w1th1n a 5011 for a given thermal 51tuatlonu,‘
.a'

N1xon€§1985’ used’thls frost heave model to analyze a fleld“

' free21ng test and found good agreement between predlcted and

measured results.

NS o ) g\' |
Knowledge of the frost heav1ng ‘process and the a 111tx :,
A ] L
to’ predlct frost heave . can lead to two important

»
[

.developments .The rlrst'ls the formulatlon of more useful

~and rétiohal frost susceptibility»claSsifications;forlsoils.

)

‘The frost susceptibility Classifications presently in use

give no guantitative estimates.of‘the‘amount of frost heave

that will occur. They also make nc mention of the climatic
. * . . x . A

conditions at the site. Under some:.climatic conditions, a



+

. . " . = - “ . ‘ N
soil may cause potentially dangerous heave, whereas it would

-ifgresented to_reduce'the magnitude of heave.

d . - . - Lt L%
cause. very little‘damage under different climatic

cond1t1ons. The second development is that knowledge of the
frost heav1ng process enables quantltatlve predlctlons to 'be

made regavding the effectlveness of measures undertaken to
. _ e

"reduce the damage caused by'frost. heave.

1 Sd%pe of the Thes1s : | . \;ﬁ
The aim of thlS the51s is to provide a. basis for a'
des1%n manual on the control- of frost heave under -unheated
bu1ld1ngs‘ The thes1s explore a'number\of topics ‘to satlsfy

e

thlS a1m.

Frost susceptlblllty of 50113 1s exam1ned by analyzing

soil propert1es which cause ‘a 5011 to be frost susceptlble
o

ThlS is quantlfled u51ng the segregratlon potential of the

N

soil (Konrad 1980 and Konrad and Morgenstern, 1981).

The magnltude of frost heave is predlcted by a

. numer1cal model for wvarious cllmatlc and soil conditions.

Frost heave design charts are derived so that an estimate of
the magnitude of frost heave oan.be made for a»parzicular
site. The influence of inéulating:layers in redUcing the
haqnitude of frost heave 'is. evaluated :or various insulation
conilguratlons, footlng depths and cllma ic condltlons

. The results-presented in the the51s can be.used to ) o

dec}de whether frost heave is hazardous for a partigular

'site., If frost heave is potentially dangerous, solutioms are

14
. -~

4

e B!
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' In Chapter 2 the model used in the study is presented
The factors that influence the magnltude of frost’heave are

discussed. : . {

" In Chapter 3 the £rest susceptibility of soils iQ terms

of the segtegation’potent;al model is evaluated.~An-attempt

is made to correlate soil index properties to segregation

potential. The frost susceptlbllty cla551f1cat1ons presently

3"

.in uge are examlned to evaluéte how appllcable they are in .

BN

light of the Segregatlon potent1al model,
| In Chapter 4 the magnltude of - frost heave 1s predlcted
for Varlous so0il types, segregatloquobehtlals, cl;mat1c
conditions and vater donditions. . ' ©
. In Chapter 5 the control of frost heave under énheated

hbu1ld1ngs is exam1ned"A two dlmen51onal heat glow model
Avﬂalong with the segregatidn- pbtehtlal.model is uséd to
evakuate the effectiveness of 1n§ulat1ng layers to reduce'
the magnitude of %rost heave beneath footlngs.  ‘

The final chapter outllnes the conclusions and.

vrecdmmendationé of this study. : .

[

Al



2.0 FROST HEAVE "MODEL SRR
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-

Sgram '

- . [}

2.1 Introduct1on ‘ , !
] N ' {
In the past there "has bedn a- consxderable amount of |

-

research on frost heave models and methods of est1mat1ng the

PP

amount of heave that occurs as a soil freezes. The

-~

phenomenon of frost héave results from an 1nteractlon of
heat and mass transfer. Th1s 4nteract1on has been modelled
by such authors as Harlan (1973), Kay et al., (1977),

Agu1rre Pente et al (1977*"Taylo and Luth1n (1978)

Guymon et al. (1980), and Hopke (12%0) Konrad (1980) &och
(1981{} o' Ne114‘(1983) and’ Anderson (1984) present summarlesfl

"of the current knowledge of ice segregatlon and mathematical

4

. models“Used to predict frost heave. .
CT )

Recently some. attempts have been. made to est1mate the

magnltude of frost heave. Sh1x1ong and Qlong (1983). have

: dgveloped analytlcal formulas to estlmate the amount of

frost heave. They descr1be the moisture mlgration procegs by

4

1

the theor of unsaturated soil watetr movement No laboratory:a
results are presented tb support their analytlcal models.

Guy on et al. (1983) -applies the frost heave model
describeg by Guymon et al.. (1980) to four field oases of
frost.h aving soils.’Johnson et al. .(1986) uses aﬁ?imilarj~
model for.the prediotionrof frost heave for.roads'and _

Z

‘airfields. In both cases the prédiction'of frost heave from

)

’

NS
\\
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results us1ng a soil hydrapl1¢ conduct1v1ty c'mrectlon
factor. ThlS parameter accounts fq; the decreased,hydraul1c

%onduct1v1ty in the free21ng 3! thaw1ng zones. This, factor

is. found to vary 51gn1f1cantly for dlfferent soil, types.‘The

authors do not 1nd1cate how this correctlon factor can be .

estimated forad;fferent 501ls. Horxguchl'and Miller (1983)

state that difficulties sbifi(femain'in the determination of
frozen conductivity in.frozen ﬁaterials. Withoug knowledge

of thxs correctlon factor for a partlcular soil, the model

r -
w

is def1c1ent as an englneerlng model fQr the predlctlon of

<

frost hqhve. o c -

vy

-Goto. and Takahashi (19825 propose an empirical fgrmula"

“for_ estimating the frost heave magnitude in laboratory
: %

studies. Thefformula includes the effect of overburden

F

pressdre'and cold side. temperature. Caltulation 6f the heave
requires knowledge of'o'and B which are generic constants of
the‘soii‘ The emp1r1cal formula estimates the magnitude of

heave for laboratory freealng:kests w1th good accuracy. Thls
empirical formula has ho theoretlcal basis and has not been
apblied to a field case. It.is also noted that thé data. for

/V
“@ ‘and B for a partlcular 5011 has congsiderable scatter.

4
Man) other researchers ‘have attempted to relate the
magnltude,of frost.heave to properties of the freez1ngusoil

syStem~through the use of laboratorv testsl.Loch'Y197§)h

‘relate? the water 1ntake flux to the unfrozen soil length

Penner and Deda (197’7 and .1978) related water 'intake flux to

applied pressure and cold side step temperature durlng

- -

. .
& © N . . * Q )
\ 4

-
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‘)1@boratory experiments, Kaplar (1968 and 2?70) and Penner

(1972) related the ice segregatxon of soils to the heat

]

extractlon rate.wHwang (1977) analyzed free21ng tests using
an "Ice Seg;egation Rat%o". This is the ratio:of heave to |
the}thickness of frozen spi . The exten51ve test1ng program
of{Konrad (1980) -shoyed that these relatlons by themeelves

were inadequate to model frost heave in a {ree21ng soil, ‘'

‘since not all the parameters ‘that influence the frost heave

V(

‘and frost heave rate W1th1n a freez1ng so0il were’ 1ncluded in -

-
.

: each model. “ - ‘ y 1,

‘ ) Konrad (op cit. ) presented a model of frost heave that
includesq the effects of the permeab111ty of the frozen soil,
the segregat1onal freez1ng temperature, the temperature
grad:ent through the fro;en_;;:ngé}\the suct1on at the frost

front, thelrate of cooling, and the applled'pressure. The

model has.'been used to successfully analyze both labo;atory

and field.freezing'experiments'by Konrad “(1980) and Nixon

“(1982) The Konrad .model uses parameters to predlct heave
that can eas11y be determ1ned in the laboratory The Konrad
model is used for thlS study because it takes into- account
the maifi factors which control the amount of frost heave and 

. it is a practical éngineering sclution for! the prediction of

A\ Y

frost heavye. A i L

Nixof (1987) discusses methods of predicting theh‘

° magnitude‘of frost heavel) He shows how Konrad's Segregatiop

~

—  Potential model can be used estimate the magnitude of heave.

R



2 2 The Segregatxon Potentxal Model of Frost Heave
S1nce the Segregat1on Potent1al Model is used, it is
approprlate to present the theoret1cal backgrbund amd’%he -

formulation of the model in detail.

-
-

» ‘ : R
- . 1, K
« A freezing 501f‘oon51sts of frozen soil, an ice lens, a

frozen frinde, and unfrozen'soil. These Componenps are:
illustrated in Figure 2.1.1Tbe unfrozen soil is located .
below the 0°C isotherm, whi is térmed the frost £ront.
Between‘the f;ostﬁfront and the final*iee'lens'is the frozen
fringe.‘The soil in this zone is onlf partially frozen. Some
unfrozen water remains as adsorbed films on the surfaces of
y+ Phe fine gralned particles. The frozen fringe waspalso noted
!by Miller (1972) and Mageau (1978) : 5 ’& .

From thermodynamlcs pr1nc1ples the Clau51us Claperyon

ﬂ'Wequatlon is developed It states that a suction is developed
due to R?e unfrozen uate; in the-frozen 5011 be1ng
supercooled Collins (1987) presents a derivation of the
thermodynamlokequatlons 1nyolved in alfreez1ng soil, Water
from the unfrozen soil can migrafe_;hroughvtne’unfrozen
films under the action of this temperature induced suction
gradient. As the temperature in the frozen fringe decreases
the ﬁhiekness{offthe‘adsorbedsWaier films around the soil
parﬁzeles deoreaséB.IThis nesUl;s in"a lower permeabiiity
within the frozen fringe, and water transfe}-is inhibited.
At this point_fhe,watér collects to form an ice lens within -

the frozen soil. The temperature at tne.base.of'this ice
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lens isﬁaefined as the segregational freezing temperature
(TS). \ ,‘ l R ‘ R ‘ ‘ ' ) )

_ ) L . M
Ultimately, the amount of heave a soil experienceg can

gradient w1th1n 1t. The permeab111ty of the fro en\fr1:“i‘“
and the segregatmnal freezmg temperature } i .
Ptopertlesﬂ"apd arE-dlfflcglt to measure fromﬁgwnormal‘:%éﬁ§
fqee?in§4test (Konrad and Mofgenétern, 1981). Konrad 61989)
showed that at the onset of the formation of the final ice
lens the-amount.ofAheave can be related to bropefties of the

fréezing system‘which_are easily ohtained from laboratory

-experiments. These properties are the‘temperatﬁfé‘gpadient

1n the frqzen frlnge (grad T“) and,the segregation

4
potentlal (SPO) of the soil.. The segregation potential,

1ncorpq;até!§the permeablllty of the frozen fringe and the
segregational freezing tempefabufe, whieh-cpntrol the frest—
A . .
heave in a soil. ‘
S . e - _ .ﬁ
2.2.1 Derivation of Segregation"Potential (hfter Konrad,
1980), . .. . )
The suction at the top of the ice lens can be shown to
be related linearlyfto thevsegregationdl freezing.

temperature using the "Clausius Claperyon equation., This can

be derived by assuming the ice lens is under zero external:

» o <

>



gressure. By vrrtue of the Clau51us Claperyon eqguation the

water pressure at the base of the 1ce'Qens 15° ,
Pw = L(T,%- T,%)/(V, T,) = M-T, 2.1
where o '
T,% '=-temperature at‘tﬁevbese of the ice lens (°K)
ﬁ = a constant equal to L/V, T * |
T+ =.the freezing point of water (°K)
L = the latent‘heab.of~phase change
temperature at the base of the ice lens (°C)

AY
(Assum1ng the freezing point of water :

~3
n

= 273,15°K = 0°C)

"the specific volume of water.

v

In terms of total head:

\

‘Hw = (Pw/y,) t 2 o> 2.2

. P - :f
where

’

v, = .the unit weight of water
A the elevatlon head 4 - \,

In most - laboratory 51tuatlons the elevat1on head.cen be

neglected, therefore:

)

Hw s

Pw/y, = M-T/y, = M'-T - 2.3
.‘ ° A " Y
M/'Yw ' \

"

Mt
"4delocity of 'water through the frozen fringe can be

approximated by Dagcy's law using:

* AH . :
Vo= K”"d— : . ‘ A 2.4

where - ’ | (

V .= Velocity of water through the frozen fringe

o - ' \ o ~

¥
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d = frozen fringé tﬁicknessy : |
. Ky = the average permeability of the fébzen
. AH = head difference between the base of the ice

3

;éns and the frost front
“The head difference between the base of the ice lens and the
frost front is:

AH = Hw - hu S SN ' 2.5
\ L
where . <. s,
’ . ]

hu = the suction at the frost front,

-

i

The suction at frost front can be déte;minedmby Darcy'é
equation.applied'through the unfrozen soil assuming that
steady state flow exists through the unfrozen soil.

The thickness of the frozen fringe (d) can be

.

determined from the temberature gradient in the frozen

Y

fringe and the segregational freezing temperature, assuming

that the temperature profile through the frozen fringe 1g-
lineag. | '
T, .
g = s ¢ - ’ - 2.6
; grag Tee . ,
where o . ,

grad T,, = the temperature gradient through the

the frozen fringe. o

-

Combining equations 2.4, 2.5 and 2.6 gives the foliowing

expression:

v = K“[Hﬂé:—hgjgrad,Tf,\ 2.7
T, '
or ; : 3 ,
V = SPo-gtad T, . Co 2.8

- . - .

where
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HW - .hU] ' - ' 2.9
T .

* -8 -,
Hence the water intake velocity equals the product of thef

SPO = K(![

temperature gradient across "the frozén fringe and the

segrega%;on potential(SP,) of the soxl The segregation
potential of the soil is g function of the intrinsic

parameters T, and K. It is therefore a unique soil

-

parametgr. The experimental determination of SPo from

,

laboratory freezing‘tests is relatively_§traightforward. It
Uean be calculated from two measureable quantities; the
intake velocity, and the-temperatere grad%ent in the frozen
friﬁge. .' |
Konrad (op'cit.) carried out laboratory tests using
Devon Silt, a frost'susceptible silty clay.'His results

verified the preceeding theoretical development ..

2.2.2 The Eff@bts of suction at the Frost.Front

The magnitude of suction at the frost front depends on
the pe:meability of the unfroeen soil, the distance to the
water Source and the inflowlyelocity to the base of the ice
lens. . : .

___EXperlments have demonstrated that the segregatlon
potentlal of a 5011 dee;eases w1th an 1ncreaSe in suttlor at
the frost front, as equation 2.8 predicts. AS the suction at‘
the frost front increases, the potential\diffetence between
the base of the ame lenS'and the frost front decreasee; Thie
causes a decre§;?R

frozen frlnge whlch results in a decrease in the \\
7

»
{ N . v .

éJln the hydraullc gradient across t?
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segregation potential. This is illustrated in Figure 2.1,
Therefore the suction at the frogt front must be known {n
order to predict the magnitude of ﬁrost heave. THe suction
at the frost front can be determined by applying Darcy's law
to the unfrozen soil.

N
2.2.3 The Effect of Cooling)Rate

o The degree of thermal imbalance of the system also
affects the amount of frost heave (Jones, 1981 and Loth,
1979). Konrad (1980) and Konrad and Morgénstern (1982a)
deJEloped»a model to sipulate heave during unsteady state
heat flow. Tpe-degree of. thermal imbalance was characterized
by the rate of cooling which was téken*as Ehe change in
aQeraQe temperature within ;he frozen féingg per unit time.
From experimental results the vagiation of SP with the
rate of cooling and the Suciion at the frost front was
determined. This variation of SP can be expressed ;n a three
dimeéﬁional surface with axis for the segrégation potenpial
(SP), rate of cooling (RC) and suction at the frost frontb
(Pu). This surface will be referred to as the SP-RC-Pu
surféce. The surface for Devon!Silt is illustrated in Figure »

-

2.2.

2.2.4 The Effects of Overburden Pressure
. It has been known for some time that pressure reduces
the heave rate (Beskow (1935), Penner and Ueda (1977)3

Aitken (1974)). This phenomenon can be explained using
~ \ 1

P
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'Konradjs'frost‘heave'model_(Konrad, 1980}‘and Konrad and-
"Morgenstern, 1982b) : ~f' K - e c .®
| The SUCthﬂ at the base of the 1ce lens is a functaon

of both ‘i temperature and- the pressure spplled to the 1ce.l

q

.Increasin"the overburden pressure decreases .the suction

potentlal at the base of . the ice lens.
The surcharge pressure also causes an increase in
unfrozen water and therefore an 1ncrease in the thlckness of

‘fthe water film on the 5011 pgrtlcles. This leads to a coIder

.

'ﬂsegregatlon free21ng temperature wh1ch means a thlcker

’ frozen frlnge. All of thesg factors contrlbute to the result

that an 1ncrease in overburden pressure causes a decreaéehln‘

4

bthe segregatron potentlaly(Konrad 1980) It has been found
] ‘Ehat;for various soils ‘the effect of~appl1ed loads on the ‘\\;

',_segregatron potent1al can be accounted for by*n‘

SPo = a-exp(~b- ) e 2,70
where . | |
S “the overburden pressure

. e

;a and b- are soil constants determlned from frost

heave tests. 1"K

L 2

2.2, 5 Summary N

. For an accurate determ:nat1on of frost heave us1ng the
Konrad model several parameters are requ1red The first is
the sﬂgf@ﬁat1on potentlal of the 5011 and how the
.segregatlon potentlal varies w1€h suction at the frost

rfront rate of coollngﬂ and overburden pressure. The second '

] . o
. ¥

»
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R

paraheter is the temperature gradient in the frozen fringe.

-

- Thig can be determined by solution"of-the heat flow -

.equations. The appllcatlon of .this, del to field 51tuat10nsv
\5"8:

w1ll be outlined in detall in Ohapterwﬁf ‘_*

; ~ ' 14
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Figure 2.2 CharacteristiC‘fgoét heave surface for Devon Silt

(Modified from Konrad and Morgenstern, 1984.,) - )
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3.0 FROST SUSCEPTIBILITY OF SOILS

3.1 Introduction \ L

The frost susceptlblllty of a so1l is-defined by the
magnltude of damage that the 5011 causes as 1t freezes and .,
thaws. Th1s amount of damage depends on the soll propertles,
the ava1lab111ty of water at the freez1ng front, the
climatic condlblons and the ‘tolerable deformatlons “of the
structure. In “the 8ast the frost suscept1b1l1ty of 50115 has
- usually been related to soil propert1es with no mentlon of
the £limatic condltlons, avallablllty of water to the '
freezing front ar deformat1ons caused by frost heave. Thus g
the frost suscept1b111ty classifications are only appllcable
‘for the region and condltlons for which they were developed

I1f the‘Konrad model is used for the predlctlon of the
mag,;tude of: frost heave, the frost suscept1b111ty of a . 1'
s deflned by the 7egregat;on pqtentral of the soil. The
value,of -segregation potential depénds“dh:the‘suction at the
frost front which ;s a functlon of the permeablllty of the
unfrogen soil and the depth of the water source. A __ff
predlctlon of the, amount of damage can be made by estimating
the magnltuoe of frost heave at partlcular climatic and

i

water table condltlon. Chapters 4 and 5 are aeyoted to
' estlmatlnc the magnﬂtude of - frost heave for partlcular

I

qond1t1ons. The amount of heave eaused in each sltuataon

depends on the segregation potential of the soil.

o . . - P . .
: o . . .
Pl _ - 20 . . . 4
- .

”



‘accordrng-to the soil’ characterlstlcs wh1ch affect the .

48

’ . * . ‘
. © ' .
¢ - .
. &
* } . ' * ;
. . . >

Ideally the segregatlon potentlal of ‘a 5011 is

¢

detérmined from laboratory fbee21ng tests, however it 1s not

L]

always possible to conduct freezing experiments, It is’

therefore desirable to relate'ﬁhe segregation potential of

- soil to readily obtainable soil‘characteristiesr

’

This'chapteg examines the properties of soil which
1nfluence the segregatlon potentlal Soils for which

segregatlon potential 1nformat1on 1s available will be

-‘xexamlned and an attempt will be made to relate 5011

~
. propertles to segregatlon potentlal These, results w111 be.

compared to the other frost- susceptlblllty c1a551f1catlons

pnesently 1n'dée.

_ . K
N . -

~ .

3.2 Soil Properties That Influence Segregation Potential

As-discusséa in chapter 2, the segregation potential'of

- soilﬂis‘dependeno on boundary conditions such as the

13

. suctlon atvthe frost front the rate of coolingAand o

overburden pressure at .the ice lens. It alst var1es

A

L S - : ) L e
dverage permeability of the frozen fringe and the
o 3. .
segregational freezing temperature. The segregational
freezing temperature occurs where no waten flow takes place

dueito‘the rery low perméability of the freeaing soily

Therefore, the~segregation freezing temperature depends on

"sofl properties that infioencé the perméability of the

frozen fringe and thé relationship between'unfrozen.so%}

. .
. ~
"

water and temperature.
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The. permeablllty of the frozen frlnge is a. result of
the adsorbed water f11ms on the surface of the- 5011
partic;es. The unfrozen water around the particles results-

)

from surface forces, which consist of capillary and

B »1‘ . ] * . -
adsorption forces. The surface forces decrease -as the

R . S

distance from the particles increasé&. The freezing point

_ depresihon of the fluid will vary with the intensity‘of

)

~ e

these s face forces. Johnston (1981) describes the main

factors 1nfluenc1ng the propbrt1es ‘of the adsorbed water
fllms 1n saturated frozen soils. The factors wre - Tt
temperature specific surface area of the solid phases,
pressure, chemlcal ‘and m1neraloglcal comp051tlon of the soil’
and other physico- chemical characterlstlcs such as the_
‘nature of exchangeable cations and solute content and

.
compo51t1on. Agderson and Morgenstern (1973) and,Mageauf
(1978) present a summary of the research carried out 6n

unfrozen'water in soils. Mageau (1978) suﬁmarizes’that'the

“unfrozen water is a somewhat structured Film with‘ﬁropfrties

different from those of. free water. The structure and thus .

v1sc051ty becomes more" pronounced as the dlstance to the
v
partlcle surface,decreases. Therefore, it is not only the.

‘amount"of'unfrozen water that affects the_permeablllty of

the frozen fringe, but also the thichnesseof the adsorbed
water film. . o | o

. The mineralogical coﬁbosition of the fine grained”sofl
particlefk}nfluences the unfrozen soil water in the frozen

fringe., This affects.poth the frozen'fringe‘germeability.and
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the segregation ffeezing temperaturé. Rieke et a1 (1983) » v

‘and.Lamge et al. (1969) examzned the 1nfluen6é og

14

‘mineralogical composition on the frost susceptibility of -

soils.
" Lambe et al. (1969) conducted freezing tésts using a

constant rate of frost benq;ration. This resulted in varying
. )

rates of* heat, extraction duringfthe test. It has been shown

”»

4

by Jones (19815,tha% the rate of heave versus the rate of

heat extractlon dlffa;s }Q ¥ rious soils which 1nfluénce )
Lambe's results. Lambe found that dxfferent types of
_m1nerals {n‘the soil mixture can enhance or inhibit frosé ’
heave. The heave inhibiting affects-result'from plas. cYay
minerals. This could be due to the clay mineral caugﬁng‘a
lower unfrozen %frmeab111ty which causes a hlgher suction at
_{Be frdst front. He also found clay m1nerals to be more A
;potent -than non clay m1nerals in both their heave producing |
~and heabe 1nh1b1t1ng gffects. The minerals with relat1vely

high frost heave prod

ing ability are, in increasing order:
muscovite, calcitey mggnesite, iron montmorillonite, illite,

) ! . : . ., N N
kaolinite, nontronite and attapulgite. If montmorillonite 'is
- - e . o

the soil ffne,‘the rate'of‘heave can vafy over a. ‘
cdnside}able range depending'on thé exchangeable ion. For
clay contenfs‘betwaen 3 to 6% bylweight‘tha inb}easing‘orden
of ‘heave by ekcnangeable ion.was: sodium, magnesium, lead,
potasszum calcium and 1ron. |

Rleke et al, (1983) also found the mlneralogy of

. 7

sand-silt-clay m1xtur§5 to affect'the‘ségfegqt}onupotentiali



His findings confirmed the observations of Lambe et ‘al.’ .

I

(196§) that kaolinite mi;Eures haye a hfgher frost

'.suscept1b1l1ty than montmor1llon1te. Anderson and,

.

Morgenstern (1973) noted that although montmorlllonlte has a,
h1gher unfgozen water content than kaolinite, the thlckness
of the unfrozen water:- zone ig” greater in kaol1n1te than

montmorlllonlte. This fact leads to the hypothes1s that the

‘e

thickneéss of the unfrozen zone ts more important to the

i
-

‘segregation potential than the unfrozen water content. This
'y

hypothes1s is evaluated further in the next section. The
data of Rieke et al €1983) also shows that segregatlon‘
potentlal increases rapldly with the addition of small
‘.amounts of clay mineral to the soil, “

‘The orientation_of the particles uill.a}so influence
the permeability of the soil in the frozen fringe. This was
indirectl§ broven by Reed et al. €1979). They reported the
effects,ot {fpric on the frost heave rates obtained from
rapid freeze tests of three soils with varying amounts of
'sjlt and kaolinite havino been compactedbto various degrees.
The dhggee of compaction‘wa; found tO»intluence the heave
rate slgnlgicantly. In general it was found that samples
compacted on the'dry sideuof:optimum meisture content heaved
more than samples conpacted at the optimum‘moisture content
-or on the wet side slde of optdmum.clncreasing the
compactive.effortidecreased the heave for soils on the'dry‘
51de, but did not decrease the heaVe of the soils at’optimum'

or on the wet s1de. This decrease in heave 1simost llkely
/
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caused by a decrease iH the soils' permeability. However, it
is uncertain whether this decreased permeability is apparent
in the frozen fringe or only. the unfrozen soil, since bdth

will cause a decrease in the amount of frost heave. A

L

decrease in unfrozen soil perméability results in higherx
‘suction at the frost front which reduces the amount of frost

heave. ‘ s ' ) ‘ S

In summary, the soil properties with the greatest

influence on the segregation peotential of*a soil ave the

s0il structure, and rthe mineralogy of the clay and ‘the

+

amount of cléy. These factors contribute to the unfrozen

A

water content and the thickness of the unfrozen s0il water
. . ‘ ¢
film,

»

'3,3'Corre1ating Segregation Pqténtial to Soil Properties
It is desirable to relate segregatién potential to

common goil properties. If a correlation is achieved a

soil's segregation pd%ential ¢an be estimated without

cbndqctinﬁ freezing tests unless an accurate value of the

segregation potential is requir;§4'

o : , ' R . Y
The amount of fine grained flaterial and the soi%
mineralogy is refiected by Afterberg limits and grain size

"l L : : Cr o
infonmation. Soil structure is more difficult to determine
‘ . i * . .. . . e
but is reflected by the void ratic and 5he soil density.
Soil 'structure may also be indicated by a pore size*
distribution. Frost susceptibility has been shown to be
. . B . ~ ®

related to pore size distributipn by Taber (1930), Csathy
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- and Townsend (1962), Reed et al. (1979) and Lovell (19835.‘

In the past, extensive research has been carried out on

>y

freezing soils. Kome of the data in the literature can be
interpreted in terms of segregation potential, Table 3.1 |
lists soils for which the segregation potential has been
experimentally determined, Lack calculated from laboratdry
investigations, or back calculated from field
imrgestigations. . N
4 - -

These soils, together -with soils which Rieke et al,
(1985)‘tested, will be used tb explPre the reletioﬂ%hips
between segregation potential and basic soil pgoperties. The
relationship between soil structuteﬂand segregation

potential can be not investigated, due to the lack, of

available information in the literature. A brief description

Y

oﬁ'the soingggdfthe testingfﬁ%ocedures gsed,to obtain their
soil ‘freezing characteristics follows.

Aitken (1974) conducted fleld tests evaluatlng the
1nfluence of overburden pressure on the heave rate. Five 7:6
m x 7.6 m boxes were loaded to 0, 14, 28, 41 and 55 kPa and
left to heave naturally for f1ve consecutive years. The soii
at the 51te/was Fairbanks: 311t a low plastlc silt. The

'Dropertles of the 5011 varied over the site. This introduces
@ome uncertalntles when correlating segregat1on potentla1 to
scil properties. Konrad (1980) Feterm1ned the value of
segregation potent1a1 bv simulatirg the frost penetratlon
and heave He used a simplified method of f?sst heave
pred1ct1on, where the temperatuﬁe gradlent ¥n the frozen

k|
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,the cold side temperature divided by the frost

‘penetrat1on depth Whlle thls relation does not take into
accountﬁﬁll of the processes involved, its degree of
accuraéy is considered adequate for this study, given all of
the unknowns in interpr@tatiﬁg the field test in terms of
segregation potential. : S .

Loch and Kay (1978) cénducteé freezing tésts(on New
Hampshire|silt..The tesfs were carried out usingVCOnstané
warm side and cold side temperafureé._The temperature
gradients and 6verburden pressures were v;Lied for s&x
tests. The warm side_temperature was appquimateiy 3°C
éaus{ng a farge unfrozen length which results in reduced
ségregat}on potential. An estimate of the segregation

f““?q&ggtial was made from the waterAintakeuan the ‘measured
/ temperature gradieﬁt. The Segregation potential at no
overburden'preSSure can be estimated by assuming the

~relation between segregation potential and applied

overbufden pressure is iogaré}hwic.-
The ‘soil properties fo;;?éw Hampshire silt were

&

,reported by McGaw (]1977). Th& Atterberg limits-and some °
'graln size information were listed, however the percent clay
was not reported. An estimate of the percent clay can be-
made by considering fhe cldy mine:aﬁbgy ahd~the activity of
the soil. ) ' o <Tes :
Devon silt is thé soil Konrad (1980) used dﬁring the
development. of the segregation potential model. There has f
‘been an extensfve amﬁunt of laboratory testing dpne on this

= A
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u
soil and the soil properties are‘deseribed infdetejl‘in his
thesis. The segregation potential of Devon silt has been
determined for varying rates of cooling, suctjon at the
frost front and overburden pressures. Figure 2.2 shows the
SP-RC-Pu surface for the case of no‘overburéen pressure.
‘Rieke et al. (1983) determ1g§d the segregation “
potent1al of 34 artificially prepared soil mixtures, The
mzrtures consisted of 80—95%isand w1th’vary1ng amounts -of
silt and montmorillonite, poorly4crystallizedekaelinite or
well crystallized kaolinite.—Prior‘to#freezing,,{Pe samples
were cqnsolidated'ene dimensionall“ to 50 kPa. The soils
were tested under zero applied pressure using a warm side
temperature of 1°C. It is n&ted that the calcu‘zrion of

segregation potential\is made when.the system is not at
4 ‘ n

steady state. This may affect the\zalue of segregation

’
[4

£

potential. '
' Jessberger and Ebel (1584) performed laboratory

freezing'tests‘o; a silt. The silt was compacted to standard
proctor density at the optimum moisture content.'The&ESEd
side temperature was varied for differept tests, but kept
tonstant duri%g-each test. Thé warm side wae'kept copetant
at a temperature of about 5°C for two sets of tests angd b
about 3.5°C for a third set of tests. Samples were tested
under applied pressures of 23 kPa or 100 kPa. .+ QB_

The dara can be interpreted in terms of segregat;on
potential by cénsideqing‘tﬁe frost. heaye rate and the
temperarure grzdrent in tpe frozen fringe during the steady



state -portion of the‘experiment.,The frost heave rate
lincludes heave due to freezing insitu water and heave due tB
water intake. It can be argued thét the heave due to insitu
water is small since the tests reach steady state conditions
after a snyrt period 6f time. The temperature gradient in
the frozen fringe Qas estimated using the temperature
gradient in the frgien séil and the relation between the
frg;én soil and frozen fringe tempéfature gradient, This
relation ié dévelopéﬁ in chapter 4. An estimate of the
gradient in the frozen soil was made by dividing the frost
penetration by the cold side temperature. The temperature
distribution the authors presents for oné test shows this
approximatign to be valid.

Bofh theAsegnégation potential and the soil propertiese
derived from the data reported by Jessbérger and Ebel can be
’considered Feliable,qhoweverrall the tests have been |
conducted using a relatively high warm side temperature.
This cauées an increase in the'unfrozen soil length, which
may result in a high suction at the frost f;ont. This
produces a low segregation potential as discussed in Section
2.2.2. | {

Knutssbn et al. (1985) détermined the segregé:ion
potential for- silty sangds aéd clayey silts from full scale
insitu frost heave tests, & large scale laboratory test and
a fqe;zing celiﬂtest. Nine insitu tests were conduc;ea.‘Thei

water table at the sites varied from 1.0m to 1.8 m below -

»the surface; hovever the{suction at the frost front was .
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/small ¢yplcally between 0 and 5 kPa. The temperature

gradlent ‘in. frozen frlnge was estlmated from thermlstors o
near the frost’ front.,The therm1stors were placed 0.33 m ﬂ”

r

ph'apart No mention is ngen ‘whether temperature readlngs from
the warm side or cold side af& used. o |
In summary it is noted that all of the above soils’ have
. not been tested u51ng 1dent1ca1 procedures. Varlatlons in,
_‘testlng procedures result in the follow1ng p0551ble errors.
'u1.L The su;tlon abﬁthe frosg front cannot be calculated in
'all cases, and it ‘Varies from case to ‘case due to 5
diﬁ%ering~ﬁ§&m side temperagures'andlunfrozen soil
permeab;lity;,u |
2,,& Samp}e breparation is not consistent for all'cases,
- f. which results in different so;l.fabracs.'
v73.‘ Experlmental errors are present in each case and may Bew
'>d1fferent from study to study.
4,_“5011 propertles are varlable throughout the 5011
prof1le 1n the fleld tests. ’ o
5. A5011 propert1es~are not reported an»all cases. >
o These facfors yllll;nfluence any correlatxon between,'~
ethe soil\Proberties and calculated or'measuredAsegregatipn

&

- potentlal
\ - anures 3, 1.and 3. show~h0w the Seoregation poténtials'

of- all these 50115 are. reiated to the‘percentage'of fines: _
’ln(<0 074 mm) and the percentage of ci;?*(f0.00Z mm)in the ¥

‘.fso;l, F;gure 3.1 shows that there is llttle correlatlon
between‘segregation'potential'and percentage of flﬁbs. 50115 .

/-
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,/f :

h ‘vf1neé ahdﬁ100% fines " can have equel segregatlon
A .

potentials.

Flguﬁe 3.2 demonstrates that there is a_ cortelatlon;
between percentage of clay and segregat)on potential. This
‘;s espec1ally apparent if soils with a spec1f1c type ot
mineralogy. are examihed, fos ekample silty sand and |
kaolinite. It=Shoald be noted that a mixture of sand and

.silt, with no clay has a segregation potential as high as.

P

100 x 10-° m’/s°C Rleke proposed that . segregation potent1a1
‘was 1nversely porportlonal to the act1V1ty of the fine " ’
zfractlon and 1ncreased with the amount of fines in the so1l
Thus the segregatlon potent1al could_be correlated to the

Atterberg Limits and grain size. He called this relat¥on the

fines factor, R,.

R, = (%fines)(%clay’'sizes in the fine fraction) 3.1
‘ f/liquid limit of the fine fraction only
. .
- »

l. Rieke et al. (1983) defined the "%fines," as the amount
'of~material_paSSing*the #200 siéve:and the "%clay sizes in
“the fine fraction," as the amount of material that is
smaller;than' 002, mm &1 v1ded by th¢= amount of materlal that
bassesAthe #200 sieve. The "ligquic¢ Imit of the tine |
1fract10n" is the llqu1d llmlt of the mater’cl that passes.
the #200 sieve. It should be noted that thlS def1n1t1@n of
llqu1d l1m1t dlffers from the standard deflnltlon of liquid,
limit, (ASTM D- 423) whlch states that the 11qu1d limit te?&

4

is carrled out on the materlal which passes the #40 s1eve.

o



Seed et al. (1964) shows that the llqu1d l1m1t of a,

?

soil is l1near1y related to the amount of clay 1n the soil.

/
U51ng this relatlon'Rf can.be rewrltten as:f

.

'&..th " (%<0.002 mm) x (%<0.074 mm), x 100 - 3.2
‘ o (%<0.425 mm) x Liquid”L&Pit of the soil '
. Flgute 3.3 shows segregatlon potent1al versus the fines

factor. If the soils that Rleke tested are examlned it

4

appears that therewls a correlatlon between segregatlon

potent1al and the fines factor with segregatlon potent1a1
. 14

1ncrea51ng w1th the fines factor. As mentloned the 501ls

rd

Rleke tested were all sandy soils, To make the correlatlon

t I3

more appllcable the soils prev1ously dlscussed are shown on

, Flgure 3.3 f' . R
' >
ZRFfL The pr;nclple behind R, states tha/ﬂsegregatlon

potent1al increases with the f1nes factor. For ‘the lower

'-values of Rt this holds true. For the 50115 w1th R, above 30
‘.there is a cons;depable amqunt of ‘scatter in the data and
L= ) o [e ‘, L B "‘1 . .

segregation potential appears to decrease w?thﬁan increase -,
in Rf. This 1ntroduces some uncertalnty in the use of R, to
est1mate segreqatlon ootentlal

Tt was suggested in the previous sectlog that the .

qeqreoatlon potential may be, relas;d to: the thlckness of the
unfrozeén water. The unfrozen water resulﬁ% from the‘surface

activity of the water. The liguid limit of a soil also

. L .
results from the surface activity of a soil. It~ is proposed

’ 5

“that the thlckness of the unfro en water is related to the
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s thickness of the water around the clay particles at the
liquid limit. The liquid limit is an arbitrary measurement
of the surface activity of the soil. An -estimate of the

thipkness of adsorbed water at the liquid limit .is made by

" dividing the liquid limit.by the'specific sur face area of
the soil. The segregation potential would therefore:be a
function of the thickness of the unfrozen water fllms in the\\

frozen fringe and the percentage of clay whlch d1ctates the

amount of unfrozen watergfilms. These propertles are

2
descrlbed by the following relatlon.

" SSF = (LL/SSA) x percent clay o R 3.3
. . . : P . . "'
where. '
SSF = specific surface factor.

LL = liquid limit of the soil .

SSA" = specific surface area of the soil

- ‘The data of Rieke et al. (1983) was interpreted/in -
% 'Ii .

terms of SSF. Figure 3 4 shows that a correlat i\@l¥between
B b

SSF and SPO does ex1st for these 501%s

It is dlfflcult to correlate the 50115 of table 3.
usinﬁ\equhtion 3.3 since no specific surface data-exists for
any of these soils. The specific surface area bg the soils-
in table 3.1 can be'estimateo ftom the activity-of the soil
as‘described by Gtahowba-Olszewska (‘970) this assumed
that the cﬁay mlne*alogy/;n/the 50115 cons1s* of kaolinite,,

illite and montmorlllonlte. SPo vs. SSF for these soils
u51ng this method of estlmatlng SSF are shown in F1gure 3.5.

_There is a large amount of scatter in the data; however



there is an’overall trend'to.an.increaslné yalue of SP; with
SSF. +* | AN _
1f the d@ta of Figure 3.5 is‘combined with Rieke's data

(Figute 3. 4) the correlatlon is less convincing (Figure . .
3.6). aaoth the SPO vs R, and the SPO VS, SSF correlations
have two distinct sets of data. It is uncerta1n whether this

,laQ§’of comparab1llty is caused by the d1fferent testlng

| methods or by the difTerence in soils. The soils Rieke
tested are qpmposed mainly of sands whereas the SOllS of ;
table 3.1 are composed malnly of 51lts and qlays. The sandy -

;&Foils have larger segregat1on potent1als than the f1ne/

. grained s9Qils: Further work is required to determ1ne if this
conclusion is valid or if it is just a result of the data

SN

used in this study. . - o

3.3.]‘Summaryf

! The attembt”to;gorrelate SP, to 'soil properties has

.heen_unsucc;ssful in defining a,definite relation betweend
SPo and-soil properties, but_some conclusions‘may be drawn
from the data presented

Segregatlon potentlal is related to th@ percentage of
clay in a soll The relationship depends on the clay
m1neralogy of the soil which 1nfluences the thlckness of the
uhfroaen water films and thus the permeahlllty of the £rozen
fringe. The percentage of fines also may influence}the |

segregation potential,_however’it is not as.significant as

,the percentage of clay. Rieke et al. (1983) showed.that only
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a few percent clay is required to produce a'eegregation
potentlal that may cause exten51ve Trost heave. R1eke et al,’
(op cit. ) also showed that a soil w1th 10% silt and no clay
‘had a SPo = 29 x 10°* mm*/s’C, which could be potentially -
dangerous in'certain climatic conditions. | ﬁ:i
There appears to be a correlatqon between SP versus Rf

and SP versus SSF for the sandy 50115 that Rlehe et al.

(1983) has tested. Howeyer, to estabilsh a rellable

relatlonshlp between segregatlon potent1a1 and 5011

&
P

propertles, a testizg program is required to examine a full
range of _soils. Research should also be carried out to
establish the influence of soil structure on segregation

N

)potential This is~esppcially .important since it defines the
best method to prepare samples for<laboratory testlng

At the present time, the best method of estlmatlng the
.segregatlon potentlar of a soil is by conduct1ng a frost T
heave test. If this is unavailable,. the R, vs SP, (Rleke et
al. 1983) can prouide a poésible'range of SPo for sandy
50115. Due to lack of data on f1ne gralned soils no general
correlatloﬁ can_id/ipggested The upper 11m1t of SPo for the -«

f1ne grained 50115 xamined 1is 360 b 10‘5mm /s C

s

%

3.4 CompariSOn of Froet,Susceptibility Classifications_‘
Although the appljcations of the.present f;ost.
scsceptibility classifications are limited, they should no
be overlooked_since'the classifications have‘beeh develope

based on many years of experience. To compare these frost
. ; eriFhee ,



' using the data Qpesented in the prev1ous sect1on.

v
W
- [

susceptibilitz'classifications to the findings of the
preV1ous sectlon it is desirable to define a point- between a

@

frost susceptlble soil and a non-frost. suscept1ble soil
It was found that a soil with 5% silt,and no clay had

no segregation éotentiél. A soil with 19% silt and’fo clay
| ’ ey - 'y

had a'segregation potential. The addition of small amounts

of ciay to the soil with 5% f1nes caused the segregatlon

' potential of the soil to 1ncre%se dramaslcally XRleke et al,

¢ .
1983) For comparlson purposes the d1v1d1ng 11ne between a

frost susceptlble 5011 and a wion-frost :susceptible soil w111

v

be taken 'as'5% silt and no clay within.a soil. A highly

“frost susceptible soil is Q‘ZOil with 5%bfines, inciuding 29

-clav o,

F 4

3.4.1 Common Frost Susceptibility Classifications

s Chamberlaln (1981) presenbs a summary of frost

: susceptlblllty claSS1f1cat10ns used.throughout the world.,

[

Frost suqcept1b111ty of 501l§ has been defined by particlev
siee tests, pore eize tests,1soi1/weter'in£eraetion tests,
soil/waten/ice interaction tests and frost heave tests. The -
most common/ciassifibatiens are based on pafticle size
distributibn ahd the frost heave test results.

L ) g 3
The first widely recognized particle size

‘cla551f1catlon was descrlbed by Casagrande (1931) This

\requ1res the determlnatlon of the grain size distribution

A d -

and the,coeﬁf1c1ent of uniformity. The crlterla states that
: . . ~ . )

Y

2

h]
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for nonuniform soils frost heave may-be expected when the
percentage of grains smaller than 0 02 mm exceeds 3% and in
‘the case of very unlform soils (Cu<b), exceeds 10%.
| Casagrande also proposed a gu1de11ne for eStimating
ftpat‘susceptlblllty of soils with the use of the Ungfled
v “Soil CIassification~System.vThig“is very sihila: to the U.S.
- Army Corps of Engineers (1965) %eiterja.i-
The U.S. lArm} Corps:of Engineers have reported the
results of hundreds of frost heave tests anf gerlved a frost_
heave susceptibility cla551f1cat1on. It is based on

Casagrande 8 sysStem (the amount finer than 0.02 mm). The

frost'heave tests were_perfqrmed using a constant .frost

| ) \ \
penetration rate. Chamberlain (1981) presents a figuve .
show1ng the zones %n the class1fact10n systems There is a

cons1derable raﬁgetof degree of frost suscept1b111ty within
individual soil groups.

N Ty
. ¥

3.4.2 Criteria for Frost Susceptihld Soils in Canada
Various reéulatory bodies ln Cdgada have specified
,'Acfitetia for frost~sgsceptible seils. Following arewthe
crlteria used thougheut Canada. t |
\Alherta | | . | \V/
The U.S. Army Cotps of Engineers (19€5) grain’size
criter}a are used’ for subgrade aoifs with a Plastlcxty Index
(PI) less thah/12 Clays w1th a PI between 12 and’ 25 are

considered tb have medium frost susceptlblllty,and clays

with PI greater than 25 have low frost,susqeﬁtibility.-Base



-

and subbase materlals are non frost 5uscept1b1e

. 1963). S : e - .

and Csathy, 1963). (e

N\

j“ L Y]

if .less than

L4 .
10% is flner than 0 074 mm and PI<5 6%. (Johnson“ﬁ_a

1975). A .

Canadian Department, of Transport

) .3 I '
The Canad1an Department of Transport use.a zoned . .

‘textural cla551f1cat1dp (Armstrong and Csathy, 1963).

Chaﬁberlaln (1981) presents a f1gure showing the graln s%;e
dlstrlbutlon for each textural cla551f1cat10n. A so1l with
15% of tte material less than 0.074 mm is con51dered non'

frost susceptible. . o

Canadian National Parks

All maferials with 36% of the soil smaller than 0.074
mm are frost sus;eptibl;'and are not allowed within 0.9 m of
pavement. Clay soils with PI' greater- than 1? are also frost
susceptiblévif.they lie within 1.5 m éf pavementi(Armstﬁong‘

and- Csathy, i963);

‘Manitoba N\ - | . ' .

Soils with less than 20% clay and greqter'thdh.GO% silt
and sand are classified as frost susceptible. Soils with

20-30% clay may be frost suscéptiblet(Afmstrong ana'Csathy,

-~

. o
New Brunswick

501ls w1th greater than 50% silt, _gravels with 6-8%

silt and clay loams and loam tlllS wlth mica in small sizes

" (<0.074 mm) mre c1a551f1ed as frost susceptlble (Armstrong

8

‘Newfoundland S .




. \ N ’ . .

' Frost " %.Grains <0.074 mm
Susceptibility ~
None . . ‘ 0 -6 -
Moderate ' 6 - 12
High . : >12

After Armstrong and Csathy (1963).

‘Nova'Scotia-

e ) . I .
Frost ‘ . % Grains <0.074 mm
Susceptibility ' : '
CNene. . L S 0- 10 .
‘Moderate . 10 - 30

High' . - >30

. A After Arﬁstroné‘and-Csathy.(1963).

o4
-+

Ontario

According to Townsend and Csathy (1963) - -

» Frost  Amount of Amount of Very
Susceptibility silt ° Fine Sand & Silt \
," . [
None 00 - 40 0 - 45 \,,
Slight-Medium 40 - 50 * 45 - 60
High , 50 - 100 . 60 - 100 '

! : 5 . . ' : °

More recently _Johnson et aI¢ (1975)~reported-thai‘the7
ario Department of'Highwa§sﬂstates that soils with 0-8%

of particles smaller than 0.074 mm and Pi of zerc are non

‘ ¢
- .- v, .
frost susceptible. »
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Quebec

According to Armstrong and Csathy ¢.1963)
L ]
Frost . Grains Amount of Silt
Susceptibility <0.074 mm & Fine Sand}”a
- None : ' 0 - 10 0 = 20
Moderate 10 - 30 20 - 40
High | . >30 540

Johnson.ét al., (1995) reports that Quebeé‘classifies
the soil as frost susceptigig;when more than 10% of the
particles are smaller than 0.074:ém andwmore than 3% are
‘smaller than 0.053 mm. , | .

Saskatchewan ) r

Johnson et al. (1975) reports that Saskatchewan
cciMsifies soils mainly by experience. Base materials with
7-10% of the particles smallér'than 0.074 mm are,qbnsidered
non-frost susceptible as are subbase materials with 0-20%

smaller than 0.074 mm.

3.4.3 Sumﬁary . \

~

Thd?dididing line between frost -susceptible soils and

non-frost susceptible soils proposed froﬂxthe SP, data was

establi®hed to be 5% fines with no clay pafticleé. A highly
Y

frost susceptible soil is a soil with 5% fines, including 2%

o .

clay. . N

.

- This dividing line between frost susceptible soils and

. . . A 4
non frost suz;:ii}b}é soils is similar to the .
classifacati used by Newfoundland, Nova Scotia, Ontario
Department of Highways, Quebec, Canadian Department of

i
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Transport, and U S. Army Corps of Engineers, SaSkatchewan,
Alberta and the Casagrande class1f1cat10n. ThlS supports the .
findingss. in the previous sectlon-that'only a small amount of
fines is necessary to cause a soil to be frost susceptihle.
Some bf these organizations use 10% fines as the dividing
point between frost susceptlble and non-frost susceptible
_50115. This study has shown that a so1f with less than 10%
fines can have a high segregation potential.

The frost suscept1b11ty class1f1cat1ons used by
-Manatoba, New Brunswick, ang .Canadian Nat1onal Parks are not
conservative. They allow as much as 60% silt before the

soilsdare conSidered frost susceptible. These '

classifications can ®ead to situations where frost heave

damage will occur. It is refcommended that these /

y

classificatibns_be updetedn\ ‘ : . N
The main distinction betweer' the uresent . .

c1a551f1cat10ns a:} the fiﬁdings of the previous section is’

the cr1teron used to Judge the degree of frost

susceptibility. Most of the frost suscept1b111zy

classifications use the amount of silt as the criterion. It

. o o
was found that the amount of clay had a gpuch greater
influencd on the frost susceptibility of a sgil than the

amount of fines. J
- * , "
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4.0 ESTIMATING THE MAGNITUDE OF FROST HEAVE

As discussed in Chapter;2 the magnitude of frost heave
is a function of the segregation potential and the
temperature gradlent within the frozen frlnge. The
segregation potentral depends on the 5011 propert1es, rate
of cooling, suction at the frost front, and overburden
pressure at the'ice lens. The'tempereture Qradient in the
frozen fringe -is a-function of the bodndary conditions and
the thermal properties of the soil weterrice system.

A one dlmen51onal model has been developed to 'include

all of these 1nput parameters for the Free21ng system. It is
k9%

then demonstrated that the model can be 51mp11f1ed in order
that -the magnitude of frost heave may be estimated for a
;field test. In Chapter five7the model is extended:to a ease
of two dimensional heat flow. | | | |

4.1 One Dimensional Model ' ‘

The. methodology of the one dlmen51onal model follows
the/development by Konrad (1980) for est1mat1ng heave duolng
unsteady,heat flow..konrad s modeL accurately est imated
heave from laboratory‘freezing tests. Modifications were
made to this model'to make‘it applicable to-the field
situatlon;\The flow chart in Figure 4}5 illustrates ‘the
procedure used. Example input and\output files ahd the |
Fortran code for the modél are found in=Appendix B.
| The program proceeds in ‘an dincremental manner. The
nonsteady state heat flow is solved by a finite difference

; _ - .

26 ¢ .
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-approach described by Crank and Nicholson (f947) The

4

- equat1ons generated are solved u51ng Gau551an e11m1natlon.

Heat flow is solved separately in the frozen and unfroz@h

i
s

portions of the soil. -
| All ef the intake water is assumed to ehange phase at
the base of the ice lene.'The phese change of the insitu
»Qater is lumped at the bodndany of the-frezen fringe apd the
unfrozen seil. The femperature gradient ie tﬁe frozen fringe
"isfdetermined by considering'ehe-heét flow at‘the boundary
of thevfrozen ffingg and thewfrozen‘soil. Balance of heat

flow at the boundary of the frozen fringe and the frozen,

i

soil leads to the following expression. | : °

ke, (3T/82),, - k. (3T/32),, = \.Z(t)-L 4.1
'wﬁere | | |

, :k“ = thermal conduetiegty of the frozen soil
kee = tﬂermal conductivity'of the_f;ozen fringe
V(t) = velocity at time t /

. L = latent heat of fusioﬁ of water
T = temperature_ |
z = depth L
The veloc1ty of the intake water can be expressea as:
vit) = SP(t)-(aT,/82) 5 | 4.2

1‘--'
Comblnlng equatlons 4.1 and 4,2 resuits in the follow1ng

/

-expression for the temperature gradlent in the frozen

£

fringe.

I’
'

(aT/az)“) [k“(aT/az)“]/[SP(t; C kel 4.3
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It should be noted that thlS expresszon dlffers from 'Q
the relation used in the Konrad model for 51mu1at10n of |
laboratory freez1ng tests. Konrad's model does not include
the effgcts'of the phase change of‘the\1ntake.wat¢; in
determining the temperature gfadient in, the frozen‘fringe.
To verify that the model is still va11dn/}£h the phase |
change con51dered, a freez1ng test is analyzed w1th and
withput the Qhase change Béken into account. The resulps'éf
this énalysis\éng'ill strated in Figure 4.2. The pfedicted
heave'closely rép;Bduces'tHe~measureé'exper§mental heave'in
the case where the heat released frém the phase change is
1ncluded in the ‘model. |

At this p01nt}the computer program determines the rate

of cooling within the frozen fringe. This is determined by

the éxpression-

-

where . : j3-k‘

dz

change in frost penetration deptﬁ.
d(t) = thickness of the frozen fringe at time t
grad Tf(t+dt) = temperature gradient in- the fringe
at‘tiﬁ€t+dt S g ’
The intake vélocity is calculated using equation 4.2,

with the segcegatlon potentlal being determlned from the

3 .
SP-RC-Pu surface (Flgure 2.2). However, the’ 1ntave veloc1ty

.must also obey Darcy's law through the unfrozen soil. If it

isiassumed that the water pressure at the water ‘aﬁfce is

‘'zero, the veibcity th:ouéh'ﬁhé unfréééﬁ soil can be:



expressed as: “ N o
. V = Ku-[Pu/lu] ' | ‘ 4.5
N ‘

where

. F-4 . .
Ku = permeability .of the unfrozen soil

Pu = suction at the frost front

lu

distahqe between the water source and the
’ffost front -

Compatibility must be éatisfied between equation 4.2
énd 4.5. This is aCcomplished by an iterétive proceduré;
‘solving for the velocity;énd segregation potential as a
funétibn of the suct}on at the frost front.

The seg:égation poténtial is a function of the
-overburdén1pfessufe. As éh@ frost front penetrafes into the
grouhd, the overburden prégsure-at thé ice lens,increases
due to the weight of the frozen soil above it. |
Unfortunately, the $P-RC-Pu surface has only been
‘ expefimentally determined for the cége where the overburden-
pressure is equal to zero.

.f Thé erfburdeh pressure due to the weight of the frozen
soil is small;-therefore an attembt hasfbeen made to use the
SP-RC-Pu surface of the case for zeﬁo overburden pressure
with a reduction dpplied to the calgulateé SP for the
effec;s of overburden preésure..The.%egregation potential
was reduced dﬁe to the overburden preséure using equétion
.2,10. The value of "a™ is taken'és the value of SP

' deterﬁined from the SP-RC-Pu surface for the cdse of no

overburden pressure.
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'

' | R | ‘ { _ o
‘ \ ' . :
SpP, = SP-e::}-b-P,)' ' 4.6
5 \

—

. where -
SP, = Segragation;poq'ntial‘includinq affects of
ove:burdenqpressure
'? Sp = Segregation potential determined from the
;\ ’

SP—RC—Pu‘surface for P, = 0
P, - the magagtude of overburden ptessure 5

A laboratory ffaezing test with an ovefburden pressure
of 45 kPa conducteg by Konrad (1§80) yas~used to'ver;fy.the
accyracy of Equati%n 4.6. The value af "b=8. ;5" b
experlmentally deFermlned for Devon Sllt at Pu=0 was used in
the analy51s. Thé predlcted heave 51mulated ‘the actual heave

:w1th a high degree Qf-accuracy. Thys is illustrated in
Figure 4.3. It is concluded that tﬁis method of accounting

- for the overburden pressure is sufficient for epgineering
phrpoaes until more detail infd&mation is available on the
pressure‘influence>on the SP—RCfPu surface.

As demonstrated in Chapter 3, tha range of sépregation
potential for different soils is great, and the-namger of
soils with accurageiy measured segregat1on potential data is
11m1ted Some assumptions had te be made regarding theg

' §P-RC-Pu surface for soils other than B®von Silt. For this
analysia it=was assumed that all soils will have the same
shape of SP-RC-Pu surface as Devon Siit. The magnitude cof sp
was scaled by a‘cqnstaat amount’for all situations of Pu and

RC. The magnitude of ségregation potential was scaled by the

following relationship.



51

.SP, | | | . 4.7
where v ‘
SPy = Faétored segregation potential
SPO = Segregation potential of the soil be1ng

analyzed at the formation of the f1nal

- yce lens. _ S

SP,,= Segrpgation potential of Devoy Silt.at
: the formation of the finig‘ic lens.
SP, = Segregation poténtial of Devon Silt
determined from its SP-RC-Pu surface."
l : The frost penetrétion was* determined bf éonsidering the

3- balance of heat fl into and{out of the frozen fringe. This
\ S . ” ' .

led to the expression: .

dz = dt(k, (3T/dz),, - k,(3T/3z), - V'L)/(e-n L)
| . 4.8
where :
. dz = increment of frost penetration
dt = time incrément '
€ = fra&tion>of insitu water that freezes
n = po;osity of soil

k., = thermal conductivity of the frozen goil
k, = thermal conductivity of the unfrozen soil
Frost heave consists oflinsitu heave and segregétional
"heavé. The total heave is the addﬁtion of both the insitu
heave and the segregational heave. The insitu heave resulés

from the expan;ion of the pore water when it freezes. If the

soil is saturated the insitu heave for the spécific time



"

' oémposed of the volume of intake water and the expansion

¢

increment is: o

dh, = 0.09:¢'n-dz

1

v where [

A

-

dh, = increment of insitu heave’

1

-»

0.09 = the volumetric exbansion that occurs

when water freezes

€

If

n pofosity of the soil

f‘lction of insitl water that freezes

\

. dz = increment of frost penetfation

I1f 'the soil has a degree of saturation less than 90% no

insitu heave will occur. This is due to the fact that the

52

water will expand into the air voids instead of disvlacing

the soil. . . ‘.
. ' <

The segregational heave is due to moisture transfer in

4

the frozen fringe. The magnitude of segregational heave 1is

that occurs when the water freezes.

s

dh. = (V + 0.09-V) -dt

»

J

where
dh, = increment of segregational Qeqve
V = intake veiocity
dt = time s£ep

The total Heave is: 4

dh, = dh, + dh

t

S

»

accumulating the segregational heave and the total heave.

[ /

The program procé?és incrementally solving and

.10
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4.2 Analysis Parameters'

t

"

The amount of keave obtained from the analysis is
dependent on the input parameters, ‘the mesh propert1es ﬁ%d
the boundary conditions. The most important input parameters
are the depth to the water source, permeability of the
unfrozen .soil, ground free21ng :adex, se@regat1on potentlal
and soil type. Each of thé above parameters w111 be
discussed separately»in the following aections to evaluate
‘their influence on the magnitude of rotal and segregational

heave determined.
A

Lo

4.2,1 Boundary Conditions and Mesh Properties
A sensitivity analySis was conducted for various c#g

side temperature d15tr1but1ons. Flgure 4.4 shows how .the

..
.r.

length of the free21ng season 1nfluences the magnltude of ~g%

-

heave. The analys1s 1nd1cates that the magnitudé of heave is*

slightly greater for a shorter: freez1ng period. Flgure 4.5 ‘f i

: ;‘. 2
.

1llustrates frost -heave ‘during the freezing season for a iA'

constant and a 51nu501dal temperature d1str1bu+10nrvThe rat
of heave dlffers' hovever, t&e magnltude of heave’%tnahe en
of the season is approximately egual for both temperat rewﬁ
distributions. It i$ concluded that the temperature ‘
dlstrlbutlon 1s not a critical parameter to determlne
magnitude of heave at the end of the free21ng season;
subsequent analyses use %ingsoida; temperature '

distributions, -as these represent a more realistic fr

-season ground surface temperature distribution.
_ ki
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An estimate of the number of fregzing days for a‘
particular freezing index ynl/determlned by examining

temperature distributions for 1qca11t1es in Canada (Boyd, r

1
- : ( s

1973): In the analysis the number of freezing-days were 120
days for a freezing”?%dex of 500 °C days or less,_150 days
for a freezing index greater than 500 _°C dayskandﬂless than

2000 °C days, and 180 days for a freezing index'éf_ZOOO °C

days and over. i
.The initial ground temperature distribution is set to a

uniforp distribution of 4 °C. The influence of the initial

a

ground temperature dist{ribution is examined in Chapter 5 and

shows this approximation to .be valid.

> . The depth of the lower mesh boundary surface was chosen

.

so mhat it had no influence op the amount of heave

&

calculated. The minimum depth was' fouﬁa to be 5 m for(a s0i)

.with a moisture content equal to or. g{eater than 20%, and 10

¥ .
m for a soil with a mo1sture content equal to 10%. The lower

a3

The finite dlfference approach requ1res that the ground-
7be d1v1ded into elements and'analyzed in tlme 1ncrements
The number of elements, thlqkness of thn seqmenbg, ang
~length of the time steps were adjusted to make the analysis
accurate and cost egficignt. Segment§ of an equal length of

25 mm and the time steps Qf'17.minutes in dyration were-

found to provide good accuracy in all cases.

]



- 4.2.2 anut:Param%;érs-
. . P . - R )
4 2.2.1 Water Cbntent -and ‘Thermal Propfrties e

4

A sens*t1v1ty analy51s was carrled dbut to analyze

4

i.the efifect of dszerent 5011’types on the magnltude of

frost heave. This analys1s was concerned w1th-thermal

,‘propertles ahd the water content of the sQil. The heat
’ - # e
capdcity was‘calculated by-con51der1ng the heat
T T w | N
-capacitffof\the varidus constituents of the froafn\and;

‘unfrozen sojl: -

C = 14 (c *oe, Wt W) | > 4111™
- wheke o ~e e R “o .- |
| - Yd =, dry densxty of the 50115 ‘
' :\ c, = heat capac1ty of - the s0il gralns
K jkcb= heat papac;ty of_water S
e =dheat.capac%tv of ice o <
) §.wf ='unfrozen water content . o
o 5.,‘h.wi ="frozen water content T_ N
H.'. “ The thexmal‘conduct1v1ty for 'the frozen.and

\

unf\bzen parts of the soils was obtalned from Kersten 's
'__chartsppresented by Andersland and Anderson (1978)
Flgute ? 6 shows that the.magnitude o heave is
'relatlvely 1nsens1t1ve to. varlatlons in* the valFe of
unfroz en thermal condug t1v1t) used 1n the analysys. The
.magnltude o;>heave 1ncreases with an decrease in frOAen\
thermallconduCt1v1tv Decrea51ng the frozen thermal
S condugt1v1ty by . Aoibresulted 1n a 12% increase in the

a 5% 1ncrease 1n the total

» segregatlonal heave a

’ < P
3 ' .

P A v : .



=

amount of heave.,

F1gure 4 7 shows the magnltuéeg of frost hea‘v~e\

'experlenced by different 5011 types uhder the same

freezing conditiéhs, Table 4.1 describes gAlNproperties
of these soils. A soil with a high watgg
~— M ? . A

experiénces a greater amount of‘segregetional and
insitu heave thah'one‘with.e lower mo{eture'cbntentl Al
soil with a.lewﬂmo@sture cbntent'exberiehces a greater -
frost penetration due to“its logﬂ%ateht'ha#t. This
~results in a lower temperéture graaient ‘which inducess
a }ower magnltude of heave. A soil w1th a low moisture
‘ c}'ﬁrh’tent also has }ess 1n51tu heave'caused by the -
_ expansion of the water within the soil voids.

The analy51s 1ncluded)a coarse and a flne”grafned.
soil with a water content "of 20%. All parameters were
held constghx ereept the. thermal conduct1v1t1es of ‘the

two soils.”fhezcoarse grained soil has a frozen‘thermal
conduCtivity 425% greater than the fire grained soil.
The'medel prediets that the soil'experiences 16% less
*%egré§§tlonal‘heave and 20% more insitu heave. The
" “higher thermal conduct1v1ty of the coarse gralned soil
resultedvln deeper frost front penetra*mon wh1chfl
¢ -
rebtlted in decreesed temperature gradlents, whicgh
leads to akreductlon in the magnltude of segreqatlondl-
‘heave but an increase in the insitu heave' These two

mechanlsms balance out so there is only a small

dlfference 1n total hé&&e Total heave 15 .more

a ] ) L .
" i . k]
4 . 7 ) ? M "
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y)

v

sensitive to a change in water conten. than the frozen
K N W ; PR ' .
thermal conductivity. o

.‘ ' . q‘-_' f -
4.2.2.2 Suction -at the Frost Front =~ '

The permeahlllty of the unfrozen 5011 as well as
the distance between the frost frontcand the water
source influence the suction at tée frost front. The
varlatlﬁn of segregatlon potentlal with suctlon at the
frost front is dlfferent for dlfferent 50115, however ,
1t‘has-on1y been exper1menta11y determlned for Devon
Silt (Konraa‘ 1980) A soil with atlower segregational
freezing temperabure w1ll generate a hlgher @uctlon at‘
the ice 1ens, therefore the suctlon at the frost front
| where the segregatlon potentlal goes to zero wlll also
be higher. ' -

:ThelSPquvfelationship of Devon Silt ie used for
this study. Thie introduces some ugcertaihty in ueing

- V.

. . o il ) ) . . ! )
the rés#lts for other soils. However an upperbound

¥

501ution for the'magnitude of frost heave‘can be'made‘

,'by assuming that the water source is @%@the ground

surface. . o o e . -&’2
~ts . M .

-E‘fﬂ As the frost'front.oenetratef belowwtheiwgter
source freeeevailabilftYlof water is assumed in the

;;paltulation; Thie’assumptiqn fs justified because the -
actual'fntakefvelocjty'is:small. ?he;rate of‘intake.
weter is notjsuéficient to drawdown: thé aquifer. In a

'bfree21ng test free ava11ab111ty of water exists when ,

LR

the length of the unfrozen 5011 is very small When the.



5»;4 2.2.4 Zone of Saturatlon Above the Water Table . v

-51gn1f1cantly by the degree of

58 -

Pe

length Of'the‘uhfrozen eoil is"small fhe suctibh'at’the

frost front(Pu) is very close to zero. In the analys1s
a value of SP 1s determ1ned from the SP-Pu- Rc curve by
assuming Pu is equal to zero. This results.in a maximum

value for SP which leads to an‘upper-bouhd value of the
:rdst heave magnitude.

~

Ly
.-

4,2.2.3 Permeability of the pnffezen Soil

Lambe and Whitman (1969) show that the
o . ( -
permeability of sandy clay soils and silty soils can

range from 2 x 107 ~m/sfto 5 x 10""‘2 m/§ Using the

relat1onsh1p between SP-RC-Pu for Devon Silt a

sen51t1v1ty analy51s was condUcted‘to determlne the -

1nfluence of permeab111ty on the magn1tude of frost

heave. F1gure 4, 8 shows the results of this ana1y51s. A

NS

sdil‘w1th‘a permeablllty'lessithan 10 . m/SXexper1ences

-t

 virtually no segregational heave until the frost front
~penetrates below the water sourcem'If a soil has a

Apermeabil'ty greatef;than 107° m/s.the depth to the.

' . - d . . . “ Vo
water source-will have very little influence on the
. ] , . : .
. : 2o — .
magnitude of heave because.the suction generated 1s

small.

The pepmeablllty of 'a 5011 s affected

M i

'etﬁ#htlon ThlS is

1mportant to con51der in the @geld slnce the 5011

profile may not be 100% saturated As water percolates'

TSR
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down by grav1tat10nal forces to the water table, -the
‘onry water rema1n1ng ‘in the so;l pores is water bound
to the partlcles by surface tension and electromotlve

p forces. . ‘Figute % 9 shows degreexof saturatlon

b

yariations for some typical soils proflles.'

\. .
ﬂ‘ The caplllary fringe can be’ d1v1ded,1nto regions

g of capillary satUratioh andapartialjeapiliary
saturatlon. The reglon o{ cap111ary saturatlon 15
almost fully saturated, whereas the zone of part1a1
caplllary saturat1on 1s only partially saiurated A
. fine gralned 'soil has a large capxllary frlnge. The
degree of sd§u§atlon gradually decreases as the -
/dlstanbe fﬁom the water table increases. A coarse
gra1ned 'soil has a much smaller caplllary frlnge. The

v Ea

' degree of saturatlon detreases rapldly as distance from '
the water source increases.. ° '

Daﬂpy s law has been. shown to be va11d for‘
partlally saturated so1ls (Koorevaar et al, 1983)

a Flgure 4 10 1llustrates ‘how the permeab111ty is .
affected by the degree of saturation. A 20% reductlon
;n the;degree of satdrat;on resplts in a reduction in -
b_the perﬁeabilityjei ohe_order‘of magnitude, or greater.

'Thgs variatienrin/permeability and‘degree\ef:

Saturafien-is mddelled as a two lavered'SYStem'(Figure"

My examlnlng the degree of saturatlon

curves(Flgure 4, 9) for various soil types, saturatlon%

vprofiles are adqptediior thls alysis. A hlgher degree{
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" analysis. It is assumed that a fine grained soil 1is

60
qf saturétion‘résults‘in mote segregatiojal hea6e dﬁé;p"'

" to a higher water content and a higher pérmeability; To

| obtain a conservative value for the magnitude af frost’

- heave a high‘deg;ee of satgkétién ;s éésumed for the
fully_éqtu;ated between'the wa;er,iable and 100 cm 
above the thetdéterrtable.‘Above the zone of saturation
the soil is 75% Sayurateé. In‘fhetzoné above the
saturated éoil the perméabili£y is assumed td be fwo
orders of magnitud; lower than the saturﬁpgd
permeability. A coarse,graiﬁed soil is aésumedAto=haVe:_
a.saturaﬁédrzdne(SO cm’ above the water table. Above

.Ehis the _soil is 50% saturated. Apbve the zone of ’

saturation a coarse grained soil has a low water
. ~ . -

e

content, which resu1ts in a very lbw permeébility.'qu
this reason thé_UnsaturétedHéoarse grained s0il is |
‘assumed to have“a éermeabilitynfour Qrdérs of magnitngl
lower than it's.saturated permeability. | |
| =AsAd15cusSed: the insitu héaVe is zero in . a soil

'withia degree of saturation'leés than 90%. Therefore'hé
.insitg héave will occur in the unsaturated zones of'
ﬁheSe sbilg. , | |

~4.2;%.i segtegation Potential in'Partialiy Saﬁurated
:Soil o |

‘This analysis assumes that segregational heave

3

will occur throughout the soil, profile, The segregatién

‘potential of a partially saturated.soil has never been

a2
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determined experimentalty..

&

As discussed in Chapter 2, segregation potential"
is a functlon of’ the permeab111ty of the frozen fringe
and the dr; J'force at the base of the ice lens.

gjl. o s;SEe most,ofuthe boundaty water remains in a_partially
saturated~soii' a slight decrease 'in the degree of
saturatlon will have little influence on the amount of -
unfrozen water present as adsorbed fllm on the f1ne. -
gra1npd soil particles w1th1n‘the frozen frlnge.
Therefore_the-pérmeability of the frosen fringe and the -
segregationai freezing temperature will not be'
‘1nfluenced by a slight-décrease in the degree of
saturatlon. It is speculated that the segregat1on ;
potentia1~of a‘part;;lly_saturated soil’ will -nearly
equal that of a saturated soil, | |
.4, 3 Results of the One D1mens1onal Analys1s_
The overall objective of thls study is to prov1de a
.basis for estlmatlnglthe amount of.frost heave‘for the:

7

design of .foundations of unheated structures. Toomeet this
s -
objective, figures are produced from which the magnitude of
\
frosg heave can be estimated for varylng ground free21ng

1nd1ces[ 5011 types,vwater table condltxons and segregatlon

. potentxals. B i' _

Three 5011 types are anaig;fd: a fine grained soil with

a high permeablllty{'a f1ne g ned soiL with’a low

permeablllty and a céarse gra}p soil, fhe;pﬁoperties-og :'

C oy
e ﬂ £ o el L ' ST

o Py -k K
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»

‘these soils arg"'- escrlbed in tabl’.@ The f1ne grained
soil w1th a 1ow permeability has a saturated permeab111ty of
- m/s. Thls is equal to the permeablllty of Devon Silt.

The insitu permeability of many fine gra1ned 50115 _may be
hlgher than thls due to cracks and flssures. Therefore the
analysis wq§ elso carried out for a fine gralned soil thh |
" the permeab111ty of the saturdéed soil equal to 10°® m/s.
Thekanaly51s was a}so conducteﬁ for a coarse,grained soil .
wirh thelpermeabriity of themsaturated;soil equal to 1078
,m/s. Figure 4,12 showe how the permeability of the threé
>301ls 1nfluences the relatlonshlp between heave and the
depth to the water source. . The fine gralned soil with the
low permeabrllty exper1ences very little segregational heave
if»the wéter source is more than 250 cm below the ground \
surface. If the water source is 400\cm below the ground
surface the. magnltude of - segregatlonal heave 1s reduced by’
50% and 65% for the hlgh permeable flne gralned soil and the
coarse gralned 5011 respectlvely

Flgures,4 13 to 4 21 1llustrate the magnitude of heave
thesé soiléowill experlence for various ground freezang
indices and water table conditions. Frohlrhése.figures,-the
‘heave for’a particular site mév be estimated An uoperbound:

ralue for magnitude Of heave‘ian be obtalned by assumxng

that the water source is at the ground surface.



.‘4.4 aimplified Method-of-F&ost Heave

The model presented for one dimensional . frost heave can
be S1mp11f1ed by making assumpt1ons about the rate of
cool1ng, suctlon at the frost front, and the overburden
pressure. These‘assumptions are discussed by Konrad and
Morgenstern (1983). |

'_ In the field the rate of cooling is very low after the
initial freezing period. Typically after. the first 15 days
of freezing;'the cases analyzed have a rate of oooling less '
than 0.01 °C/hr and after the first 30 days the rate of
cool1ng is less than 0.005 °C/hr.
.  Rates of cooling of thlS magnltude are associated with
’the formation of the.final'lce lens in laboretory free21ng'w
~‘test‘s.(Kc>nrad,'“1980). The segregation'potential of soil for
a particular suction at the frost front does not vary
greatly within'this range of cooling ratgs.'
| 1f the watér table is near the surface or the

permeabiiity of the soil is such thét high suctions at the
frost front are not_denerated, the suction at the frost
front can be taken as eqgual to zero. . |

It has been demonstrated that the segregation potential
;of a 5011 decreases as the overburden pressure increases. As

the frost front penetrates into the ground the overburden
’%
ﬁ@_
“segregatlon potent1a1 can be accounted for in the 51mp1qw&%V‘

pressure at the-lce iens increases, The decrease in

janaly51s in two dlfferent ways. The flrst method calculé%es
&,
;the overburden pressure and adjusts the segregation @{'

iy
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potential: as the analysis proceeds.-A'simpler way of’

acco‘Ft1ng for the decrea51ng segregat1on potentlal is by
calculat1ng the average overburden pressure during the
'4free21ng per1od A congtant value of " the segregat1on

potent1al is then used throughout the analysis,

»

AS a result of these 51mp11f1catlons the rate of
! L
coollng, and the suction at the frost'front do not have to

&

be determlned through out the analy51s and a constant value
of Segregat1on potentlsl can be used. Figure 4.22 5hows that
the s1mpl1f1ed method prov1des results very close to the
rlgorous‘calculatlon of frost heave magnitude.

“a
[

4.4.1 Field Verification of the Simplified'Method
‘_quon (19é2)»applied this simplified method to a field
Ease; A,cold'plate was installed 3.0 m below the surface ;nd
'held at a constant temperature:of -4°AC for a periodgpf 200
days. During the freezlng period the temperafure.protile
below.the cj}d—plrte and the ;ertioal heave of the ground
were measured As the free21ng plate was below the water
table, ‘there was a constant supply of water to the base of
the ice lens.

The temperature gradient used forvthe analysis was
obtalned from the ‘measured temperatures in the field. The‘
segregation potent1al was taken from laboratory free21¥a
Figure 4,23 1llustrates the results of the experiment. The-
general paré%olic shape. of the heave—time'curve was

predictedeby‘the simplified analysis. The analysis predicted
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1 e

.a héav?_of 10.4 cm, where as the méasured heave was 8 cml
The slight discrepancy between the observed and predicted
heaves could have been due to an inaccurate determinaﬁion of
segregation potential. Konrad (1980) noted that there may
not have been gobd control of the. warm side temperature
during the freezing tests used for this analysis.

The resultg of this testing program show that it is
possible to estimate heéve'from-a simplified'method of érost
heave‘prediction. The simplifiéd method iszincorporated into

a two dimensiopal model_in'Chapfer 5.
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‘Table 4.1 Pfopertieé of soils used for sensitivity analyses.

. ,
COARSE GRAIN SOIL FINE GRAIN SOIL
. WATER
, CONTENT 10.0 20.0 20.0 30.0 45,0
. . . .
'POROSITY 0.21 0.35 0.35 °  0.45 0.55
FROZEN THERMAL :
CONDUCTIVITY 4.00 3.02 2.12 - 2.04 1.98
w/m K
UNFROZEN THERMAL
CONDUCTIVITY 3.32 2.46 1.56 1.32 111
w/m K
FROZEN HEAT .
CAPACITY 1.98 2.03 2.03 2.07 2.1
MU/m3 K '
UNFROZEN HEAT -
CAPACITY 2.37. 2.68 2.68 2.91 3.14
MJ/m3 K -




Table 4.2 Properties of soils used for pfedicting the

magnitude of frost heave.

. COARSE GRAIN FINE GRAIN
. SOIL SOIL
LOW PERMEABILITY
WATER
CONTENT 20.0 30.0 30.0
o ] .
.
POROSITY 0.35 0.45 . 0.45
FROZEN THERMAL
CONDUCTIVITY 3.02 2.04 2.04
w/m K
UNFROZEN THERMAL
CONDYCTIVITY 2.46 1:32 1.32
w/m K
FROZEN HEAT
CAPACITY 2.03 - 2.07 2.07
MJ/m3 K '
UNFROZEN HEAT
A~} CAPACITY 2.68 2.91 281\
MJ/m3 K p
SATURATED . :
PERMEABILITY 10-5 10~-9 10-6
M/S
UNSATURATED . o '
PERMEABILITY 10-9 10-11 10-8
M/S
CAPPILLARY
SATURATED LENGTH 50.0 100.0 100.0
(em)
saTurRAbION
IN UNSATURATED 50.0 75.0 75.0

SOIL (%)

=
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Irpul, - ground temperature, )
' \&rozen xrmabﬂlty o
thermal properties, *
length—-of freezing seagon,
depth of° water table,
thickness of saturated zone

v '

[

E]

Solve for t??\penturo

) digtribuyion in unfrozen soil]

Solve for tmenture

distribution in frozen soil}

Solve (or temperature
radient in frozen fri

*

Increment * \J~
t ime Py Determine the rate of '

; “ ‘-“"cooling and the overburden
[ Y pressure ’

Pus0, Determine SP
| from the SP-RC-Py
sur face :

o
*

e ! Solve compatabigity for *
2 I velocity of water tolice lens
N D V=K(Pu/lu), VzSP(RC,PU,Peigradl
. oL b, P determined from
- A ‘fthe SP-Rt+Pu surface.

SNSY -~ R K o

. o [Calculnte fros‘tpenetratiorﬂ-——-*———l .
. ' ., N Lo . v by :

' C ey S ” % -
Yol ® . .. [Calculate segregational and
: ’ o] v insitu heave for the

s time greate
than the freezing
season

L]

«Figure 4.1 Flow chart for the one dimefisional model. <
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5. 0 CONTRQL OF FROST HEAVE BY INSULATING LAYERS

N

/\/
5.1 ‘Introduction e | -

This chapter.is concerned with heave under buildings

and methods of reducingythe magnitude of heeqe. It is
" proposed to reduce the .heavh by‘méans of insulating layers -
.under the-foundatiens of the’bUiidings. Insulating iayers
reduce the heat’ flow fromra fregflng soil, therehy reducing
(the températdre gradlent within the frozen fringe. This’®
results in'a decreased magnitude of frost heave. )
For structures sensitive to heave it uould be de51rable
'1to ellmlnate all frost heave. This can be ach1eved by . "
preventing f:ost penstretlon below the«footlngs. Rohinsky
and ﬁesuflug (1973) determined the amount of insulation
required to prevent'ﬁrost penetration below heated and

"unheated buiidings. Generally, less. than a 5 cm thick
RN .

insulation layer is required to prevent frost penetration

_ under the footlngs of /heatéd bulldlngs. An unheated bu1ld1ng ‘

that experlences a reez1ng 1ndexxof 2000 °C days requjres ‘a

&
20 cm thick énsulation layer to prevent frost penetration

“under the building. The cost of a 20. cm thick layer
1nsulat10n layer may not be justlfled for some progectCZ

"This chapter is concerned with reducing heave under
S~ ( .

buildlngs_rather than eliminating it.

st .. .



5 2 Two Dimensional Eatimatxo# of Frost Heatve

Heat flows thrdugh and around 1nsulat1on, and as a
result the heat flow is no longer one d1mens1onal In‘tme
case of per1meter insulation around a bu1lding, the .

: ~1nsulat1ng layers are much longer than*they are wide;
therefore, the heat flow can be'modelled.using a two
dlmen51onal heat flow model.

The temperature dxstr1butlo"below the bu11d1ng 1s.
solved by a computer program developed by Ho (1989). The \
listing of th1é program and a sample input and output,is |
found in thesAppendix C. The program describes the heat flow
using‘an implicithfinite differenqe formulation. Newton's
_iterativé method iamused to solve the finite difference
equations. The program can handle dlfferent material
propsrt&es and water conteﬁts for eacn element. The thermal
properties and the ice &\rmatlon character1st1cs can be
expressed as a functrOn of the temperature of the element.
The program caneapply vatrious air tempérgture d1str1but1ons,

Qqand can apply a correct1on factar for the temperature at the
air-ground 1nterface to*account for boundary layer
1n}1uenoes.

An estima}e of theymagniégge of heave was obtainZd»by

A .
dividing the aréa into one dimensional. vertical columns. The

‘heave is calculated in each ¢olumn u§1ng the 51mp11f1ed one
dimensional method of frost heave predlctlon described in
.chapter 4. The program used to calculate the magnitude of

neave from the results of the two dimensional heat flow
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model is, presented in Appendix C. ‘., oo
5.3Two-fimensiénal-Finite Difference Grid and Boundary ’

Qdnditions _ .

The'géid used fér the finite difference analy is.is
" shown in Figure 5.1; The shape of ‘the grid was set up in
erér ﬁhat it could be used fornbariOUS"insulation
‘ ponfigﬁrétions. The segménés were“smaller in.tﬁe région
where.the frost heave-wa§ to -be calculated. This provides a
more accurate determination of the temperature gradient in
xthat ;egion. A‘coarse grid was useé elsewheye., Ho (1969)
compared the results of the finite difference program to a
measured temperature diétribut{on.of a higﬁway embankment, °
He found that thé te&}erathre distribution bbtained from
”Pﬁth a qoarsé grid and a fine grid approximated‘the
\@émpexature.distfibution iﬁléhe field. A time step‘of 2
hogré was used in' the analysis so'tﬁat it was agcurate,
stable and efficient. |
It 'was assumed that the heat fléw.is symmetrical‘abod
the center of thé,building; thereébre, the left boundary Mas
"setxas a symmetrical boundary. The right boundary is et as
an'fAfinité boundary. The distance frQqm the Suilding 40" the
right beundar§ and‘the‘depth of the lower boundary are set
so that the boundaries have iittle influence on the heat

flow. R | : .
N The lower boundary was' kept constant at ¢ °C throughout

Id

the analysis. A sinusoidal temperature distribution was ‘used
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for the cold side. The number of freezing days in the season

. ¢ . ' . . .
was the same as that usgd in the ohe dimensional model. The
. - '

"Bn-factor" between the ground freezing index and the air
freezing {ndex was takeh as 0.9 inside the building and 1.0

outside the building.

A -

5.4 Comparison ofsthe Two' Dimensional Model to the One
L . .

-

Dimensional Model e

The magpitude of frost heave in the two dimensional
' ‘ »

model was calculated in thé same manner as the simplified

i

one dimensional modél. Appendix C. Ebntains the program used
to calculate the frost heave from the temperature
distribution obtained from the two dimensiona® heat flow
program. The major difference between éhe two analyses was
that the grid‘bf the tﬁo dimensienal analysis has to Se very
éoarse in comparison to the one dimensi?nél model. The

A . |

coarse grid is required to keep computational time within -

reasonable limits. The coarser grid makes the determination
of the'ﬁemperature‘graéient in the frozen frinéé less
accurate, - |

The‘£wo dimensipnal’mode% does not consider the latent
heat of thé intake water or the increase in freozen length
caused by the heave. Figure 5.2 shows thé temperature
gradient in the frozen soil oQtained from the rigorous *
method for various segregation pg%entials. It is apparent
~that -the intake water does‘not'héve a large influence on the

s

temperature gradient for engineering purposes.

1[4
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A comparison was conducted between the rigo;bus méthgd
desbriped in chépter 4 and the dimplified metﬁodtof frost
heave estimation used in the'two dimensional case. Th;
boundary conditions applied to' the two dimensional analysis
cause the heat flﬁ; to be one-dimensional. The properties of
a fine grained soil with é‘moisture content of 30% Qergbhsed
for both analyses. The temperature gradient in the frozen
fringe determined-from the two analyses is iilusﬁfated in
Figure 5.2. The aéréement of theﬁte;perature gradignts from

the two methods justify-ignoring the intake water and the

use. of a coarse grid.

]
v ’ . ‘v_
5.5 Parameters for the Two~Dimensional Analysis
The influence of soil type and water content on the )
magnitude Sf heave was explofgd in chapter 4, It Qas found
that for soils with similar SP data the jkil type did not :
¢have a great influence on the magnitude “of heave. The soii
properties of a fine grained soil with a 30% moistlre
content were used in all analyses in Chapter 5.
It was assumed that the water table is at the surface

’

in all analyses. As discussed in Chapter 4 this results in

an upper bound m;gnitude of frost heave. (;}&)

The thermal properties of the top layer elements;
outside the building are set to {he thermal properties of '
snow. Inside the building the thermal properties of the top

layer are set to the thermal properties gravel. Figure

- .
5.6 illustrates the various insulation onfiguratigns

-
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: analyzed The thermal propertles of . the materlals used 1n‘ "

the’ analys1s are shown in table 5. 1 These propert1es were

[.

. obtarned from Anderson and Andersland‘(1978),and Johnston_

J(issn. | - |
Snow cover reduces ghe magn1tude of heave by prov1d1ng
1nsu1at10n protectlon.‘Figure 5 3 1llustrates the’ 1nf1uence Co

of snow. cover outside the bu1ld1n on the magnltude of heave
AN
| under the center of the footlng Potter (1965) has COmplled

',snow cover data for spec1f1c loca11t1es 1n Canada. The .
average.snow cover of some selected Canadi an c1t1es is

‘~‘presented in Appendax A For thlS analysvz the’ average snow

-“cover over the free21ng‘season was taken as 10 cm. Tt should

be noted that 10 cm snpw cover reduces: the frost heave by .

T e

“'approxlmately 20% from the case ofvnd snowncover. Therefore

if the results of this an}lys1s were to be used for design .-

Al

_in a 51tuat10n where lesg,than 10 cm of snow cover i§ .

"ant1c1pated ap allowance should,be made for an/;ncrease»iég"

the magnitUde ofrheave. CT l S :e- -.»*,IE
The'two dlmen51onal model allows the initial ground

PN

o temperature dlstrlbutlon to be 1nput Ground temperature
. ’ B
proflles can be obtalned for spec1f1c 1oca11t1es 1n Canada %

‘lfrom Phlll1ps and Aston (1979) B%

’:ilt was concluded ‘that the typlcal ground temperature Droflle

examlnlng theﬂe prof:les

_‘at the beglnnlng ‘of the free21ng season 1s that shown 1n\

,vFlgure 5 4. Due to lack of data on ground temperture

-

'“dlstrlbutlons under unheated structures the 1n1t1al ground

>

ftemperature dlstrlbutlon under the bU1ld1ng vas a umed to =
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.eQual the ground temperature out51de of the bulldlng.
- F1gure 5,5 shows the comparlson of the magnltude heave
bqﬁween a constant soil temperature of 4 °C and the proflle

‘shown in Flgure 5.4. The heave exper;anced in the case where

«"

a constant temperature dlstzgputlon 15 used is sllghtly\less
: than in the case Where a typlcal ground temperature prof1le
1s used For th1s analys1s the temperature prof1le of F1gure

5 4 °is used since 1t is thought’to more accurately represent

the field condltlon.

5 6 Results of the Two D1mens1ona1 Ana1y51s

.

The 1nsulatlon conf1gurat1ons shown in F1gure 5. 6 have

been analyzed for varlous segregatlon potentlals, free21ng_j
i » A,

;

élndlces and amounts of insulation.
Figure 5 7 ‘shows the distribdtion of heave under the
unheated bu1ld1ng The heave under the footlng is less than
the heave on e1ther side of it even when there is n?/
1nsulatlon. ThlS is caused by the depth of the fo 1ng
Heave does not begln until: the frost penetrates below the
base of "the footing. The base of the footlng ;5 15 cm below
:the ground surface. Heave on either 51de of the foot1ng
begins as soon as the ground surface 1s frozen The heave
aout51de of.the bu1ld1ng is léss than that 1nsfﬁe of the
“building due to the snow <over out51de of ‘the bulldlng
There is a. con51derable amount of dlfferentlal heave

\ &

between the 1nsulated sectlon and the unlnsulated section.

Thxs/zg only acceptable if the area on either 51de‘of the
r . ) Lo o . : ‘ ~,z.
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insulated section can withstand this movement. If concrete ~
floors or concrete aprong are used, insulation must be

-placed under them as" well as the footlng'to avo1d cracking

‘caused by dszerentlal heave. - .. o . &

Figures 5.9. through’ 5.16 1llustrate the heave for
¥

vary1ng freez1ng 1nd1ces, segrebatlon potential’s and
1nsulat1on conflguratlons. The magnltude of heave shown in
the figures represents the heave under the-center of the
footing. Flgures 5.9 through 5. J2 have the base of ‘the
brfoot1ng 15 cm below the footlng Flgures 5. 13 through-S 16‘

R

“have the’ b se of the foot1ng 70 cm below- the ground surfaCe.

Ll

The total heave is the comb1ned secregatlonal"andw1n51tu R,
“heave. The ‘insitu heave is a function of the fr o B
penetratlon and saturated mo1sture conten’ﬂ A_lLy the
,-‘1n51tu heave will be constant over the. s1te, as long as 1*"‘t
.there is not a large variation’ in the‘m01sture content over
the sxte. The segregatlonal heave is a functlon of the Sp of
~ thz soil, température gradient and ava111b111ty~of wat;r;

’ .
Ef%erlence has shown that segregatlonal heave . can result in

dlrferentlal movements over the site. v '“»3r1 , !ﬁf’ o
| F1gure 5.8 examines the. effectlveness of the var1ous
1nsulat10n conflguratlons by comparlng the magnxtude of_
frost’ heave under the center ‘of the footlng to the amount of
insulation. only a. small amountﬁof insuiation (de’cm wide x
5 cm th1ck) is needed to reduce the magnltude ot heave
substantlally from the case of no 1nsulatlon. This amount of

insulation will reduce the 1nsltu heave and frost
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‘depends on the allowable deformations’ of the 'structure. The

99
. i . | -
penetration by 25%, and the temperafh:etgfadient and the
\segregation’heave by 65%f If the thickness of insulationiis
doubled (180 om“widevx 10 cm thick) the insitu heave is
teduced by 35%, and theregregational,heave'is reduCed.bg

L

77% compared to casg of no 1nsulat1on. From this analy51s it
is apparent that an xncrease in the quantlty of 1nsulat1on
is not proportlonaldto the reduction ip-the magnitude of
frost heave. ! - \. F" T _ o

Increa51ng the width of insulation from 180 cm w1de to

tx 250 cm w1de results only in a modest decrease in the

magn1tude of heave. In the case of 1nsulat1on below the

'tentlre building only a wmodest decrease in the amount of

h”heave is observed when w1dth of insulation extending beyond

the edge of the bulldlng is 1ncreased from 100 cm to 1’50 cm.’ f(
‘In the case of a deep\footlng-the effeots of frost

heave can be eliminated if the tangential adfreezefbonds are

reduced. Johnston (1981) d)scusses methods of. reduc1ng the

adfreeze bonds. If the tangentlal forces age. e11m1nated a

'combination of‘a deeper. fodting and Lnsulatlon can be used

to reduce the magnltude of frost heave Flgures 5 3'to'

Figures 5 16 show the. magnltude of heave for a footlng 70
cm. belou the surrace. In this case the heave caused by

‘tangential forces was con51dered to be negl1glble. The heave -

is'approximately‘GO% of the heéave experienced by the'footing“

at the surface.

The insulation requirements for @ particular sdtuation
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Canadian Foundation Mgnuai (1978) providés guidelines for

the allowable deformation of structures. An ekamplé is

' pfesentéﬂ in Appendix D. ilIUStrating the determipationrb?

insulation requirements for a particular situation. °
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Table 5.1 Material properties used in the two dimensional

0.058

/ - 3
. Voo
[}
-+ r’;'; (
e A ‘
Matergél The}mal Cond. Heat Capacity. Wwater Content
CW/m °K MJ/m® °K %
. .»( P, N c . s ) ! .
v o ‘. . | ‘ .j“
"Soil-unfrozen 1.32 1 2.96 :30,& .
N . o
e " -frozen 2.01. ¢ 2.02 - 7
Concrete’ 1.70 2.18 . -
« Gravel - 2.26 L 1.99 1.0
Snow" 0.26 0.40 ‘ -
. .. ¢ :
Insulation 0.042 - "
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6.0 SUMMARY AND CONCLUSIONS \ -
. '

» ~

6.1 Summary -

”»

The objective of this study was to provide a ﬂ\gis for

a design manual on the control of frost heave under unheated

buildings. v
B " ¥ . o e , .

" This objectiye was met by préducing charts that-enable

<

the magnitude of frost heave to be-predicted for particular
S L S :
situations. The magnitude of heave is dependent on the

segregation potential of the soil, the climatic conditions
and the depth ¢f the water table. The soil type, soil T

‘permeability and the snow cover also infldence the magnitude

5,
sy

.”oﬁ heave. 4
It was found that-ffost héawe could be conmtrolled
thréuqh the use' of insulating layers. The quantity of

insulation rgquired in an} particulér case is'dependaht on
the allowablé-defbpmation of the structure, the segregétion
potential of the soil, the water tébleidepth“and the >
ciiﬁaﬂié/conditiohs. |

';'The ;égr;gaﬁionvpotenfial of a soil ,is dependent of the .
percentage of'cla; in a soil and bhe'mineralogy of the clay. _
Little>cl§y is neéded tonpfdduce a potentially dangerous |
’segregation'potential;.Sipce no definite co;belakion betyeen
éegregagion potential and soil properties was achieved, the
best way to estimate the'segregatién potential of a’ﬁoil ié

]

by conducting laboratory fgeezing experiments,

118
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6.2 Cohclusiqns
. From this analysis aeveral conclasions are made

1. The majo} factofs that influence the magnitude,oé heava.
are the freezing index, the segregation potehtial of
the soilhand the water table depth. ‘ T

2, The griginai Konrad,madel carn be sidplified for theo
field‘caae by making assumptions: regarding tﬂq suation
at the frost front and the trate 6f:cooling.

3  From'thé curfently avaiiablé data ahere is no adequate

method of estimating the éegregatipn potential of a

soil from standard soil index prgpe}ties.

6.3 Recommendations
| The“resultc ﬁresented in this theais should be verifie
w1t7 field data. This would enta11 measuring frost heave,
climatic cond1t1ons and the depth of the watér table for
several field cases. The segregatlon pogentlal of 'the. dbil
would be deterﬁ1ned by laboratory ;ree21ng tests. This would
verify che'assumpt1on that ;he,segregatlon potential

> . - .

measured in the laboratory accurately reflects the

\ 0 “

segregation poter’]\<t1a]lin the field.. ' ”

Research i€ needed to accuragery predict the
segregation potential of a soil from its soil properties. .

A
The inflluence of soil structudre on segregation potential

N
~7, ”,

should be examined.- This would enable a st%rdardized'
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procedure to/?ewp:oposed for testing redolded samples so

{

that they reflect the important freezing propergiéé of an

insitu soil.
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‘Table A.1
Climatic Data for Selected Canadian Cities
\ ‘ XV~
City o ‘ ,;. Freezing Index
| Mean Design . ‘Retura Average

? oo " Period Snow Cover .,
(°c-days) (°C-days) (¢rs)  (cm)

‘Yancouver . 45 236 44 0.0

Kamloops 463 798 30 3.8 /
Kelowna ; 463 o 638 12 - R
Edmonton + 1470 2173 44 C 1207
Calgary Y 1168 1792 - 97 3.1
- Saskatoon 1877 2669 39 10..2

- Regina o ‘ 1900 2889 87 13.7 ‘o,
Winnipeg . | : ~ 1920 2496 - 43 14.2
Thunder Bay 1532 1974 40 -,
Sudbury ‘ 1418 1656 27 . 31,5
Ottawa 1058 1337 ' 42 17.3
Toronto , 638 834 - 42 3.2

 Frederictqn a 896 1177 30 +15,2
Charlottetown : , 736 1024 36 12.2
Shearwater ' 442 621" 37 2.5 .

St. Johns = 483 829 39 14,2
\Niagara Falls . 423 664 32 - -
Quebec City 1191 1545 37 41.1
Monttreal . 958 1238 ~ 38 23.9
Trais Rivieres 1164 1401 45 .= (0

Note - Design ffeezing iﬁdex taken‘Qs the coldest winter

over a the ' last 10'year'beriod; From this data a

relationship between the meen free;ing'index and the design ~

freezing index can be‘aevelqped. |
DFT = 100 + 1.29 % MFI

where - ' '

DFi‘=EHesign freezing index (°C-days)

MF1 = mean freet&ng ‘index ( c- days) )

Note - Average snow cover is the average snow cover of the

-
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freezing' season., It is measured in unsheltered areas.
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TS ssIssRIRSIIIIR Y
tHuLATE TN BN IMENDIOnaL unsY Y NEAY FLOW
I A PARKZING SOUL anD T8 CALCULATE TR WNEAVE WITH Ting as
WELL AS THE 1CH CONYENTY PROFILQ.
THIS PROSAAM cALCULATRS ¥ THICkNESs Or Tua riwar’ 1ct

ING A RETARATING Paest raent Fon FINED TRwPERATYUNY
Y conoITIONS. -
THR CRANK-NICHOLSON PINITR B ERENCE NETHNOD IS
A FINGO SRID WITH & BUPPLEMENTARY W
NDAAY S1tuaTion

FROREN ANO UNPROZEN SOIL THEAMAL 'Q.Dil'! ANE ConsJoRAED
AS INDEPRNDENT WITH TEMPEAATURR. way MAINING UnFROT RN
SELOW IEAD DECARES CELCIVS IS TAKEN INTO ACCOUNT 3y Thg
Lum MEYRR

THE PHYSICS @F wavy WIGRATION To The su
FRONTY WAS SEEN ADOSD. THE GRAgAT ION
AS THE RATIO OF THE wargr t ™E tTEM Atung
SR A T LN THE PROIGN PRINGE I8 ogrgne ON THE RAT oF
14 ING OF THE PAINSE AND THE SuCTiow AY Yug raety Puony
THE CHARACTRAIBTIC PAEEIING SURPACE of A Glven 801L 13
ontTAlNED OM EXPRAIMENTAL DAYTA

™E PROGR CAN INCORPORATE ANY SPRCIFIGD COLO AND wanm
SIOE TRMPERATUAE VARIATION. NO LOAD IS APPLIED YO Thg
SAMPLE 1IN TME FOLLOWING MOORYL now B OIFFERENTY
CHARACTERISTIC FREEZING SURFPACE COR SPONOING TO THE
DESTAED SURCHARLE 1S SUPFICIENTY ron PREDICTION OF FROSTY
MEAVE UNDER EXTE L LOADS WITH THIZ MODEL

ATION-PRER2!
urviaL L&

COMMARD: SRUN KONRAD 8J Ss1/P gep/e) te0/P2

(L] 7 cnon-""ﬂtcnonu- AREA | Cmesz |
car {YOLUMETYRIC) NEAT CaA FROZEN
cav IYOLUMEYAIC) wEaY C uNFROZEN
cr « (JMERMAL CONDUCTIVITY, PROXEN SOIL  (MILLICAL/C/MM/S}
cre THERMAL CONDUCTIVITY. re SOIL 4 fCE (MILLICAL/C/Mm/S)
cre THERAMAL CONODUCTIVITY. FROZIEN FhINGE IMILLICAL/C/ Mz
c THEAMAL CONDUCTIV(TY, |CC (MILLICAL/C/MM7S)
cu THERMAL COMDUCTIVITY. UNPROZEN SO1L [MILLICAL/C/MM/S]
oK INCREMENTAL NEave - { mm )
ot TIME STEP TMCREMENT { secawos |
. ers FRACYION OF IN-STTU WATER TYMAT ruuu\ .
[T TN MIN COBLING RATE, OTHWARWISE CALCS CONTINUE | C/mk ki
4 PAACTION UNFROTEN [N THME PANTLALLY PROZEN SETMEN?
rc STOPS CALCS WMEN STYEADY STATE (AniSTs 1f v:n{t
craOY TEMPEAATURL GRADIANT I C/mm )
HINT INTake weave - { )
\t HA TIme . (BT
nRe "0T*" im Woums 1wSTYAD OF sxcOwbs [T
c A TRICGER TIME FOR OUTPUT( [ I)l L L]
- € A TiME LIMITY . [ ST
< TOTAL HEaAvE \ I oo |
c - TRIGGER 7O USE & SINUSOILOAL TEMP. DISTAISUTION
c NUMBER OF SEGMENTS s
c R OF COMPLETELY UNFROIEN LENGTNS .
i suCTlow o p | METIRES N30 |
3 OVERBUROREN PRESSURE AT THE FROST FRONT 3
c INITIAL OVERSUADEN PRESSURE . }
c. UNPROIEN PERMEARILITY ]
€ UNPROIEN PEAMEASILITY OF SECOND WATERAIAL !
c POROSITY ;
c . LY AATE OF caot Ing 1
co ace LIMITTING RATR OF COOLINC | e/um )
c’ (14 SECRECATION POTENT)AL ( Mmeacz/icesy )
[4 Tc APPLLED COLD TEMPERATURG [ ceccrus |
c To OgLT4 Yamy . | stcowos }
c Ts SECREGATION FRENZIING YEMPERATURE { cavcrus )
[ TvoL .T0TAL voLume [T}
c ™ APPLIED WARM TEMPERATURE 1 ceLcrus
c Tel INIT1AL COLD TEMPERATURE ( CeLCius )
4 TCMAX MAKIMUM COLD S108 TEMP 708 SiNg TEMP OIST { CELCIUS )
[ wo HEAT FLOW { MitiLiwaTrs )
4 ) 2 FROZEN THICKNESS i s
c “s PROZEN ANOD MEAVEL NEIGHT . { mm )
c v InfFLOow veLoCHTY [ oea/g
c b UNFROZEN LENGTH (B
c v s IMITLAL UNPFROZEN LENGTH [ mm )
c* vz LENGTH OF MAT L WIith FPEAMUZ, 1IN SER1ES WiTh Pgamul
4 xw PACYOR OF 5P suRFaACle
4
bt -
c Y ) . .
REAL A12000),8(2000),.€(2000),0(2000/,4412000).87¢(2000,
. 0D(2000/.0V12001, 7842001 ,0WC(200+ . MI%00) HE1200"
REaL

VWAIH(IOQQ','CQLQI1DOOI,'0!10001,li)oOD.I'tzoﬁf,"12°°;
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. L
€ i i e. . - UNTER THE PARAMETEAS NECESSARY POR SOLUTION
c .
uv N1,DY RP8IL »
Jdw, er crn, cu,car,ca . .
:u nn.o 'I.NIL ' -
Tus, PEANY AMUR, 8AT" .
TCHAR .
. L1} ' N\
INLE uccjcun cut, 1o
an,wrp !
|} RiSLN 0\
' ,8010.0) .
3
. L300, 3) " .
] ’ 1 ] - -
1e [ 2)
£3 Y PORMAT(OF10.4) \ . v
1" 4 PORMAT(IF10.3) . -
" [
X WRITR(E, 08 zu IUS,.POR, BAT . BPS . CF CPR, CU,.PERMUY, PRRMUZ N1, TC .
1 (o, TCMANX, YW, wr, .
1 11} !onuvt'i'.ul.'nu 1MPUT ‘frox.
1" o INLR AL UNP LENBTH L T80.£10.4, ¢ Mu-
1 o/'.l 4 aTH I8 T80, P10 .4, bem:
" o/ 10 10, 700,P10.4
13 o/ v0f, OF SATURATION IN UNSAT. SOIL :',.T80,F10.4
e/ 100, "PHABE CHANGE FOR ', 780,700 4, OF INITIAL wWC'
/10K, *FASTEN YHERMAL :onu:fw 18 :°,ve0,F10.46, .
. 4 mulcnlcmn/t' Yy !
4710k, ‘PROZEN PRINGE THERMAL CONDUCTIVITY I8 :°, 780,840 4,
. © sLrrcalycmss ,
+/100, "UNFROZEN THERMAL CONDUCTIVITY 1S :°',T80,Pt10.4, .
. MILLICAL/C/MM/S"
*/ 104, "UNSATURATED SEAMRABILITY I8 :’,180,1P810.3,° wM/8’ . . ~
+/100, 'SATURATED PERAMRASILITY IS ', THo, 1PR1O.3,° mu/s" . '
¢/ 10X, *NUMEBER OF SEGMENTS :° ,T80.110 -
e/10K, ‘COLD s10E nnnnnun (*',T40,0PP10 .4, ¢ CELCIUS® 4
108, ‘SINVEDIDAL TR Te : oPP10.4, CELCIUS® ‘ .
+/ 10K, ‘WARM 310¢ TEM c, Fio. 4, CERLCIUS®
e/ 10K, ‘WATEN TASLE 13 , , MM BELOW THE SURFACE®
+/10K. *FACTOR OF SP-BU-RC SURFACE AS - *,T80,P10 45, '
c : N
c INITIAL NDOAL SNPARATION [ 4
D2szu /Ny
WRITE(S, $1)0T,02 [N . S
81 PORMAT(//, 10X, ‘THE TIME STEP 18 ' TBO F10.2, ' SECONOS" v
¢/10K, *THE MODE SEPARATION 18 ., TH, F10.4.° MM°) R
miITR(Y, 7777 ¢ : 4
B TTTT PORMAY(‘ 1) . N
¢ L
€. ....BETA® ALPHASDT/OXes2 WHERE ALPHASO2U/DXes2 o DU/ODT -
: h
. BETARDTICU/(PR*DI=CAY) . N
c e o o IMITIALIZE THE UNKNOWNS » s ass
SPeo.
PUIsO.
SRADTwo0. ' °
wso .
, Milreo.
OPFep .
c L......THERMAL CONDUCTIVITY OF ICE
N c{ro. 8 .
RCh3. ~ PR .
T sTC
ve0.000 __/
nReo. . .
Tingso.
TVvOLmO. : *
oPMso .
MiNTmoO B
Htep ! . . g S
T=3u - , ‘
Rwo . "
TPR1eO. B
TPR2= 0.
TPA3I® 110. Y
. v - >
rbnunn- : \
177 KQu
178 . LLTT] (\
179 Jon .
180 TPREZNL IM*0 1 . -
181 . -
182 WRITE(S,180) : v
182 180 FORMAT( 1" //.° . TiME Tc UNFROZEN PROZEN CODLING °,
184 «'sycTION 11 ar T INFLOW TOTAL INTAKE _ TDTAL -,
188 o' POWER'/18X,° LENGTH LENGTH RATE " 10X,  (MM=s2) * 9K,
188 4 VELOCITY VOLUME HEAvVE,
X . MEAVE /¢’ 148, " .

——— '
18 o/ (HR) ey (L) (M ) (C/mm) im n20) ( 8sC ) 4’/
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o (ETm)  ame/s) (ne) (o) R I L L
.

3

1000 TIMESTIMEDT ' .

s1o

613
s1

s12

soo

“Q.-..‘.'.l.ll'l‘l.l‘l!lllllll-".Il‘......-’ll".l.l.‘.llli“
. , ..
CALL .UY’UYHII.'G.I.I.IC.’..'."A.V.V,’V.l,nll"."'.')

‘ .

.
. SO0 N0IEENEIIN0CINENPNEIE00L0ITRININTUINDEEIsRIITEREST
TIMBRYIMG DY ’

IMe 1y

ex cu /
x S{(OYOCKeR.4TC)/(UPREPORITS.B))

NOSSQAT (X0%)

D=0 .00 POATEPBENO ’
TOTAL UNPROZEN LENETID,
IRTUIDN- XD

NYaDM / B l

[ L1 RREN]
1R} A
[ LB}
» ANITIALIZES SOLIL TEMP 10 Tw ity
oo 13 K
. mnnavw

»
FIRSY NODE SEYT YD 0 SeYCOLD
TEOLD{V)uTCsO . 8

TCOLDIR ) w0, ' R - .
v '

CECECEEEEEC(CtCC BREINNING OF THERE TIME LOOP ))2)332)332)23)3)332)))

HR=TIME/ 3800
.UNSTURAYED SOIL °

UNSATSZIU-ZUZNT
1FEN.GT . UNSAT) GO TO 18
PORSPORSATOSAT

‘G0 YO t9

PORSPOASAT ¢

sss 3 3 SOLVE FOR TEMPERATURES IN THE UNPROZEN SOIL =
NUMBER OF UNFROZIEN

NPe2/02
ADDITIONAL PRACTION OF & SEGMENY

fez/01-0p
T

. $RY BOUNDARY WODE TEMP. TO IERO
TWARM(N®1)s0 :
NO=N-t
YR
si1)
Clt)ieo. * g ’
Dt1)e2 SHETASTWS(2.-2. ¢BETAICTWARM( 1) *BETACTWARM(2) .

Do 14 Iv2, N8
+2, 0807A
Ta

O(I)aBETACTWARM(1-1)4(2 -2 .oBUTAISTWARM(])*BETAS YWARM([+1)

s(Niso. . v

TASP /(1. o0}
TACPETWARMINE S/ (1. 0P IviF-BRTA) STWARMIN}

NSNS NP R U E LRI NS SE SNSRI EITNITEETRNIt ROV NIERENNIRES
s .

CALL GAUSEL(A.B.C.0.M) ‘i
.

-
L Y R R P R N R R NS Y

-
Py SET WARM TEMPS TO Ci 1)
0O 18 1=y N
TWARM(1)aC( 1)
IP(NR.GE . 10} GO YO 812 - :
. WRITE TEMPS EVERY TP&A HOURS '0‘ TEN HOURS
IP(HA.GE . TP4) GO TO S10 *
0 To 800 i , .
TPasTPae2, ‘@
. WRITE WARM TEMPS EVERY TP& HJURR

WRITE(T . G11IMR, (TWARM{T) Izt K -
FORMAT(///° ELAPSED TIME =" F10.2,°' HOURS' //° TEMPERATUAES
+*10(/8F8 .2 PR

G0 Yo 800 -
IPINA.LT . TP6) GO TO 800 .
TPSaTPE o8O

- .. WRITE TEMPS EVERY TPL WOURS
G0 To €13 A .
.. UNMPROZEN. THERMAL GRADIENT OVER 1+ SEOMENTS
DERTUS ( TWARMI{N-1))/( (1 +F)1sD2)
STeXsZUMMT >

v .
COLD SIDE TENP POR SENUSDIDAL TEMP VARIATION \

3 .
(]
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IP(XRY. .07, 1) 80 YO 10 .
TCu(BIN(I. 18100MA/NAL)eTCIPXR)OTCL

..h TRANSPER YO 2% 1P MOAE THAN ONE SSEMENT IS FRADZEN

.8T) 48 10 12 ‘
07.2) 8010 186 @9 .
T.1) sedTO 23 . .

LIRBRY L]
4 ... PREZEN LENSTH OF PIRST SEGMENT
l'(l)'ll‘"(l’-lirl
c : ... PROTEN THEAMAL GRABIENY
DERTFANS(TC/OY (1))
[4 FROZAN PRINGE THERMAL GRADIENT ¢
ARADTSCPODEATF/CFR
[ b TRANBFER YO THN CONTINUITY CALCS
0 Yo so . E
4
c
. 22
-
»
. 21
DY(MISDToN(M)
[ . ~ . :
¢ o . .
[ LT :
oMoy, ' ' i
ooy /S V N
20 HE MM OHE (M- 1) e MIMM)
[

23 MBiV)eM()
WiIM)IBHT = NS (M)
DY{M)2DI+H(M)-F2D]
GapY(M)/DYiM=-1)

MPaN]-1-NP ~
IFimMe LE. .1 B0 TO 3 | '

L1114

Lig] KNl

n
7

810 TCOLOD(Net)mO.
00 28 =1 ¥rNK
00(3)eDYIL)IeDY (11}
- BT I 1)eCFeDT/CCAP=DOCT))

AACTISBT(I)®( (1. /DY (1Y) )et} /DYLI))) »
Telr/ovid
TCL)/0Y(1ey)
. 28 All)esAA(l)er.
Ci1)eo ; -
» D(11a(s2. 8@T(1)/DY(1))eTC-(AA(T1}-1. )8TCOLOI1)-Bh1) ¢ [LX¥ 3
IFI(NK.LE. 1) @O TO 37 -~ N
0O 27 Ie2,NK
27 O(I)w-ClI)oTCOLD(N-1)-({AA(T)=t )otCOLD(T}-B(1) BLD(Ie1) .
37 B(N)wo,

.
PETA FACTOR POR FROREN SO!IL

BUTAPS(CPeDY )/ (CAPSDY(N-1)20Y(N-1)) i

TArPeC . S -

ETAP*G/ (). ¢0C) .

TAP*GOTCOLD(N=-1}/(1.4C)*(G-RETAF ) TCOLDIN}

l.l.l.l.‘.lll.lll‘."I."t...‘-.‘."-l..l.l.l-ll.l.l-ll"ll.ll‘
LA . e
N CALL GAUSEL(A,.B.C,D,N}

LX) L X ]
(IS NIRRT RSN RENER TSRS ERRAN SRR NSRS NE R

ngn onn

00 28 I=1,N
28 ~ TCOLO(I)=C( ] . * g
IFINR.CE . 10.) GO TO T12
CIF(MRE GR . TPASR) GO TO Ti0
4o TO0 700
T10 TPAGCTPRG+2. .

c WRITE COLD TEMPERATURES
713 NREVREaNe) Y
WRITE(T,711)(TCOLD(NREVYRE-1),1=1,M} :
T1) PORMAT(8FS.2) °
S0 To 700
712 IP(MR.LT.TPRE) GO YO 700 N
TPRESTPRB4SO. AXN
80 To 713 \
e . o
¢ - ;
[ ' . FROZEN TM . GRADIENT
700 OERTYPuARS (TCOLDIN-1)/(DY(NIODY(N*1 )} . N
c ... PROIEN FRINGE THERMAL GRADIENT
CRADT=CPSORRTF/(SPaTY . E+CFR )
4 ) [
c
Go To so .
c .. FROZEN THERMAL GRADIENT
I DERTFaABE(TC/(OY(1I4DY(21)) N
37 c © ... rmozen FRINGE THERMAL GRAGIENT
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GRADTRCPSBERTYP/ (8P TS goCPR)

. [ | , .
c .
: .
€..........B0LVE FOR CONTINWITYY AT TNE INTERPACE AND CALCULATE NEAVE
80 NRCWBT/3000. .
lrtul 1 nltab . 10 1300 ' [
€) ™ 300 .
[ nunn PHS THESIS, (Re‘N. 4 14
TIO(BURTP e (250NSOPM) -0,
® 10 300
.67.2) 8o vo 1200
RCe3.®
300 oFMec.1/BERTP ) [
3 ... aeuivaramt sefmmamiLtry B
301 IF(Z.LE.2UZ) 8O YO
. PURMUSE/{((2- lUIl/PlIﬂu!b‘l!“l/’llnu!)) . B
: 80 YO 308
7 oans My PERMY2
398 s(11900. /
PO 470 Jisy, 0 -
c suCTion | » w30 |
N rPegidl)
14 suse oo sene *
c .
CALL SURP (POO, PO, .POS,P1, P2, P8, P10, 8P RC, AN, NS, PRI
c
c e e tee e s I E R R
XP(J1)mn
1IP(XP(1) . LE. 0. ) 80 TO .
WYZOWTSHTY-X N
I¥ (WPT2.87.0.10) @8, Y0
wiis 10
At gy atietxriatiegRADY POO SPEAMU/WTZ)Is 1 Eeod
JiJdaJdley
S1dldIeg (I3 ) et
470 conTiNuE . "
AP (9180,
€ ,
00 471 Jiwi,p .
1P(PY(JL).LT . 0.) CO YO 472
a1 coNTINUE
c N
472 ’l(!V(JI"l'IIJI)"'(Jl"’(Jl-}[)/("(.}i"|!-PV:JI)!
c ;
c LA R Y Y Y Y Y P Y PN Y N TR
[+ LI} .
CALL SURP (POO,PDI,POS,PY, P2,P8, P10, P, 8P AC, KX, NS, )
(4 T
[ 4 l.ll".l"l.ll..llll.l’.ll.llllll..I".lI'lI'II..'...“.I.l-llll.
c .
€. CALCULATE THE WATER FLUX AND FAOST FRONT PENETRATION RATS
€ )
¢ N9: GRADT DRRIVED FROM FROTEN THERMAL GRADIENT
481 VYEEPEGRADT
REORRTPF/DERTU P
c
c .
REuCU/(CF-(T79.808p))
c !
c
c LATENT NEAT POWER GAIN
We (CPeDERTP-CUSDERTU)sa . 1888
c
c GG YO 1500 FOR ANTAEATING FROST PAONT PMASE
IF(R.LE.RS) GO TO 1800
60 YO 480
453 vso
c ) ; .. LATENT MEAT POWER GAIN -
V-lc"ﬂll" CUSDERTU)I®4 | ]
Jos
c . INCREMENTAL FROST PENETRATYION
3
480 DXSDYe(CPSDRRTF-CUSORRTU-VsTS 6)/(EPSePOROTIS 8
c DXETIMESCNET POWER/AREA POR INSITU>/CINSITU LATENT MEAT/VOL) 1
IF(DX.LT.0.) GO TO 1800
c . \ . INC. INSTTU WEAvVE
DHEXSO. OBSEPSSPORCOX
[ . Ing INTRO. nEave
- DMINW?! OBEVaDT
[ ’ TOTAL INC NEAVSE
COMSOMEXSOMIN [
LALI RE4 1] N
[ TOTAL INTRD HEBAVE
HINTEMNINTSDONIN
c R [ 1% 14} INTRO WATER
DVOQLeVeDTRAREASO 1 ’
4 R TOYTAL I1MTRO WATEN
TYOL=TYOL*DYOL
[4 - UNFROZEN MEIGHT
Jez1-Bx
[N R FAOLEN NEIGNT

"NBIUSHT -2



.

an

LY,

N a0 nan

o

AN Anonn N nAan on

ann npn

o

L]

n

. \
. 4 ) ‘
1 ) . .
IF(RC.LT.0.) G0 TO 38
IP{RC.LE.RCC) GO TO 34
- a0 T0 38 .
341 xouskols)
1P(KOU.LE.2) 8O TO :p : -
, ... FRINGE ¢ UNFROZEN HEIGHT
(WB: UNFR. GRADIENT USED)

zs-:o«All(v-)/diuvu)

XSaXez-18 o oo

: .i. COMPLETELY FROZEN

38 IP(HR.GR.HAL) GO TO 1800

LP(NR.GE.110.) 80 TO 40 . -

IF(HR.GE:10.) €D TO 38

IP(NR.GE.TPR1) GO TO 34 . £
N : .y, ANOTHER TIME STR

80 70 1000 .

34 TPRISTARICO. 8 )

PRINT EVERY HALP-HOUR FOR

10 nu
l.llll..-‘lll'l.'..l. SusesguEsn
-
- LCALL UTPUT(HR,TC,2, X.RC,P, 8P, GRADT,V, TVOL, NINT, T, W}
L s
l.l.l..l.l.."..lil’l'l.l...llll-l..I..l.‘.‘.‘lllll.l.ll.'ll.l
IP(RC.LE.EPSIL) GO0 TO 1BOO ° -
8070 1000 3
36 1#(MR.GE.TPR2) GO TO 38
. o ' A+ AMOTHER TIME STEP
60 70 1000 :
38 TPRIZTPRI+S
. JPRINT EVERY HOUR APTER 10. HR
l.l.i.'."..llll‘.“.ll.llll.l....l'.lll.l..l APERABUNNERANSEN
.e e
EALL DUTPUT(HR.TE Z, X, RC,P, 5P, GRADT,V,TVOL HINT, HT, W)
(X} | ! ) ye
I.Il...l‘ SFDAERISTSCESOUFSERARS .’ll..l...l.!l sSesEes
I#(RC.LE.EPSIL) GO YO 1800 ’ : T
. . . AMOTHER TIME STEP
60 T0 1000 .
40 I (HA.GE.TPRI) GO 'TO 42, °
. : \ .. . THER TIME STEP
80 70 V000 . R :
42 TPR3sTPRI+BO .
empasERIS ASPESSANVESNLSIRESEVNRESES
LR ] . . . - s
CALL OUTPUT(NR, TC,2.X,RC, P, 8P, GRADT, ¥V, TYOL, HINT, HT W)
(1] L]
l.llll-l.l.‘.l.‘..l‘l-..llll-l‘ll.lltilllI‘l‘.'l‘bll."l"llll
IP(RC.LE.EPSIL) GO TO 1800
J.. ANCTMER TIME srgr
80 TO0 1000 . .
ll-Il.."ll..ll‘,ll‘.ill.’ [uo OF TIME I[NCREMENT =»
‘lll“\ll.ll".“‘l.l..l‘ sEsasesn
e -~ . e
1800 CALL OUTPUT(HR,TC,Z,X,RC,P.SP, cnﬂnr V.TYOL,HIKY, NT W)
LR ] [ 1]
l...!l.ll‘lDl.ll.l..ll-.tl.-.!.‘.ll‘.ll‘l.lll.lll.lll‘.ll.‘lll
WRiTE(S, 80)
ao PGIMAT(//.'RIYRIATIIG FROST: FRONT PHASE ) . !
L
..... PROST HEAVE DUR THE RETREATING FROST FRONT PHASE
IF(FB av.2) ¢o To 1808 .
[
o
. M . .
DT IMEnO . . )
WRITE(T,72) QH, VO, DYIME . :
72 PORMAT (8X, °OWs * ,F10.2,8X, 'VOu ", 1PEYOC.4,3X, ‘DTIMEa ‘,O0PF10.1)
nn-ttl-;lst?:»-zs/(cu YW - (EIaXS/CF) »
Neeum/ 4o, e
pPPE(28-2) /40
70 DNSDNSHE
ImTOOPE . B g
1Pi2.67.28) GO TO 32 .
TP (HR.GT . NRL) GO YO 32
DENTFRARBS(TC )/ (XS4DH) )
otnru-rw/z . . . v - -
EPFECTIVE Tnllnll':ﬂ"b#t?lV!T!
; CP[-(!IQQN)I(ll!/CFboqu/Clii4 . - g
IF(NR. BT, TIP) GD..TD 73 g
THERMAL K 7

R . INYJI’OLATI ON UNFR .
v CUNCUI* ((CUE~CUI e NR~ TI!D/YD)

GO 10 78
73 CuscuE £ " v

75 VS {DERTPICPE-(DERTUSCU)) /TS .6 .
1Fiv.ar. o) 80 °T0 T .
\ Veo. | . . N
'I| oTIne, ‘Nl/(l 083800 . n{VOeV) ) -

L

N



*

—

[

aan anonn

nho onn

n

DTIMESOTIMR4OT]
HARHR DT

LALLAR L]

MINTRNINTOHE

XeXeNE

OVOLuHEsAREA/10.0 N
TYOLesTYOL*DVOL

. CALL OUTPUT(NR,TC,2,X RC,P,.3P,QRADY,Y, 1'0& NINT NT . W)

-WRITE(T,772)08,V,DTIME

772

FORMAT(S
vosry

‘80,70

1808
1801

76
uulrlcu
FORMAT(//

WRITE(T,

K,'ONE ‘,F10.2,7X,°Vs °,

1801)
)

SIS FORMAT(‘1°//18X,*LENGTH OF
ciex,
.- *20X,

1802
¢ N

809
32

151

‘UNFROZEN 301L
‘ium)

DRe(1.-P)eDT "
DWC(M)ug? . 742m (M) /L (1. ~POR)SDR®2.7)
ZA(Y)m2ex DY) /2.

00 1802 1s2,M
CZA(I)ETA(T=1)-DY(L)

wRiTE(?,

sTOP
(LT

ﬁb---o.--uu-

1PR70.4,3X, *DTIME® *,0PP10.1)

‘4 STRADY TEMPERATURE BTATE HAS BREN REACHED™)

INCAUASE IN‘/
WATER CONTENT'/
(% DRY WRIGHY)'//)

UNFROZEN S01L LENGTHS AND WATRR COMTENT INCREASE

801) (ZAII),OWC(L), 181, M) SN
Fﬂlll?(!ll F10.2,10X,F10.2)

—

. -

l-----t-----g-n----.--.---.----l------nu--n--n.n--ttoc---t----

=

l-llIl"..-l"llll.ﬁ!tllllllll

¢

WRITE(S,
FORMAT(1Fs.3,
+ OP3IFE.3,F8.4)

RETURN
ND

REAL A{

IF(N.CT.

sesssassessmEns

UBROUTINE OUY’UT(NN,TC,Z.’.UC.P,I’,GIADT,V,TVOL,HINT.NT.WI
.

1%1) NI,TC.Z,K,lc,',l’,GR@DT.V.TVOU.NINT.N1.W .

{

SUBSROUTINE GAUSEL (A, B, C,0, N) .

l),l(l),:(!).b(l[

1) 6o 10 3

CINISD(NI/ALN) .

G0 TO 2

oo

All
bil
c(r

laN
C(lr=(D
IPLT,LE.
1sl-1

GD TO &

$PpO.

POO= 3.

t 1s2,N
IETYFRRY IR ERFEY X
)ﬂclll-nll-t)lct
)=o.

CiN¢1 )20

TI)-B(T)sClI+t))/ALT Y
|N GO YO 2

I-.-..-.-.".-'-.-.'I-.I'I'I...l..'.‘---.-‘....I.
trir.tT.8 1)7%0 TO 302

GO0 TO JOO
1F(r. LY. 2.

GO TO %32 ”,
-v--z 2/!

1Y/ACL-1)
11/A(1-%)

1F3.2,2°8.2,F8 4,F8.2,2X,1PE8.2,0PF8 . 4,1P010,12,

(3

llll‘l"lItl-l‘lll...ll‘lllll‘..l'l'.ll..ltl.l..ll...ll»ll'!.w‘:

[T [ I, e Ty \
ll‘lIllIlll."-ll..ll'lll.ll,l'l.l.lll.l..-.lII'II..‘II.‘I‘I'II.
am

gununurru: sua(('oo P01, PDS,PY,P2,PE P10, P, 5P, RC, XX, XS,

..

;THIS SUBROUTINE GIVEZS THME FUNCTIONAL AELATIONSHIP .

e -BETWEEN SP. PU. ANO THE RATE OF COOLING OF THE FRINGE o
. roﬁ“nlvuu LY WITH PEsO

L4 2



s

308

400
410
a8
s
ais

420

422

300

-POBO(S.=P)eY . T/2,
[ AL ]

‘conTinuE

- » .
“ ) “

FOIR(8.-P)e3. /8.
a0 Te 824

POOS (8. -P)s2. 38,0780 (3. 0)0ea,
pote( ye

o7230p - .08

1P(P.LT.0.) &8 10 830 -} ‘ .
Pieis. P)s2.2/2, . ’

PoOSm L. 10(l.-l)ll 2/4.8 ) 4
@0 To Jo08 = ’ . o
. .
PIa(7.38-P)010.9/7.38-(0.8e() . B-P)nn1.7) e
vo|-¢1 38-P)*10. /7. :l-co.lo1|.l-n)-o|.lv .

17(RC.LT.2.8) @0 To 4os ;
skeo. .

g0 To 300 .

1F(RC.LT.t.) GO TD 410

SPa2 1-040(2.8-RC)*P1O/1.8

g0 To 300 .
1P(RC.LY.0.8) GO YO 414 .

SPe2. H-04s(P1OC((1.-RCIS(PE-P16)/0.8))
G0 To 300 .

IFIRC.LT.0.2) 8D TO &14.

SPa2, B-042(PBOL(O . B-RE)S(P2-P8)/0.3))
go 10 300 . 8
IP(RC.LT.0.1) 0O TO a8 A4
3Pn2.8-045(P24((0. 2:RCIe(P1-P2)/0.

G0 TH Joo N
IF{RC.LT.C.08} GO TO &20 d
$Pe2 . 8-04%(POB+((RC-0 . 08)n(P1-PDS)/0.08)) v
g0 To 300 : B

IP(RC.LT.0.01) GO TO 422 B

SPe2. 2-08s(POVS(IRC-0. 01)=(POB-POII/0 04 })

g0 Yo 300 .

SPe2 R-Q4%(POO+(RCH{POI-POO}/O. 0V} ..
SPEXNESP . 4 :

PRESSURE DEPENCENT SP . e

».020/1000}+ PRI SRR %
(EXP(-8.98sPR)}) ' .

RETURN
END

140



N

INPUT FOR THE ONE DIMENSIONAL MODEL .

R N
- L}
R \ s
4 1920 . ¢ [ . .
] .318 .ess0e
)
. -9.78 ' s .
. ]
1 . N
1 -0. 30 YY) 830 1.0 .
’ se .o
‘ -
t‘: . » »
. U ’ ' . . .
" “} -
ouUTPUT FROM THE ONE
1
. “1 £ -

s SILTY 801 SPecisO wavan AT sumrace :
IHITIAL UNPROZEN LENGTH IS: .9000 MM
SATURATED LEWGTH 1§ [ .0000 WM

s POROSITY I8 : e.4800
DEGREE OF SATURATIQN IN unnv. o1t : °.1800

CHANGE FOR :
% THERMAL ce-wcnnvv 1§ 2K

oF 1NITIAL WC
© MILLICAL/C/MM/S

FROZEN FAINGE THERMAL CONOUCTIVITY I$ : NILLICAL/C/vm/S
; MILLICAL/C/MM/S
s
SATUNATED PRRMEABILITY. 13 /s
KUMBER OF SEGMENTS :
COLD SIDE TEMPERATURE : o cuLcius
SINUSOIDAL TE TeMaK . cELCIVS .
WARM $10€ TEMPIRATURE : . «.0000 CELCIUS : .
WATER TABLE I 50:.0000M4 BELOW THE SURPACE
PACTOR GF $P-SU-AC SURFPACE IS : 1.0000 .
N THE TIME sTRP IS : ) 1020.00 SECONRY
THE NODE SEPARATION IS ; 2% .0000 WM
' : ‘
. - . . N
TN TC - UNFROZEN FROZEM COOLING SUCTION se GRAD T INFLOW.  TOTAL  INTAKE TOTAL POWEM
. LENGTN LENGTR - RATE S (e sz) L ovELOCITY C voLumE MEAYE  WEAVE

(€ () te/mm)  (m WIB) ( SeC ) (C/vm) /s (M) (i ) () (MILLT W)
$000.00 ° ‘°0.0 0.0 s.0 ° ‘d.0 o.0 0.0

0.0 e.0 e.0 ‘0.8180
0.00 & 0 .008 ®. 1317
9.00 e .03 0.1184
e.01 1 0.081 ©0.1083.
0.01 1 0.011 0.1018
0.0 ©o.108 .
0.00 1.82r:03 °.133
0.00 1.908-03 o.188 ;
©.00 1
0.00 1 B -
‘0.00 1
©.00 1
©.00 1 .
©.00 1t

o.00 o4 sag- .l
6.00 “1.78a-03
0.00 | 788-03
©.00 1.78K-012
0,00 1Il-03

.. 0‘0!
o. 0884

|
0.00 1.7 0.0880
uu‘ :t 9.00 1 o470
.00 4871, 0.00° 1
cu'r..'l 0.00 .
®.00




1
1480.03 [ ]
18t0. 47 «t.00 0.0001
ll.' o3 *1.00 6.000%2
0.00012
0.0002

384.78° o.0002
380,03 0.0002°
384 .48 .0002
ano 2 .Qo02
0.00012
©0.0002
0.0002
0.00012
©0.00012
6.00012
0.0002
0.00012
0.00012
0.0002

2
®.0021 1\41:~o. 4.87¢

1,00, 0.000!1 9.0021 32.s4K-08 4.020 ©0.0033
-t.00 0.000! 0.0021° 2.428-086 < " 0.0032
-1.00 . 0.0001 0.0021 2.s0E-06 , 0.0032
-i.00 . 0.0001 0.0021 2.372-08 " 0.0032
«1.00 0.0001 0.0020 ©.0031
1,90 0.0001 0.0020 ©0.0031
*1.00 0.000! .0,0020 ©.0031

< ev.00 0.0001 0.00120 0.0031
T et.00 0.0001 0.0020 ©.0030

0.002¢
0.0029
0.0028
0.00128
0.0028
0.0022
0.0028
0.0027
0.0027
®.0027
0.0027
o.0027
0.0028
- 0.0028
6.0028
0.002¢
0.0028
0.0028
0.0028
o.0018
©.0028.
s

2.188-08
2.t42-00
2.128-08
2.118-08

©3410.20
3800.07
3st0.22
3880.08

-—-NNNNNRN

0.0024
0.0024s
0.002a
0.0024 ¢

° .
0.0001° ©.001¢ 84.872

3 4
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APPENDIX C.

~

‘Two Dimensionsl Model - Program, Input and Output.

P
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c.oll!llll.ll..-n-..otiill‘.nt:l."l.ll..'olnotcvl.llll C) .

¢

[ ] UNDER various [
C AND SBUNDARY CONDITY) TWE piINgNsION l'ﬂﬂl'llﬂll casa
[

¢

1" wov.
..l......l.l-.ll..'l ..ll'..0.'.........'.0'.-.-.lIl.l’l..lll.

‘DINENSION TR( 100 TILEYO8), CORRLIID) N

COMMBN /BLOCK/T, M, 07,0, 0ws . or
/OAR1/T812,12,300,10¢( Y. NTYPRI VS,
JBALRE/BENI12,12) ,WE(12, 18], SPNT( 1],
/OLKI/€1012,120,62002,12),63012,12
/BAKA/CHI12,13),C0013,13),C7012,12),
coMmen /otxilll'a.l:n.:«ua.l:n,uvvulucla 12
/BLKE/T(12,100),TBOL113,100)

1
2
3
L)
1]
(]
?
[
1]

) ,mir2)
), COND(IR, I
l(ll 1)

Cll‘l 12) .

2
2
), €
1,1
)

WO, ANOND, BSOND, COOND,DBOND, MALFT ,NETES, TEUILD
COMMON /BLKIO/STEPA(INE ), SYEPRI266) . STEPTIIEE)

COMMON /BLKI/LBOND,0O0N0L -

OATA TPANZ/32.0/.,C8ELL/30 o/ Juax, lnAl/i:

Cos . SOIL PROPILE AND O'IIYII! ({Two DlNlllanAt
[ LR ANALYSIS) BUBSCRIPYS (1 ,J) AND K OENOTING SPACE AND

Ceae Timg STEPS lll’lcvl'llv 1,d,K01,2,3
coo agaDts, 9 10
. ¢ Nl?ﬂ'll -NUMBER OF CELLS
[ 4 RTOTAL NU R OF LAYERS
[ N(JIeNyMD OF CELLS POR LAVER U . .
c ENITIALIZR THE NEAVE PRAGRAM .

nYTeo . \
READIS,10) NN, M, (NIJ), Jai1,M)

LLILICH
. TCTHICKNESS ) AND K(WIDTW) IN INCHES ' e
+ DEM(DRY DRNSITY) IN PCF
WCIWATER CONTENT) 1IN r;ucluv
00 101 Je 1, JMax
DO 101 s IMAX
101 ‘Nil,Jlep. 0
DO 110 JJut MmN : .
110 READIS, 11) O, 1 NTYPRIT,J), 200, 4), 000 ,4), 08N 08, ,d),WC(T,d) 4
TNt . - 5
CALL QUTCIN} : »
0O 113 Ja .M «
$1e1
(EX] IP(NEY],J).CE.0.01) GO YO 112
T1slley -
GO YO 111
112 MJIsNiJIel -
00 113 1 ail,mMy
AT TR T AT N
113 Xel,JisNts 9}/12.0 .
LA LR R A A N R N N Y N Y N Y Y Y Y R R AR AR ]
READ VOLUMETRIC WEAY AND THEAMAL CONDUCTIVITY OF ALl
CELLS WHICHKH ARE ASSUMED, VARIES LINEARLY WITHN TEMPERATURE
1.2, VOLUMERTRIC MEAT 2 CI1siTENPIeCE
CONDUCTIVITY aCJe(TEMP) o+Ca - .
B C1,C2,C3 AND C¢ ARE CONSTANTS . -
IQI..I‘II..!.I.!Illll“!lll!ll..!lllnllll'lllll.‘!'l.lll'l'l
VOLUMETRIC WNEAT IN STU/CUCY/F
THERMAL CONDUCTIVITY IN BTU/FT/NOUR/F
120 DO 121 jJueq MM . :
121 MQAD(S,18) J,1,C0¢0,90,C2¢0,J).C3t0,J1,Cacl,d) -~
INuy
CALL QuUT(IN) N
Ceasssavennnnsvrncnsvsssrvorsssjennunnnssrsasnnnns
I1CE FORMATION CHNARALTRRYSTICS
ASSUME THAY FOR EACH CRLL, THE PERCENT MOISTUAE FROZEN IS
AN EXPONENTIAL FUNCTION OF TEMPERATUARE,
PERCENT MOISTURE FROZEN 5 CH-EXP(CE=TEMP-CT)
WHEAE C8,C8 AND C7 ARE CONSTANTS
1 FOR UNXNOWN COSPFICIENTS {O8,C6,C)
D 2 FOR DATA TP BE FITTING INTO AN EXPONENTIAL FUNCTION o,
READ 2 FOR ORY CELL
c..l".l‘l'.l.'l..ll'!"Illlutll-Ull.l'l-llll‘IIl.l'llIl'..lllll.
130 DO 134 tJua1 MW .
CREADIS, 10 4, 1, tegil,
. 1censiéeit, o) -
S €O TO 1131,132,133), 1CEN
139 READIS 12) CH(1 40, €COCL, ), CYE1,I)
Go 1o, 134 ' -
132 CALL CURYEI(CSS ,C86.C77)
CSi1,91nCSS . . @
[ XRITIS ]
€7i1,d)18C7?
GO 10 134
133 CS(l.S)et .0
C8il,0180. 0
CYi1,J4100 0O
138 coNTINUE
tNe3
CALL OuUTi IN)
c‘-l'.'.l...-.....l..I...l"......l...llltnli".
c INITIAL CONDITION 701 ,J,03, 1, Jsv, 2
Cen AEAD ¢ FOR CONSTANTY TEMPERATURE
Cee READ 2 FOR KNOWN TEMPERATURES AY CEeYRE %Ff ALL CELLS

ann

nANNNANAan




)

Cll‘l.l.l‘l.l‘.l.l.'.‘--l.ll‘l.l‘..l‘.ﬁl..ll..ll.’!‘.....l'.l
200 RRAD(S,1t) INlY

1nss n ‘ .

80 T0 (210,220), INIY B
Cevesassccscsonanvsdonascancnenssvcscssnncnnus
€  T(1,J,1)mCOMSTANY FOR ALL CELLS
c---.--n-----.o--------...-n-.-'----o.----.-.-.o-.-i-..-------
210 READ(S,.12) TINIT ‘ >

00 213 Js1 .M

11wy .

KL IP(N(11,J).0K.0.1) @0 VO 212 '

Tisfley i B

80 10 %1
2112 NJeN(JIell=1

DO 213 1s11,NJ
213 T(1,Jd,V)eTINIT

DO 218 1s1,NM .

TIB(I)InTINEY
214 testit, i)evINGY

CaLL ouT(iN)

) 6o 10 300 . “ <
Cemenucasnossassnecrcucssoflecacsdcensanansanssnansannmenesan
¢ TEMPERATURES AT CENTERS OF ALL CRLLS GIVAN

c T(1,J,1) -~ TEMPERATUAE POR CHLL(I,
c TIB(1) ~- TEANPERYURE AT UPPRER DOUNDARY
[ TEBL(1, 1) - TEMPERATURE AT LOWER BOUNDARY
Ceevnresassnansnsacsessssosnisoscadscacntaagacannsnsnsnsnmesacas
120 00 223 Jys1 M-
11w, - ‘
221 1#(X(11,d).0R.0.1) G0 TO 222 . . [ ]
11elley '
6o Yo 221
- 222 NJeN(J)ell-)
223 RRAD(S ,14) (T(T,J,1), I=[1,NM)
L. READIS,164) (TIB(1), 1,09}
o,

.
(
READ(S, 14} (TOSL
| CALL OUT(IN) .
C'.'.I‘.'l-...‘ SEOSARPEREINS CSIFERESESIONECEOESRIEISENUSSIE ROV
Cse  TIME INCREMENT, DURATION OF FREEZING PERIOD
Ce=  THOUR - TOTAL PERIOD IN HOURS TO BE ANALYZND
‘Ces 07 - TIME INCREMENT IN NOURS
Ces  DYOUT - OUTPUT TIME INTERVAL IN HOURS
Cee  TOTAL - TOTAL TIME MAVE BEEN (OMPUTED
Cas  NDT - NUMBRR OF CELL REQUIRE SMALLER DT

Ces JY,IT,OTTH - LOCATION ANO TIME INCREMENT FOR CRLL “Il?lﬂlln
80 eIsmantsaaesEsenanstaastessinassssssscessesensnnnestnatossnnnes

300 ARAD(S,13) THOUR, DY DTOUY,TOTAL, DP, Nws
WRITE(S ,301) Nws DF

301 FOI"AT(///!I lﬂﬂﬂlPYN To WATII SOURCKE, ELEMENT NUMBERR THAT,

1220 HEAVE BRGINS AY IS i1, /1!,|'NDIP7N TO FOOYING 18,
°

WRITE(S,302) DT

tres . 20

302 FORMAY(////7/2% ,2IMINCREMENT OF TIME, OT s, F7.3,7H HOURS, IX,

1 l1nlllch1 FOR THOSE CELLS LISTRD roLLown T OANY )
00 321 Js1,
I1ay .
3o l'(l(ll,d).nl.o.lb G0 TO 130 ‘
11a]le 4 o
. GO 10 310 A
120 NJeN{J eIl =) )
00 321 1e11,MJ
3zt OFTHING!,J)seDT
READ(S,11) MDY
IF(NDT 0. 0) GO TO :no C oy
WRITE(S ,322) A
322 FORMAT(/8X,1HJ,3X, 1H1,&4X,2NDT)
00.330 1J=1,NDY -
READI(S, 18) JT;17,DTTH
OTTHIN(IT,JT)=OTTH
330 WRITE(S,331) JT,I7,DTTh .
©331 FORMAT(3X,214,P3.3) .
340  CALL MOURIDT,CELL, THOUR,TOTAL, LYIHI TIME)
LYIMESLTING
K?nTlII/DT‘! ° .

.

PR
Lo

I..l.l'll..l.l'.ll..ll..l‘. sses

UNDARY CONDITIONS, T(1,0,X) OF TB(K), K=1,62,

Cse . READ V' FOR CONSTANT .

Cs» - READ 2 FOR ALGEBRAIC PUNCTION .

Cesm READ 3 FOR TRYLGONOMETAIC FUNCTION y

. &P FuUNCTION

s ST AEFIN SIS SEINITIRNNTSANTEUNESD

400 READ(S , 1) IBOND

- 1ues . -
G0 T0(410,430, 420

TG eerecmesscacracans e

0,480}, 180ND

T T(O, TIME)=CONSTANT FOR ALL TNE TiMmE

:.....-...-...--.--.-....................................:.......

410 RRAD(S ,12) BOND

00 411 K=l KT .
a4 TBI(K)*BOND

CALL OUT(1IN)

Go T0 80O

N

c T(O,TIME)SASES TIMRGCOITIMESS 24D T MR
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‘.' -d----n---o-.o-c--.o--no--u-r..-------.o--oo---sa---.--
G 0,000MD, COOND ,080KND,UNIT START .
f .
(1] ) .
'

TO(K)SABONDCRREND RRT /UNITSCROND» (OBT/UNIT)ne240B0KD
- 1 (OBY/UNIT)nel .
ag 28700 Y eDY . . f ’

° L oUYIIN) . At
T L] . .

Croace . ceasss seemna cesescasccsrscasanennn
3 T(0,TIME) NIPISKT/T) & @eCOS(PIOKT/Y),
3 WHERS T IS ONE HALF PERIOD IN TIME SCALR
[ KT 18 THE TIME AT INTERVAL K
Creccecanrencstosossomnervonnacsnnosoanacstrarrcsarrar s e uns
430 REAS(S.10) ABOND,PBON0, UNIT START HALPY

907 RY

TOTALSSTARY

. PO 431 KXs \

TPIs3. 141 (DDT/UNIY)/HALPY

TR(K)»32-(ABOND®SIN(TPI)+BBONDCOBI(TPS)) e
[} 1] DDYSPOY DY

CALL OUT(IN) . [N

g0 Yo soo0

BOUNCARY -+ T{O,TIME)eA, TuTO TO ToT1, T(O,YIMR}eP,
1 YO Tev2. . .... TIO,TIME)=N, TeT(N-1) YO THTN

11} NsTRP
ARAD(S, 12} (STEPA(L) STEPS(I) STRPT(I), l=i, NSTRP)
READ(S, 12) UNIT, START
DO 441 e}, NSTYRP
SYEPA(1)aSYRPA( T )OUNIT
(Y} ST (1)e8TEPR(T)SUNIT i
CALL OUT(IN)
DDTSSTARNT .
TOTAL*STARY .
let .
DO 464 Ks) KT
4“2 IF(ODT . GR.BTEPA(I) . AND . DOT.LT . STEPN(I)) GO TO 443
Imger
g0 1O 2
- 443 TH(R)eRTEPT (1)
saa DOTHOOTVOT
G0 TO 80O - -
480 READ(S, 18) ASOND,BEOND,UNIT, STARY HALFY
READ(S, 18) NHEAY, TEUILD
ODTSSTART -
TOTAL®STARTY

(3
(DDT/UNIT)/HALPY
TH(K)s 32.0-(ABONDSSIN(YPI))
as DDTE0DTOT
CALL OUT(IN) .
CON NS0 0NN N RIS NRITANICEREIREoRERRINEARTENAsENENssaREsIssRasERREY
CORANCTION BOUNDARY VALUNES POR AIR-GROUND INTEAFACH
4 IS FEIE RN RS NNRR R AR RN RN AN R RS R RA R R R A NN R Y RESRYE]
8500  READ(S,14) (CORR(I}, Is1, um) AN
© DO BYO K=}, KT
DO 8§10 131, MM
. IPI{TB(K).LE.32.0) TOB(I K)®32.0-(32,0-THIK)ISCORR(T)
s10 IP(TRIK).GT.32.0) TODI] K)®32.06(TH(K}1-32.0)9(2.0-CORR(]))
WRITE(S, 811) WM, (CORR(I), Lwi, NM)
(1R FORMAT(/ 1X,37THCORRECTION FACTOR FOR BOUNDARY VALUES,
1 28M FOR AIR GROUND INTERPACE s, 2X,TNtlw=y,, 12,tH)/14P8.2)
1P (180ND.NE.S) GO TO 800
00 812 xX=3,KY
DO 812 Is1, NUEAT .
"2 TOB(1, K )uTBYILD : - . .
CINSSSINNIIFEREICRUSS RECIBEERENSEERESAARESEINSSIESESSINTRRITSES
Cos SPECIFY LOWER BOUNDARY CONDITION
cew READ 1| FOR CONSTANY : "
(11 READ 2 POR PERFECT INSULATION
READ 3 POR RATURE SAME AS BOUNDARY LAYER
FIED TEMPERATURE N

[
(Y1) READ(S,11) LOOMD
Ineg
GO TO(810,820,830,840), LBOND
1o CALL -QUT(IN) ) *,

€0 To 7po A,
€20 CALL ouT(INITTT
Go Yo Y00
$30  CALL DUT(IN)
o To 700

s40 READIS,12) SONDL . !
CALL ouT(Im) i
Crimsst o P IsER ISR UIEER RN ISP ANRES ORI IS RENSIRUSEIRNSRPEISRIOERIRS
CALCULATING TEMPERATUR AT VARIES CELLS
BN S AN IET SIS AIINIRCIEINEEINTEEDS

Liit=sy, LT IME
IP(LLL . Q. 1 . AND . TOTAL .EQ.0.0) GO TO 730
IFCLLL .40, 1) 8D TO YOS
DG 703 JsiI .M
N Iist R
101 IP(x(11,J).060.0.1).60 TO0 702 -
l1atiet
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-*
188 a0 Yo 701 .
287 702 NJwH(JIeiL-)
288 o3 1s11,0d . ,
289 702 ,l.u.n-nl.a.nv) .
. 200 0 704 1o, MM
2
192 04 [T
193 R TOLINIETOL(R
208 ) REMAINS THOUR - TRTAL
11 IP(REMAIN.GT.TIME) G0 YO 7oO8 .
208 TIMBOREMALN
287 KYsTIMR/DY*1 .0
208 KYRUKY -1
208 708  DOTATOYAL
300 80 T0(706,708,710,712,1713), [80ND
301 700 00 707 kel KY R
30 107 TR (RjemOND
30 e 10 730 | .
308 00 DO 708 Ke),K¥
308 Y'(R)lAlD!DOilGIDODDYIUNIVO:!OID-109'/0“!7)1-16 onps e
108 t (ODT/UNIT)esS %5 :
307 708 0DTapOYeDT ' .
308 . -
, 300 710 r
310 DOT/UNIT)/HALPY
M TO(K)II2-(ANUNOSSIN(TPI)+BROKDACASITPI A, .
312 T DOTEDDTeOT °
313 80 10 T10 - '
3ts 1712 00 1714 Kmi, KT ]
31 por/untr)/ullery
318 TH(K)®I2- LABONDSSIN(TPL)+BBONDSCOS(TPI} )
319 1714 QDTSODT+OT ; ,
3te ‘S0 To 730, . .
3te 712 ey O ' .
120 BLL}) v ——
321 70O 718 K=t KT .
322 713 irbor.of. STEPA(1) . AND.ODT. LK. ltlrn<|») Go Te T1a
323 (lempey ,
128 ‘80 TO 713 . .
328 BIK)InSTEPT(]) : B
320 ‘\lwtln;10.|n IKK= ) .
327 . IReIK's i k
328 718 - DDYaDDY+OT !
329 730 DO 721 Xei KT ;
330 DO 121 ls1,NM ! -
331 TF(TB(K) . LE.32.0) TOB(I.K)e32.0-(32.0-T8(K))SCORR (I}
332 731 MIF(TB(K).GY.32.0) THB(1,K)#32 04(TR(K}-32.0}2(2.0- CoRR(I))
133 17 (INOND.NE.S) GO TO 740
334 : 80 722 %81 ,KT .
° 338 DO 722 1s1, NHEAT
3zs 7212 TRO(],.K)=TBUILD
337 8o 10 740
338 C-*+nesamecccnectnsdecsennnsecsnorsmmoroassrovoreasaranssmssrmnansnmn
339 3 TEMPERATURE IMMEDIATELY AFTER THE PAOCESS STARTYS IS TAKEN a
340 “E + TO SBE THE AVERAGE OF INITIAL AND SOUNOARY CONOITIONS .
"' :------ L R R L I I R R I R LI IR IR SRR AP R 1
342 730 DO T3t 1%, NM
343 731 TOB(1,.1)=(TIDLE)+TON(], 1)) /2.0
344 Ceroccemacsrecacmocenseounonsnsancnmtsnsssmanssntintemtonmocanusamesuen =as
348 C  WRAITE INITIAL TEMPERATURES |
348 [ IR e R R R .
247 740  OTXaTOTAL
348 IF(LLL.NE. 1) ‘GO TO 741 . .
T KKao \ o
CALL OUTPUT(KK,NM,TOTAL,DTOUT, TB) i
asy 181 K1 /
742 DO 788 Js1 M ‘ " C
11a9
743 IF(X(11,J).60.0.1) GO TO 744 -
11aile1 .
Go Y0 743 . i e
744 NJmN{Jd)IeTL~1 . . 3 -

DO 788 1s1I,NJ )

IP(WC(1,J).0.0.0) GO YO 748

IF(T(I,J,K).GE. TFREZ) PARTFa0. 0 :

IF(T(I,3,K).LT.TPREZ) PARTPu (CE (1, J)-EXP(COLL,JIeT(],J,K) .
1 eC7(1, ) 1) /100.0 -

GO TO 748

748  PARTFs0.0

748 PERTUR1.O-PARTF

Ceccovcncsonasoneoncrscessascansssascenaasoansscassassosncosanans

C ° COMPUTE VOLUMETRIC WEAT . ¢

780 SPRTUL  JISYHITII,J,K),Q101,3),C2(1,4),088(),J) ,WC(],J), PARTF,
1 PARTY)

€ COMPUTE THERMAL COMDUCTIVITY
Cevmservoraccarsoscsnasarncscssnesnosonsesacsacoscnanccsasonuosaonen
780 COMD(I ,J)BTCIT(L,J,K) CI(1,J),CO01,J),0DRN(1,J) WC(L J) PARTYF,

1 PARTU) ' ’
< CHECK STOP FOR NEGATIVE OR ZERO YOLUMETRIC HEAT AND
< THERMAL CONDUCTIVITY

IF(SPHTI(1,J).LR.0.0} GO TO 741

IF(COND(1.J).LE. 0.0} GO TO 7Ig
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» . ' R 2
,
. 4 A\
88 YO 708
781 WRITE(S,783) 4.1 .
ves ronnuvtll// 20, 39MNEBATIVE SR IGRO VOLUMETRIC NBAT, CHECK N
TRPUT, ((R13, 84 CHLL))
703, wRitE(e,704) 4,1 . 4
788 PORMAT(////,3X,30NNEEATIVE SR IERO THEAMAL CONDUCTIVITY,
V1SN CHEEK INPUT, 1M{,313,8H CRLL))
aves - :
ML .
[ COMPUTE TEMP AT LOWER SSUNDARY ACCORDING TO cirigo cowo ~
Cevcecsvssrcunnesvscoansssonsncs R I I R N N )
170 o TR (771,773,778,777), LBOWD
7 772 101,
772 LOE, Kot 1nTBBLIT, 1)
Y0 800
773 0 17a |-|,mﬂ‘
774 1ll§|l.l0l)l'( LK) .
80 to e00 .
778 00 778 (et WM «
7TT6 TESL(D,KeV)aT(], M, K)
80 10 se0
797 DO 778 Iet W
778 "tadiil.xevienonoL &
C-----~~--'“----------“----“-------------'-----------'-------
3 COMPUTR TEMPERATUAE SY CALLING CORRESPONDING SURROUTINE
c ACCORDING YO CALCULATEC RELATIVE QGRADIENT, D .
€rrrcesarsnnssconceneansucenssaceccsacsansraaginanonassonsnansem s
s00 00 870 us1 .M
: .t :
(11 IP(X(11,J).60.0.1) GO 7O 822
1isllen !
o T0 811 .
21 ML IFII I X . .
‘ 0 8%0 1e11, uu ’ 3
TTYPReNTYPA(L, .,
80 T0D(801,802, noa 804,808,808,807, uou 809,810,811,812,8%3,814,
9 ste.aie) 1TYRE
: 801 T CALL GRABITIL, dot K}, T(I=1,d, K}, TE1, J, K1, TC101,d,K),T(1,d4¢1,K) N .
t  ,COMB(1.u-1),.COMO(T+~1,J),COND(I, ), CONBIIs1,J), CONDIT,Jot), i .
1 201,910 , 201, d1, 200, e 0) . XCh=1,3b.R(1,d),XC168,4),0D)

P

80 TO &30 ° .
so1 CALL ORAD(TII, J-1,K),T(Y,d,K), T
1 CONDI(1,J-1),COND(I,J),CONDKS,
2OT01, 080 TCE, ), 20T, %), K0T,
a0 T0 &30
s03 CALL GRADIT(1,J-1,K), T(l=1,4,K),7(L,4, 1.4, ,TCT, 008, KD,
)} COND(1,9-11,CONDIT-1,9),C0ND(I,J),E0 41, COND(T, J*1),
IR IR IR I T I T X(1,4),60)
8o TO. sae0 ) . .
so04 CALL GRADITEB(, K),Y(I-1,0,K), Y1 ,J,K), Y11, J,K), 061, de1,K),
! 1.0,CONDI(I=-1,J),CONDIf, J),CONDIT®L,J),COND(I,usY),
2 0.0,2(1,d),2(8,d¢1),X(11,99,%¢ ) RE11,J),60)
6o to 830
sos CALL GRADCTORCI, K), TC1,y,KY, TC1, 0, K) T01®1,d,K},T(1,de1,K},
Y 1.0,CONDLT,J),QO0MND(1, ), CONDIT®T, J), CONDIT, Je1),
2 0.0,2(1,d), 203, V211, 005,0),%(1,4),X01%1,4),6D)
6o te s3o0
sos CALL GRADC(YDOIU],K)
1 1.0,CONDILI~Y, J),
2°0.0,2(1,4),2(1,J¢
6o To 830
807 - CALL GRAD(TEN(1,K), T(I-1,J,K),T(1,J,K),TBR(11,K) YU, de1,K),
1 1.0,COND(1-1,J),CO0ND(T,d),1.0,CONDCT Je1),
2 0.0,2(1,J1,2¢1,J%1),X41-1,9),X(1,J),0.0,00)
Go Tto 830
sos CALL GRAD(TCL
1. ,COND(L,J-1
2 2(1,4-1),2¢
GO TO 830 R
sos CALL GRAD(T(I, J=1,K),T(1,J,K),T01,J,K),T(1ey, J,x),rnlt(1.x), .
1 _COMD(1,J-1),COND(], J),Colbtl J),COND(1%1,J),1.0,
2 T, LT, d50.0, 0401 ,4), lh).NIu.u.u» o - .
Go 1o 830 .
s10 CALL GRAD(TII,J=1,K),T(8-1,J,K),T(3,J,K),Y(1,d,K}, THOL(T,X) :
1 COMD(L,u-1).COND(I-1,d),EOND(T,J).CONDIT,d). 4.0,
T 201, 30),200,9),0.0,K(1-1,4),X(1,3),%X(1,J).60) .
¥ g3 10 a30
811 CALL GRADCTEO() X)), T(I-1,J,K), T(1,9,K),T(3e1,0,K), THOLLT, X),
t 1.0,CO0ND(1-1,J),COND(L,J), CONDI(L+1 J),1.0, N
2 0.0,2(1,4),0.0,X(1-1,4d),X(1,J),%X(1+1,J),6D)
. go TO 830 -

(1o, J,K), T(1,d¢1,K)},
*1,J),C0ND(], 41,
X(l1et,J),80)

TOI-1,J,K), 70, d,K), 700 ,4.K)},T(],9¢1,K),
ND(1,J),COND{T,J), CONDI],Je1),
YL RET-1,4),X01,3),X(1,4),60)

1 KL, TUT-1,J,K),701,4,K),T(1+1,J,K},TBBLIL,K)
},COND(T-1,4),C0N0(1,4) CONDIL*T1,4),1.0,
1,d),0.0,X02-1,4),X11,J),XK{T1¢%,9),60)

1,
),
1,4

812  CALL GRADCTBBIL XK), Til1-1,0,%),T(1,J,K),F41,0,K),TOBL(T,K), “
1 1.0,COND(T-1,J),C0M0(2,J),CONDI(1,4),1.0, |
2 0.0, ZX(1,J),0.0,X{I-1,4) X(],Jd),%(1,J).G60D)
a0 TO 830 . .
413 CALL Ello('ll(l.K).T(l,J.K).Y(‘,J,K).T.l(l’!,x),?(l.d‘!,l),
1 1.0,COND(1.J),C0ND(L,J4),1.0,CONDI(], ue1),
2 0.0,2(1,0),2(1,Jet) ,X11,J),X(1,3),0.0,08D)
60 TO'a3zo : ‘ e
814  CALL GRAD(T(I U=, K}, T{T=1,J,K) , TUI , J,K), TOB(I®1,K),T(I, d¢1,K)
1 LCONDII, J+1),CONDII-1,J),COND(], J),1.0,CONDI(T, Jbl) .
2 (1 ,d°1) 200,403,248, %1}, X(1-1,4),%(},J},0.0,GD}



a0 Te s3e ,
(1] ] CALL GRAB(TYOB (L, K),TOB(1-1,K) ,T(1,J,K), Vi1t ,J, R}, YU, d01,K),
1 1.0,1.0,COND(1,J),CONDI1I®1,0), CONBIL,do),
2 0.0,3(1.4),2(1,409),0.0,0(1,J4),0(11,4),60)
50 Te 830 v
se CALL GRAD(TYOBI L, K), TOO(I-1, k), (), J,R), T(8,J.K),T00,d00,K),
1 1.0,1.0,COND(1, ). CONDIL,J),COND(L,Je)
2 0.0,2(1,J)(2(1 WYY, 0.0,X(1,4),0(1,4) ,a0)
s30 paasp
IP(OYTHINGI,J) . NE.DT) €0 TO 840
1P(0.67.0.00001) 80 TO0 880
IP(D.LY.+0.00001) 0Q YO as0
T, 9, Re1)0T7(2,4d,K)
.0 t0 8%
840  NDTSOT/OYTHIN(L,J)*0.01
. TIRST(L,d,K)
CALL BTYRO(ITYPR, TUK, TT NDT)
YU, J.Ke0)0TY
. 20 to 70 i
. 8480 TIRET{L,d,K) \ 4 ‘
INSYLEY :
4 CALL WARM(ITYPE,TUK,TT, InBUL)
TU1,d,Ke1)uTY "
a0 To 870 .
o TJROT(), 0,.K) ol
INSULSe
CALL COOLIITYPR,TUK, VT'l!luL)
T(L,J,Ke1)mTYY
coNTIn
sSusaRSEns l.....l‘.l-‘ll...lll.ll.l-ll‘l".l"-.llll..lll'..
Ce» WRITE OUTPUY .
Cl...l..‘..lll.l‘ll.l-l'll.ll.l.“l.'.ll'l.ll.l'l'lllt.l.llll.tl.‘l
900 KKERKe1 '
' CALL OUTPUT(KK, MM DTK.DTOUT,TB)
IF(K.GE.XKTK) GO TO 801
KaK+) -
GO TO 742
TOTALETOTALOTIME
coNTINUE

[ .

[
t FORMAT

Cevresmtncssascancanamunmsansanans T

] FORMAT (18A4) . .
10 FaEMAT(tTIS)
1" PORMAT (318 ,4F10.4)
12 FORMAT(IF10.8)
13 FORMAT(SP10.64,118)
18 FORMAT (12P6.2)
1] PORMAT (238 .47 10.4) » ‘ .
18 PORMAY.(3F10.4) -
18 PORMAT (IS, P10 4) N

aND .
c . v %
c
c

SUBRBUTINE CURVE(C, AA, 80}

OIMENSION X(18), Y(18), A(100), 81100) .

T READ(S,11) N ~\

Pe0 . 000001
READ(S,12) (X401}, ¥il), 1m0, M}
READ(E, 12} »C .

2 Al1)m0. 28 T ’
8i1)e-4.0

3 K=

100 FeO.
GO,
Faso . -
FReO. , *
GAmO .
Ghso.
o0 10t I=1 .M
RSEXPIA(K)*X (T} oD (K))
PaPoiY(l)-Coll)o(X(])oR)
GuG+(Y(I)-Cel )0
FASPASX(L)o(X(T)EY(1)OF-X{])eBsC*2 OsX{])oRoare];
PBaFBeN{( )0 (Y(1)oE-CoR¢2.08R202)

101

DELTAs (G2PD Flll)lﬂ @
EPS 1w (PoCA-GeFA)/D
A(RFI)SBA(K)*DELTA
I(K0|)II|KDOIPII

° TIF{(ERAA.LE.P . AND SARB.LE . P) GO TD 102
103 Kexe

6o TO 100 ‘
102
ea=BiKX)
1t FORMAL(IS)
13 PORMAT(2F10.4)
RETURN .
. END ~
c
3

[

*
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|

INEITRINTE

REAL uoa K22,K38,K21,K29

Yis(Y33-722)7(23/K380X2/023)

v:l\van-v||)/(:|/u:nox|/-n:: . '
(R}

-(VlIffl!)/ll!IIUQOIJAll
723-721)/(N2/K2BONI/R2
08 (TIaT2)/TRO(TITAI/NA
agrTuRN

anp

n
%

SUBROUTINGE STYRDEITYPN, TUR, TTT NOT)
COMMBN /BLOCK/L,J K, M, DT O, WWE, DTK ), 0P
COMMON /BLK1/T(12,12,30),10(180),NTVYPRY
COMMON /BLRI/ORNI1IE, 13) ,WE(13,13),8PNTY ()
COMMEN /BLKA/CB(12 ,|t;,&l(|1 120, :11|:,|
COMMEN JBALRS/N(18,18),2(03,13), DV'MIN!!I
COMMON /BLKS/TBR(1T,100), TROL (12, 100)
1NBULa2
17 (ABS{D).8T 0.00001) 60 10 to
TYYOYLL, 4, ,K) '
RETUAN -
10 17(0.87. 5 00001} JDe1 .
1P(0.LT %0.00001) JDu2
00 11 NYMIN®1 NOT
1P{JD. HO. 1) CALL WARM(ITYPE TJUK,TT, INSUL) Py . :
1P(J0.80.2) CALL COOL(ITYPE, YUK, TT INSUL)
Txaty
80 70(101,102,103,104.108,108.107, 106,108,110, 111,112,113,114
11N, 01e), 1TYRR
tot CALL GRADIT(L, W1, ,K) , Til=1,J,K), TdR, T(1o1,4,R),T(,d¢1,K) »
1 CONBIL,J-1),C08B(1~1,0),CONDI1,J),CONDITOY, J4), CONDIT, 1),
2 xn..:-n.nl..n.nl..un).x(x-n..u,:qx,.un.l('u,.a»,cnl
Go Ya 130
102 CALL GRADIY(I,J=1,K),T(1,J,K) ,TIK,TE1eY, 0, K}, 701, d¢1,K), . '
1 CONDI(1,u-1),CONDLIY, J) CONDI(T J),CONDIIeT,J) CONDIT Jo1),
2T, 05, T, 200 I 1), 000,400,800 ,J) ,X(201,J},80)

i) .
coMNpt1a,12) h '

2,12},
1,13).,
2),1cet12,v )
. )

oA
o
),
12

G0 To 120 . «
103 €ALL GRADITII,J-1,K),T(1-1,d,%), YJK.Y(I,J,II,Y(I.J‘!.K).
V' CONDUT,J+1),CONO(T~1,J),COND(], J), CONDIT,d),CONDLT, Us1), L . oo S
22O, P1), 300,40, 200, 9¢10) , XK(1- 4).:(1,4) X(1,4),80) - : ’ -
a0 To t20
104 CALL GRAD(TOB(I.K), V(191 ,0,K), TIK, 7(|~| d KDY, TUL, a%1 ,K),
1 1.0,COMDI1-1,J),COND(L,J},COND(Ie1,s) RBNDIT, Jo1),

s 2 0.0.TU1,0). 201,060 KE1-1,3),K41,9), l(v~c J),80)
. Go To 120 .
108 CALL GRAD(TOB(I K}, T(1,J,K) TIK, TE141,0,K),¥(1,J81.K),
[ |.o.CDID(I.J).C°lD(l,JD.:0“01IO!,JD,CO“D(I,JO!),
2 0.0,241,J),20(1,0¢1);:000,J),X¢1,d),X(1+1,4),86D)

80 TO0 t20 . R
108 CALL SRAD(TOS(1, l),Y(l-l.J,ll YUK, TCL,0,K), TUL,J01,K),
v .©,COMD(I~1,J),COMD(L,J) COND(T, ). CONDII, Jol), "
2 0 0,2(1,J4}, ltl.40|) l(f-!.J).l(l.J).l(l.Jl.ﬁD) -
G0 YO 120
107 :ALL BRADITOR(I,K), 1 (T-1,4.K), Tk, TBR(I+1,K),T(1,J01,K),
] .0, C0ND(1-1,J) CONDI(I,J),1.0,.COND(E, 0y,
2 o.o,!(!.Jl.!(l.JO|),l(l-|.J),I(I,J).°.°1HD)
G0 To 120 ol
108 CALL OGRADET(I,J=1,K) T(I-1,J,K),TIR,T1H&1,4,K), ll (l.Ki
l COND(1,0-1), COMDII1-1,0),COMDIT,J).CONDITSY,d), 1.
CTORI-1D, 201, 40,00, K(1<1,0) ,X(1,3),%41e1,37, Dl
& 80 TOo 120
1o CALL OGRADIT(I, J-1,K), T(1,J,K),TJRG;Y(I®1,J,K),TBOLI(T K},

Y COND(I,J-1),COND(I,J),COND(L,J), COMD(L®1,J),1
2 201,910, 205,3),0.0,X(1,4),X(1,4),K(1s1,J),GD) -
Go TO 120 .
110 CALL ORAD(T(Y, J-1,K), T(I-1,J,K),TuK,T(1J,K), TROL(T, K},
1 COMD(I,J-1) ,COND(I~1,J),L0MD(I,J) CONB(T,J), 1
2 201,9-1),201,4),0.0,X(1~1,4),X(1,J),%(1,J),GD)
00 Yo 120 ) .
1 CALL GRAD(TSB(I, K),T(I-1,J, K}, TIK,Til®o1,J,K), TOBL(I,K)
1 1.0,CONDUI=1, N CONDILIU), COND(L®1,U),1.0,
2 0.0,2(1,4),0.0,X(11,J),K(1,J1,X(141,J),GD)

G0 Y0 120
2 ‘CALL GRAD(TOB(I K),T(I-1,4,K),TuK,T(1, J K),TOOL (1, K),
1 .0, CONDB(T-1,4), COID(I J),CQND(I Ji,t. 0,
2 0 ©,24(1,4),0.0, l(l'\ )L X1, a, l\l J)'GD)
G0 Yo 120
13 CILL GRAD(TBO(I ,K),T(),J,K) , TIK, TBB(1+1,K), T{TI Jge1 K)
] -9, CDID(I J),CONDC(TY J) , 8. 0 COMD(I, us1), .
2 0 o.1(1, L2010, J0|),l(l. JALL,d),0.0, 00) . -
G0 Y0 120

t1a CALL GRADIT(I,J 71l-!,J,K),YJK,YIllI".K).T(I.JOi.K),
1 COlD!I.J-!),CO'G(I-‘ J),COND(1,4),1.0,CONDIT,ust),
2 M01,d-10,2¢1,9) ,20(8,J21),X¢1-1,9),%(1,J4),0.0,60)
a0 Y0 120 -




11

tae

LILX,]

30

10

101

102

101

108

108

v CALL OIRECT(T(I,J4-1,K)

1
2
3

1
2
3

1
2
3

2.

3
1
2
3

1
2
3

1
2
3

Gllk llll1'.l(l K),TOOIT-%, K}, TuR, Tiloy, u,K
.60 (l v, Countiter, o), C.l’ll Jo
4,200, J‘l) e.0, I(I.JI Ao,

N

O ll
e Te 130
CALL SRAG(TED(L K )., TBS'(]
1.0,1.0,con0(1,J),Cou0
0.0,8(1,3),2(1,J0%1),0,
s0 1O 120 .
0D=@0
IFCARS (D).
contINUE
TITeTY
nEYURN

BLLTRAANC I 1N
JCONBLL, Jdev),

1 R)
{t1.9)
e Nt ,J) MUY, Jd) B0

\1.0.00001) 80 10 20 -

SUPROUTING WARM(ITYPE, TJUK,TTT, INSUL)
.or
[ 4

COMMON
cCoMMOoN
comMon

/OLOCEK/1,J,K M 0T D, NWE, DYKY
JBARI/TE12,12,3€),100180) , 87 1
/BLKZ/0RN(12,12), WE1)3,12) 8PNTY (Y
/BLK4/CH (12 l.tli\l.!!) cri1a,1
/BLRS/N(12, IR WS E oYYHINIIE
JOLRB/TYRBY ooi.v!ltca! 100!
OAYTA TrRUEX,.P/3%2.0, 'l,0t/!.4.o/
s 0

12
1),
1)

2,
1
2

0.0) 0 Y0 Yo

IF(TJn . GE.TFREZ) GO TO 1&

MLSQLSOEN(L,J)eWC (1, ) /8PNTE] J}/100. 0

ENPW (EB(1,J)-UXP(COLL, J)I0VIRSCY (I, 1)) /100

DYPe(SPHTI],J)e (TPREZ- v;qu.nx-:-'u;/«z 0eD)

IP(INSUL . @G.1) GO YO &

IPIOYP-OTTHIN(L,J)) 20,30, 40

1P(DTP-0T )24y 30,40

TTTeYPREZ

agruan

IP{INSUL RO. V) DT3eDY

1P(INSUL.B0.2) DT2aDTTHIN(L, U} "

GO TO1101,102,103,104,108,108, 107,
118,118, 1TYPE - 4

CALL DIRRCTIT(L,Jd-1.K),
CONDB(1,J-1),CONBIT-1.J),CONDI1, 01, CONDLI
2L, a-0), 1(1.4).1!!,J0|).l(l'l,Ji,lll.J
SPHT(1,J4),072,TT)

Go To 120

108, 108

TUI=1,Jd, 08, TuK, Tide

AR
COND{1,J 1), CONDI(L, U}
TOL,J9°1) , 248,40, 2141
SPHT(I,4), 072,77

G0 T0 t20

CALL DIRECYIYT(I J ), Tel-
COND(],.w-1),COND(I-1 4
241,910,248 ,4),211
SPHUTIL,J) . D12, 7T

G0 TO 120

CALL DIRECT(TBO(I,

oOND(1-1,4
©.0,201,J4},211
SPUT(L,J)
Ge Yo 120
[ 191 Dlllc'('ll(l x), v
. 1

J.K)
.CONDI(]
UL AR NI CANEINS NI RN E Y X
o
LUK
i,CGlD(l.J

R T T TR ]

), COND(],J
LA R]
.0v2,77)

).COIOil'l
PR LI R I |

on
Y ki,

V.0,COMD(1,J),CONDI
©.0,2(1,4), I(I,JO|)
SPHT(1,J),072,TT)

a¢ YO 120

CALL DIRNCTI(TRO(I K)
1.0,COND(I~1,0) CONDI(T, 4
0.0,20(1,J),2(1,J01)
SPHT(1,4),0T2,TT)

G0 YO 120

CALL CIRECTITSB(I K)

1.0,CQMO(T-1,J) ,CONDCT, J1, 1

0.0,201, 41, 2(3,J01) X(1-1, 4

SPHT(I,J).DT2,TT)

G0 To 120

CALL DIRECT(Y(I,u=1,Kk)
,COMD(1,J-1) COND(L-1,4),CONDI(T J)
T(1,d-1),201,0),0.0,0(1-4,9)
SPHT(I,J),DT2,TT)

o to 1320 , -

CALL DIRECT(T(I, -1,k TI
CONO(1,4-1),COMD(] J), CONDIL,J)
TO1,9-13,20(1,9).,6.0,%¢1,4),001,3
SPHT(1,J4),072,7T)

Go TO 120

CALL DIRRCTIT(I,u
COMD(I,J-1),COMOIT~1 U} couo I,
AL, d-1),201,3),0.0.X08-1.3) %4 ,4
SPHT(I,J),0T2,7T)

G0 TO 120

CALL DIRECY(YSM(I,X)
1.06,COMDHI =1, J)
0.0,2(1,4),
SPNT(I,

COIOllO! J).COIDI

(.. K1, TIR Tl U, K
A
N, d),xil J).l&lo!

RN S SRV S BN R X R
V,EOND(I.J),CONDC

SAET-1,3) X0 J) UL, Y

LTI -1, 3,60
o,COoNDII

v, R, U000,

AR KRNI ]
,conptl
LR, 9

€

J, R,

1,k , TEE-Y, 0, l) AR

“D(l

LTHE-
.COND(T 4
0.0, K(1~1,4)
J4),072,7T)

LKD) L TR, TUT e
), CONDiIeT Uy )
R IRIITE T3 K3 INNEIN

\ .
LI XE X I 9
J),CONBELet, J

LYK, YL L9,
) ,CONMDIL, 9

. . ) 4 -
P, TOL=0, 0, k0, TK, v.:’@fa.

T T R I

STUK TBB(TeY K
L),

LTIR T,

TUR , TElet, u,
LCOND (T )
TR RIS

J.

. d,
o,

Y.

J),.80)

T,

.
LK)

.

1014,

K,

k),
o,

}, T

RITE
). CONDI

), CoND(]
VoL, J)

1,Jd00,

Jet Ry,

1,112,112

AR IANLE]

J.

CARIN 3
LA N
4,

Til,Je1 K},

Ldey,
H
Ti1,d%9,K)

Jer)

1,Jdet ),

l Jer),

),y

1,449, K0, N

1,Je0) o

)

K}
)

K,
(]

l(I.J)

Kt

¢, K}
*1.9
R R R BN

T, %1,k

~

LTORKiT X))
y,1 0,

CTYOBLOT Ry,

TEOLI] K,
o,

LTBSLOL K,

LN
J).CONDC(] e
[ XK I



)

112

113

1

102
¥

103

‘|°l

107

Edd
CALL. DINECT(TRBI

V.. CONB(T-1,d),
0.0.3(1,4),0.0,X
sentil, ), 0va, 77

[ {31 ] f‘O

94 -

cALL DIIICY(TDI(I %),T
1

1.0,60M0(1;4),COND1
9.9, l(l.J).l(l.JOI)
SFNY(I +1,0T3,TT)

W Yo 120

CALL DIRBCYSY(I,d=1,K), T(Io1,d,), TIKATOR(IOI, K),T(L 401, KD, C -

COND(L,d-1), GOHD 1e

®),TOBL(Y, K]},

’ v
VL TUK, TEREEe1, KD, YR, J61.K),
o, COND(I,J%1),
LX(1,3),0.0, .

|.J).Clﬂbl 1.0, COND(I Jer),

AL, l) l(l J), (Hﬁu‘l),l(l'I,Jl l(i J) 0.0, R L

I'NY(X ﬁ),ﬂ'l TT)

80 T8 120

ot
2

1
2
.3
'

-2
3

1
e 2
3

cALL Dlllﬂ?(fl‘ll.l).?ll(l
1.0,1.0,C0M0(1,4),COND(]

0'0 21,V 208, J’i)
(., J).ﬂY! ?T)
129

.I(l WYLl JOl)
G0 Y0 120
TTTarY

TP (M. NE.D) 8O TO 7O
(1310 )
IFCINSHL . R0. 1) DTRwDT-
IP(INSUL.BQ.2) DTZeDTTHINIL, J)-DTP y

TJKSTPFREL
80 T0 11 ‘
IF{INBUL.RO. 1) DT2=OT

CIFLINSYL RO 2) DTASOTTHINCT, JI
ol
- ap To 11

TABETT

olllt?fflo(l X),Tes(1-
6.=onn(l.a).countl

-t, x) TJn Tilet,Jd,K), (I, d%1, K.
01.4) COND(I,Je1),
0.0,X(L', ), l(10|.J).

)

TR TOL, 0, KD TOE, 0K T adet KD,

J),COND (T, de1}; % , .
0.0, K{T,d), XUITS), 8PHT(1,9),072,T7) o

AR

orTe.

. R : -

IIPKIIIP(Cltl J)‘TJKO¢7(I.J))IIOO -]

TInTJK~ 100, u-r

EXPKISEXNP(CB (], J)eT1CI(1,4))/100.0
TYTRTI<(T1~ T‘lOHL'(lIPl!-Il’K))/(!<°0NL'CI(! Jl‘llPl!)'

1P(AUS(TTI T1) LE.P) RETURN' o . .
Yiapry i

g0 1o so .

N0 : ‘ S

lUllOUTl‘i Cﬂng(iTVPl

COMMON /BLOCK/i,Jd,K,M,
comlion /BLK1/Y(12,12,30), 1011801, NTYPE
/BLK2/0RNC12,12) ,WEI12 .12}, SPHT

COMMON
COMMON /PLKS/CB( YR, 12
COMMON " /BLKS /%(112,12)
COMMON

[ 1IN

-l'(Wbll.J)ulOwo.D)‘lo
IF(TJK.LE. . TFREZ) GO T
*TJK) /2. 02D}

DTPuSPHT (], J)e({TEREL
IFCINSUL.RO. 1) GO 1O

IP(OTF-DTTHIN{]1,4)) 20,850,110

1P (OTF-DT] 30,80, 10"
TYTeTPREL .

RETURN .

IFCINSUL. RO, 1) oT:-pv
IF(INSUL.RO.2) OT2sDT
G0 TO(101,102,103,104

118, 1180, 1TVRE
CALL DIKEET(T(1,J-1,K)

cCoND(], - LCOMD (]~
241,41}, )20
T 3

SPHT(I J}, 2,7T)

To 13
ciiu nllch(T(l FERN 3
COND(1,J-1),GONDI(I,
01,9500, 201,90,2¢1
SPRT(I,4),DT2,TT)
Q0 Y0 120
CALL DIMECT(T(I,d=1,K
COND(I,J-1),COND(T>
ZO1, 900,201,490, 201
SPHT(I, 41, n?z 131
6o TO 120
CALL DIRNCT(TRO(1,.X);
1.0,COND(CI=1,J),CON
0.0,T11,4) 201,401},
SENTI(I, u),nr: ™
G0 0 126 -
CALL nlllt?(fll(! LN
1.0,COND(T,J),EQND Y
vo.o.zw.d).le. 1)
SPHT(1,J).072,1TT)
S0 TO Y20
CALL DIRECT(TOO(I, K}
1.0,COND(E-1,J) . E0
OB (1,01, 2(L, i)
sPr o, d), ov: ™)
60 Yo 120
caxi ulllCT(Tlidl.K)
’ A .

JTUL-1,0,K), TUK,

“TIR,TTT ,  INSUL)

/ILKCIYII(!I 100}, TEBL (12,100}

07,0, Nws, 07K, Defd ;
T12, 120, M 12)
(12,32),COND( 1R, 1
).C8(12, 12),CT(12,12), 1CE(12,12)
L2012, 12), 0TTHINC12,¥2) - . .
YOATA TPREI;P/32.0,0. oon/, ALY : ) -
‘ T0 10 S . T v ’
o 20 o K

THINCL, O ) - . ”
,|°U.l°l |°1,h§j.|°l.||o,1l!,|\2{\13.|\4;

,TII'I.J.K).TJK,T(IO!,J:K),T(I.J".K).
1,J),CONO(1,J),CONDII*1,J) CONDI(T,J%1),
CAARNE S0 RRIVE IS ST IRNE NS Y5 E 2 BRVE N

l.T(l.J.K).TJK TEI*et,Jd,K1,T(1, J;l K,
JIYCOND (T, y),COND(I%1,4), coug(x.uov) .
CLERIS TN PRI IS T5 St A0S X8 EX N .

N ;

D.Y(l-l KDL TR, TOL, 0K, T, de 1K,
1547, COMDBIT, J),COND(I.J),CONDIT,us1) .
Uo|n XCTo1, 90, K00, 0, X1, a0, .

o X . > *

TOTo1,d, K] TOK,TOIO1, 3, KD, T(I, e 1K), - . .
OU1,J) EONDIIvi,J) COND(M Js1],

¢I'|.J),X(I.J).l(l01.d). ; *

‘ . . : .
TU1,U.K) TR, TOI+1, TN I
1.4),CONDCTISY,d), couﬁ(l ae 1), r
RS TUE TSI TR et -
| \ . O
T, (KD TR, YT, 9, K, TOE, a0 kY,

] Jl CDID(I J),CD'D(I JQ\)
,X(l" 4, l(l Jy, 1,9,

BRI+l K}, TL,d¢1,K);



. ' A N
= ) ’
+ . N .
] V. 1.,0,C0MD(11,J),CONDCI,Jd),1.0,C0804T,001),
©.0.3(1,d),2(1,d01),N(1"1,d},% 1I.J).o o,
1 SPHTY(1,J),0T72, 7 N )
80 Yo 120
108 CALL Dlll:?(?(l.d-l.l).T(l-‘.J.K).YJK Tleq, J.K) TORLUL,K),
1 CONP{1,d~1),COND(E1,d),COND(T, J),COND(T®1,J), 0.0,
| 2 T(L, 910, 208,4),0.0, 0010, 0], 01, 3), K¢Be1,d), i "
3 SPNT(1,d},DT2,TD)
6D Te 120 - .
108 CALL BIRECTIT(I,U=1,K),T(1,J,K), TIK, TAIo1,9,K), TOBLIT, K},
1 COND(1,J=1),COND(],J),COMD(1,J),COND(Tet,d},1.0, E
2 T{L,d-1),201,J1,0.0,X(1,J) ,X(1,0).X(Lei,0), :
3. SPHY(1,J),DT2,TT)
G0 TD 130 T : 2
110 CALL DIRBETIT(L,J°1,K), T(1=1,J,K),TJK,T(1,4,K},T8BL(]
t com (I.J-|D.COUD(l-|.Jﬂ,tﬂlbti.d).?ﬂubtl.J),|.o, »
2 M1,d°1),201,4),0.0,X01-1,9),%01,d},%(1,4);
8 3 SPHT(1,J),DT2,TY)
: 80 to 120 »
" CALL DIRNCT(T@S(!,K),Y(I-1,0,%),TJK, T(141,4,K),TRBL(L,K),
1 1.0,COND(I-1,J),COND(1,J),CONDII¢1,J),1. 0, [
. 2 :0.0,2(1,d),0.0,X(1-1,d4), XL, J),N(Te1,0), . . . »
. 3 SPHT(1,d),072,TT) . . .

80 to0 120 e : .

112 CALL DIRECT(TEO(I,K),T{T-1,d,K),TIK,T(1,J,K] TRALIT, K)

. ' 1.0,C0NP(1-1,4),COND(I,J},CONDIE,J), 1.0, ' "
2 0.0,201,d),0.0,X(1~1,4),K(1,d),%(8,4), "
3 _SPHT(1,J),072,TT) .

. .
89 10 120 - .
113 CALL DIRECTITON(I.K),TC1,3,K), TIK TRBIIe1,K),Ti1,001.K),
1 1.0,C0NDt1,J), CPND{1,J), 1.03COND(T, ur1),
2 0.0,2(1,J),TCH,¢8), X(1,d},X(1,9),0.0,
1 SPNT(1,0),072,1T) .
60. 19 130 . N ‘
198 CALL DIREETIT(L, 0=t KD, T(1-1,d, K1, YUK, TORCI41,K), T(1,de1

)

Ky,

. 1\ COMD(1,d+1),CONB(I~1,J},CONDIT,J),1.0,E0MDLT,Jet),
“ 2 2(1,901),201,4),201,391),K(E+1,d),X01,3),0
3 SPMT(1,4),DT2,TT) e
80 TO0 120 )
118 CALL DIREGT(TORII,K) TEB(EI- 1K), TIK, TLI01,d,K), Tl do1,K),
'\ 1,0,1.0,C0ND(1,J),CONDII%1 U}, CONDCL, Jé1),
4 0.0,2(1,J),211,d441),0.0,X01LJ), X(1e1,4
3 SPHT(1,3),0672. AN
a0 ro 120
196 . CALL PDIRECT(TEB(1.K) TRB(T-1, R}, TJK, T(I,J,K),TC1,de1,K)
. Y 1:0,1.0,COND(], J).conntl J) L EOND(T Jet),
2 0.0,2(1,4),2(1,0841,0.0,%01.\),0(1,d),
3 ERNT(I,3),072,TT)
. g0 Y0 120 .
120 TYTaTT '
17 (MMM . WE.0) GO TO TO
. RETURN - 5\ .
20 IPLINSUL.RO. 1L} nv:-or 4
: IPCINSUL . EQ.2% OT2mOTTHIN(L,J)
TI®TUK =100, 08P .
G0 -TO &0 «
30 IF(INSUL.EQ.1) DT22DT-OTF
1P (INBUL. 80.2) DTZeDTTHINCL,J)-0T -~ .
TIKRTPREZ - s
. TINTPFRE2-100.0sp . \ : ’ .
WO MM MM | by
AN TIRI N \ '
10 TABIYT
NL CeDEN(I Jrewe(T, JD/IPNT(I,J)/'O .0 “
«EXP(CH{1,J)9TIKeCT(1,41/100.0 .
a0 lxrx|-lur(cl(x J1eTPeCT(1,4))/100,0
TTTATI: (T 1-TABSHLS (EXPK1-BKPK} )/ (1. OWHLECO (1,01 =8XPK 1)
> 1F(ARSITTT-T1) . LE.#) RETURN . ' -
' TiateT : 4 : . : :
GO TO- 80 ¢ .
L1
sulnouvlul Dl!lc117|z T21,722,723,132 g|z X21.K22,K23.K32,
.| 21,212 X1,X2,X3,8PHT, DT, TTT)
L2 eSS R

..‘..'-.‘.-.-.'-- ssen

EoMPUTING TH TURE FOR THE CRLL. WITHOUT INVOLYING WEAT

“Ces .GENERATION OR ABSORBTION . .

Cl'llv......l.‘ t-t.n-nll-.-l-----------'cuui\-‘-llu.-------.uu-. -
REAL K12, K31 ,K22,K23,K32 - '\; : Lo

ABaz. 0e0TsEPNT/T2 A ' \ S{‘ ‘ :

AB123/K32 ) .
AB2072/K22 Vo ’ § . ) '* .
ABIZT /K12 \ _ b S LI
COw2.08DT/SPNT/X2 N { :
CD1sx3/x23 N " . x
co2sy2/K22 . ;
cna-ztlxn . ) .ﬂ‘:: \

: AWAB/ LABYOAR2) o - : y

! SuAB/FLAB2+ARY} : - i

CecD/(CDYI*Ch2) : ’ \

DaCD/(CD24CO3) -

TYTale (T32-122)-80(T22- rnz)‘cstrz: rzz)zoa(ﬂz: “T21)re722

ne funn . . \

ND ' Sk

FUNCTION YA(T . A,0,DEN,WC,PARTF PARTU)




1033

1034

‘toas

. 1038

1037
tols
1039
1040
1041
1042
1943

foss

N

Cosssssosesne

Cos COMPUTING VOLUMETRIC HEAY OF THE CHELL AT sracIr

Cos TAMREAATURES AND AMOUNT OF WATER FROZEN .

c-------.---o-----o---..----------;----.--o--dqpo----.- sessesse
DATA EPHTW,BPHNT1/1.0,0.48/ ) r

IP(WC.R0.0.0} GO TO 1 L4 )

‘JN‘."‘"DI“'!UCI|0° °)“IPN"N"AI'UQIP‘HQI"AI‘I‘F) ‘-ﬁ?'

YNeR 3

Iriv,67.32.0) VNQA

RETURN

\ . YHsAsTel ' ' -

Il$0) '
and .t
T FUNCTION TC(T,A. D WC,PARTF  PARTU) .
s [ X sEsERsBENERRERS
COMPUTING THERMAL CONDUCTIVITY OF THE CRLL AT : *
Cas SPRCIFIRD TEMPERATURE AND AMOUNT OF WATER FROZ
 CEYI RSNSOI TN RIS GtIE USRI ANSEIINIRERERNORNIERS
DATA TCW,TC1/0.348,1.288/,8PWT7/2.70/
1F(WC.R¢.0.0) BO TO 1 . b BN
CoDEN/SPWT . .
DuDENeWE/100.0 ~

1 /(C'DD'(At?’l)‘ﬂ/(ﬁ‘b)l(YCIlPAlTP‘TCWIPAITU)
¢ T
[4 l’(f LY.32) TCc=a
RETURN : .
1 TCuAsTeg ° . o
YRETURN L .
END .
l“llﬂ\l'l’lll NOUI(IH CELL, THOUR,TOTAL I.YIMI TiME)
Ce - ssasssesar
(4]
.c.‘. AASENSSERNRNSISARERNGUSS
S ITIMReDTVsCELL/24.0
TIMEn ITIME®24

IPCTIME.LT.24.0) TIMEsDTsCELL o
TOURETHOUR - TOTAL

NOAY=TOUR/24.0 "

ll‘lol-?ﬂul"tﬂ‘?(uﬁl')lil ° o
WRITE(S, TOUR, NOAY , NHOUR ¥

1 Pﬂlll?(//!l QOMTGTAL OURARTION OF TIME =,F7.1,8H HOURS =, 14,
1 8N DAYS AND, I3,8H HOURS) S
RETURN '

- END \
BROUTINE OUTPUT(KK,NM,DTK, BTOUT, TB)
'll..llllll..l.l '..Il‘!‘ll.'
Ces  WRITE OUTFUT
c.ll.'l.lll..llll.lllllll.-ﬁl-lI'llltlvlll-.l‘I‘..lllllllllllll...
. OIMENSION TB(100)
’ COMMON /BLOCK/I,J,K,M,D7,0,NWS,0DTK ), DF
COMMON /BLK1/T(12, 12,30).100180) , NTYPE(12,12) ,N{12)
COMMON /BLKS/X(12,12),2(12,12),DTTHINI12Z,12)
COMMON /BLKE/TBB(12,100),T88L(12,100) :
IP{KK.80.0) GO YO 100 - -
DTReDTKDT .
‘DTKI. ' -
IP(OYK.LT.DTOUT) RETURN
OUTEDTK/DTOUX
LOUTEDTK/DTOUT#0. 001
IF(ADS(OUT-FLOAT (LOUT)).GT.0.001) RETURN

WATTR(8,87) BTK,TR(K®1)
. o TO 30 ’
100 Km0 L . : i
. WRITE(S,82) OTK,TR(K+1) '
30 WRITE(S 81) (1,181, MNM) .
0o llll . N
> IP(NtI1) 'er.0.1) GO To ssse . L
“ coNTINUE . v

889 NJEN{1)el] -
ﬂofvouu 102,103,104,108,108,107,108,108,110,110),11

101 (s121) ire [N ITI R M TN : , L
" 102 u nﬁ)‘“‘ﬂ'nin K+, 122,80} @
103 CUTRETI,Ke1), 123, NJ) ) ‘
tos % (TRBUL. KM ), Ima. KT ) 3 B
ro8 (TEBII.K+1), 1e8. NJ) ) y

WRITH(S,128) (TRE(I.K¢1), 1s8,NJ)

@0 v0 3 - ¢ -
WRITR(S,127) (TRBUI Ke1), 187 ,NJ)
G0-.70 13
108 WRITR(S,128) (TBR(I K1), Is8,NJ)
Go YO 3 E
109 WRITE(S,129). (TRE(I.Ke1), 108,NJ)
a0 T0 3 . :
1 C WRITE(S,130) (TBR(I.K¢1), 1810,KJ) .
GO0 Yo 3 ' ' : . “ .
12 PORMAT (1X, T4HUPPER BOUNDARY, 2X,14F8.2) “ .
12 FORMAT (1X, 14HUPPER BOUNDARY, 8X,13P8.2) Py N ?
% ) *

»
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NNN = -

xaics

N=OWRJIS

« N W

133 PORMAT (1X, ISHUPPER BOUNDARY, VAKX, (3PS,

- 124 FORMAT ( 1X, 14MUPPER BOUNDARY, 20K, 11768,

128 PORMATY (1X, 14NUPPER
130 PORMAT (1N, VANU
127 FORMAT(IX, VAN
128 PORMAT(1X, V4N

BOUNGARY, 20X,
SOUNDARY, 33X,
GUNDARY 38X,
OUNDARY

120 FORMAT{ 1K, 14MU OUNDARY
130 PORMAT (1%, VANUPPERR BOUNDARY
3 00 10 Jm1 M
1le1 R
s tPix(it,d).08.0.1) 80 10 4
1inlley .
G0 T0 8
4 NamN{J)ell-y : '

IP(NJ. LY. NM) GO TO 20

10F6 .2

148, 140,

GO TO (141, 142,143,164,148, 188, 147, 189,11
181 WRITR(O 18110, (TC(1, 0, Ke1), 500, 04}, TiNJ, 0 KoV
60 TO 10 : ) R
162 WRITR(S, 18100, TBB(), K1), (T, 0, Ke1), 102, MJ),TINJ, U, K1)
6o Y0 10 :
163 wnltltl 183)I TRRIZ, K1), V1,0 Ke1), JR3,NI) UMY, doKo 1)
T
184 w!l?l(l.l.t)dﬂflltl Ke1), (TU1,9,Ke1), fﬁn,na),rtnu.a.xoyn .
G0 Y0 10 .
148 WRITE(S,188)J,TEB{4, K41), (T, K1), 1w, MU}, TINJ, I, k01D
60 T0 10

148 WRITR(S ,188)J,TBRIS, Ibil.GY(l,J l0|)

[ °

147 wIlYI(C.|l7)ﬂ,fl|(l,l0|).tT(l,J.K0|b.

%o T0 1o -

148 WRITEAS, 168)J, THB (T, Kot ), (TH], J,Ke1),
g0 10 10

140 qnlvl(o

llllJ,Tl 8, Ket), (TLL, J Kel),

T
180 WI!VI(.
8o To |°
20 NIBNI*Y
IP(J. LT . M)
IP(J. RO M)
(1] 1

|1°IJ;V.I(!.K‘|D.(V(I,J.Ktl).

NIaN(Je 1)
N2sNM
1,182,183,184,

188,188,187,
te) M),

FORMAT (3, SHLAYER 13, 84K,
WRITE(S 88} (TOBLEI X+1), 1ei, NM)

18, M), TN, J, Ko 1)

luv,-qr,vtug,a,xo\)

&I.l,udl,V(lJ.Jtu0|>‘

lll,IJ),Tl.J.J.K'1)

1810, 84) , VINJ,J,K*V)

v
8,100).11

181 WRITH(S ,181)J,(T(1,J,Ke1), (TOR(NY Ke1) NWRNT N2)
182 TOB(1, K1), (T(1,J,Ke1), 182, NJ),
. NNaN1,N2) .
182 TEBIZ,Ke1), (TE),Jd.Ket), lu3 NJ),
NNeNY , NZ) .
i 3 "
184 TRB(3 K1), (Y(l.}:KQI), Tea, N,
NMEN1,N2) : -
188 BE) I, TEBIALKeT), 4TCI, . Ke1), 1@8,NJ), ¢
1 CTRBONN, Kel), NWaNi, N2) ' . *
GO YO 10 . S .
188 TEB(S K1), (TH1,J,Ke1), 1=8 NJ),
’ TNNENY N2 . .
- 187 TBB(S K1), (T, J,Re1}, 12T NJ),
NNBN1 N2) . : .
) G0 TO 10 .
188¢ LI88) S, TRB(T Ket), (T(I,J. K1), I1ud NJ),
CHN, Ke 1), NNoN1,N2) C
g0 10 10
189 WRITE(S,180) 4, TOB(O Me1), (TU1,J,Ke1), ImQ NJ),
1 O (TBR(NN,Ke1), NNENY, W2)
40 To 10 - " .
180 WRITE(S,170) o, TEB(®,K+41), (T(1,4,Ke1), 1m10, NI, :
1 (TEB (NN, Ke1), MNENI NZ).
G0 TO 1o
10 coNTINUE
104 PORMAT (3X, SHLAYER , 13, 8X, 18F8.2)
183 FORMAT (X, SHLAYER, 13, 12X, . 5,
184 FORMAT (3K, SHLAYER .13, 18X, .
tes FORMAT (IX,SHLAYER, 13, 24X, .
108 FORMAT (3X, SHLAYER', 13,30X,
PORMAT (3X, SHLAYER 13, ,368X,
FORMAT (3K, SHLAYER ,13,42X, .
FORMAT (3X, SHLAYER, 13, 48K, . ey .

%t - PORMAT.(/18X,1818) - : .
82 °  PORMAT(IML, 10X, 1SHTIME AT THIS STEPe F8.2,6H HRS , -
1 10K, TeMAIR TEMPERATURES, FE.2) Coe,
s FORMATI 1%, 14HLOWRR ZSOUNDARY , 2X, 18P 6 . 2) 5 ‘
7 FORMAY (/7// 10K, 1GNTIME AT THIS STEPe,F&.2.8H WRS . -
1 10X, 16HAIR TUMPERATURE=, F§.2) } :
€ CALL HEAVE(DTOUT HYT)
RETURN ,
o

SUBROUTINE OUT(IN)

9 E
c..‘l'l....‘..l.llll‘..l.lIl'l"..'.'-.llllll.'ll.. looloin--l-t

wRiTE 907 INPUT LNPORMATIONS A
sEsEssEESRINS »
COMMONM /BLOCK/1,J,K,M,07T,
COMMON /BLK1/T(12,12.30),1D(180});N%

.w-‘a'lth-.lt
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[ . .
156
1 N : b ' : '
) ‘
- . ' ’
/8LK2/DHN(18,12), PNT(!!.!’).:DHIHR..II)
/0W%3/C1(12,12),€C {12,12),C8(12,12) R
/8LRa/C8(12,12),C (12,12),1Cc8{12,12)
/BLKS/NE18,12),2¢( llllt u)
;lln./!’ll( 1,100} i -

]
/lLll/L'.lD-l.lOL

Wsp M)

80 10(100,200,300,400,500,800,700,800), 1IN
Ceavecserenoancstcasnnmapetiocnsecsossocnsnenatcasaanoavennscsmonnsn
C. WRLIYE ID,TYPE, THICKNESS WIDTH, DRY DBNSITY, AND WATER CONTENT
Cevearossscsseransavenens AR R L A R S
100 WRITR(S,101) y
101 FORMAT(1N1,47HDATA FOR PREDICTING OF FROST PENETRATION INTO A, .

T 18M BOIL-WATER SYSTEM///) N . ' ' B
€ WRITH(8,10) ID . .
10 ronunv(|lll) '

MRITE(S,102) (1,107, NM) ) .

PORMAT(///,20K, AINWIOTH(X), THICKNESS(Z), IN INCMES, AND TYPE,
1 1IN OF THE CRALL//1X,SHZ(JI/X(T),8X,1818) . :
WRITE(S, 103} (X (1, M), 11, NM) -

PORMAT (11K, BHWIOTN . 14¥8.2)

WRITR (S, 104) .

FORMAT (98X, DHTHICKNESS)

00 1Y Jai M

AP(R(11,J).08.0.01) GO TO 13

80 Y0 1 . ) & ‘ .
M IEIRE RS .

g0 TO(121,123,123,124,128,126,127,128,128%130),11
WRITR (S, 14110, 201,), ENTYPR(I,J), Ix1.N3) W .
80 Y0 11 .

WRITE(S,182)0,23,9), (NTYPR(I,S), 192,Nd)

80 10

wniTE(S, u:u.t(: ), (NTYPR(E,9), Tu3,NY)

@T LA |l4)J Z(Q J),(NTYPR(],2), Im& NJ)
19

R, 8, llll.l I(l.J) INTYPR(L,J), - JuE NJ}

1

&mu 148)1J, 208,41, (NTYPRCT,J), Tug,Nd) N

g0 10 11 .

CWRITE(S, 18710, 207,3)  (NTYPR(L,J), 1%7,KJ) : .

RIRE : . -
wnnlu.uu.l 2U8.J), INTYPR(]I,J), Jug NJ)

ap 70 11 -
WRITE(S,140)J,2(0,J) , (NTYRPR(Y,J), 1ap,NJ) ) R

40 Y0 19

WRITR(S,1801J,Z2(1Q5d), (NTYPRIT, J), Im10, N} \

a0 Yo 1y ’

CoNTINVE

PORMAT (/18 ,Ft1.3, u.lzu)

POAMAT (/38 ,F11.3, 68X, 12518)

FORMAT (/I8.PT1.3. 14X, 1118} .
POAMAT(/38,F11.3,22K,10518"

PORMAT(/58,P11.3,30X, 938} .
FORMAT (/18 ,711.3,38X, 8138)

PORMAT (/I8 , P11 32,88, T18) Y. .

FORMAT(/IG ,F11.3, 84X, 818) B

FORMAT(/18,F11.3,82X, 818) . .
PORMAT(/18,P11.3, 70X, 418) .

WRITE(S,106) (1,11, M) .

rnnu‘(l///:ox ll'ﬂ“‘l? WERIGHTY (Pf') AND WATER CONTENT (PERCENT
"1 18N} AT VARIOUS CHLLS// .
C2 1R, EN(JI/XLTL) 1438

o 12 4 .

11w 0

1Pt JY.gE.0.1) GO YO 18

Tleflsy - S * .

NJuN(JIol vy, . : o

GO TO(161,182,163,184,185,188,167,188,189,170),11
WRITE(S,181) J, (DEMCI ), Is1,Nd) .-
WRITE(S 1811} (WC(1.J), Is1,84)

GO 1O 12 .

WRITE(S,182) J,(DEN(I, J), 122,N4) ) R

WRITRES, v812) (weil,u),Plez, 00}

80 TO 13" * . B .

WRITE(S, 1831 J, (OENCT,J), 133,NJ) ’ E o
WRITE(S,1812) (WC(l, g), 1=3, 1.:) . : .

Gd 70 12 . . Lt N

WRITH (S, 184) U, (DENIT, J), Ina, N} ‘. hd
WRITE(S 1018) {wCil, J), l-- ") . 0
GO 10 12 i

WRITR(S,188) J (nlnu -)), 158 ,N4)
WRITE(S, 18 l) (WC(! J), 188 ,NJ)
- »

GO0 Y0 .12 .

WRITR(S,188) J, (DENLI,J}, I36,NJ) - . :
WRITE(S,1818) (WC(I,Jf, 1=6,NJ) . .
G0 TO 12 . Ve ‘
WRITR(S,187) J, (DEN(L,J)}, 1%7,MJ) . 4

WRITE(S 1817} (wWCil,J), I=7,NJ)



1238
1238
1237
1238

1240
1241
1242
13243
1248
1248
1240
1247
L1248
1249
1280
1281
1282
1283
1384
1288
1288
1287
1288
1289
1280
128¢
T1382
1283
1284
1208
1208
1287
1288

1310
1351
1312
1313
1314
1318
1318
1317
1318
1318
1330
1321
1322
1223
1324
1328
1328
1327
1328
1329
1330
1331

88) J,(DRN(L,4), 1s8,Ny)

a8
wRiTH iwetl, J) 1eg,0d)
a0 To .

180 wRiT ‘DII(I,J). 1s0,49)

at )

WRITE(S,1818) 4wt|x.a) 1e8,84) :
40 To 12

170 WRITR(8:100) J,(DEN(T,Y), 1810,NJ)

WRITE(S,1820) (WC(1,J), 1a10,Md}

40 Yo 12 : :

coNTiNuE

FORAMAT( /18, €X,12r8.2) "
FORMAT( /18, 14X, 11F0.2)
FORMAT(/16,22%, 10F8.2)

1 4 oy .

FORMAT( /18, 70K,

PORMAT( /18, 78X,

PORMAT ( Y2X, 12¢8.2)

FORMAY ( 20X, 1178 . 2) -

FORMAT ( 28X, 1078 .2) :

PORMAY ( 38 ws.2) =

FORMAT (84X,

FORMAT (82X,

FORMAT (80X,

FORMAT (BN,

FORMAT { 78X,

1820 FORMAT(A4X, )
RETURN R 2

c.------------u.---.--------.---.Q LI R I A I I I P IR A TR

C WRITE CORFPICIUNTS FOR OEFINING VOLUMTRIC NRAT AND rnunung

c CONDUCTIVITY OF CHLLS

c-----.---

200 WRITE(S,201)

201 roluAvt///llzx,lncletx X),12%, ISHYOLUMETRIC KEAY, 18X, BHCONDUC
1EHTIVITY :

1/26X, 13H(BTU/CU FT/P) TN, ISHM(BTU/FT/HOUR/F), /)

DO 21 Jsy,M

. 118
24 IFiX{Il,J).CE.©.1) GO TO 23
: 11139 E . A
GO TO 24 .
23 NJuN(J) 1T~ - )
1 WRITE(S ,202) (J,1,€%¢1,J),€2¢1,J),€3(8,J),Ca800,4), Im3l, N0

202  FORMAT(IT, 1H,12,10X,2HC* , F7.2,4H T +,F7.3, 12X, 40K ' ,F8 .3,
1 BH T + ,F8.3) .

% RETURN .
Casmesanmencincoenaasnseemscsranacsacceaneasnadesueannonncacnns
c WRITE CORFFICIENTS FOR DEFINING THE IGE FORMATION
c CHARACTERISTICS

Cromvevecace

300 WRITEIS,301)

301 FORMAT(/////2K,WHCELL(Z,X)}, 12X, 22HICEFORMATION .CURYVE [N,
1 21M EXPONENTIAL FUNCTION/
0O 310 Jr1,M

11s

n IF(X(I1,9).60.0.1) GO 7O 232
11m])e
6o 10 31

-32 NJesN{J)*lI~1

DO 310 lell.Ny -
1F(ICH(1,J).00.3) GO Yo 311
WRITE(S,302) u,1,E8¢(1,0),C8(1,4).C701,d)
302 FORMAT(IT,1H,,12,8X, /OHPERCENT WC FROZEN ,F6.2.7H - RXPC,
. 1RSI, 130 ST(1,9,K) +,F8.3,2N8 ))
G0 To 310 .
311 WRITE(S,303) J,1 -
303 PORMAT(I7,1H,,12,10X, 8HPRY CULL
310 CONTINUE
RETURN
[ LR LR R R R P

c WRITE INITIAL COMDITION

Cavoneoon “e-

400 60 To(401,402), INIY
401 WRITE(S, l|0lTlIlT

5 410 FORMAT (///2X 1 THINITIAL CONODLTION, 10X, 2|Mlul?llt 7INPIIAVUII *

t 284 CONSTANT FOR ALL CELLS = F10.2,3%X,  THDRGREE FANRENNEIT)
: RETURN ° - ) .
402 WRITE(S,421)
DO 41 Je M
11m ! . -

. AP (X(I1,9).GE.0.1) GO 70 43
Irsggen . ,
GO To 44 '

a3 NJEN(JISIT -1

GO TO(431,432,433,434,438,438, l”.l!l 439,440}, 11
‘3‘ wIlT!(C,lll) (7(1 J.|', I=), Md)

6o To &%
432 WRITE(S,a82) (T¢1,4.1), Ia3,md)
. GO To &1
433 WRITE(S,a83) (T(I,J,1), Ia3,NJ)
Go o

, 434 WRITE(S 488) (YU(1,J,1), !ll.lJ)

GO TO A1
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1421
1424
1428

WRITH(S,488) (Y01, 9,10, 1e8,NJ}
e o
ATUL, 4,1, 188, NJ)

8, 487) (Y(1,9,1), 1e7,MJ)
NSy (P01, 9,10, 198,09)
t'on.n (vcf.a,v;.ll-n,ua)
L8801 (T(I,d,1), 1810, N4}

ax,1478.2) .

PORMAY( 8X, 13F¢.2) .
FORMAT( 14X ,12F8.2) . .
PRAMAT (20X, 11P8.2)

FORMAY(28X,1078.2) A,
PORMAT(I2X, N .

ORMAT(SOX,

FORMAT (88X,

wiTRis, .Zl) (YIDCT), Tey, NM)

WRITR{S, 428) {TOBL(L,V), l-| Lo

PORMAT(// /2%, 1THINTITIAL CO"OTIDN/.! IlNTIHFlIAYUlII AT CENTERS

, 18K DF ALL CELLS GlvEw! !

azs PORMAY(//2X , ZUNINLITIAL UPPRER BOUNDARY TEMPERATURRS/1X, 14F8.32)

438 PORMAT(//2X, 3SHINITIAL LOWER uunn‘nv TEMPERATURES /1X, 14F8 . 2)
RETURN

800 '. RETURN

Crvevmumensscentansrnsaruunnitocncetanscmcnsccnsrmrsamnsceccsrcncenns

[ WRITE UPPER SOUNDARY CONDITION

C veemousonennsnsatosansoenscasenmanacccnsmaunrasscmcanavassovanann

[ 1.1.] 80, T0(001,802,803r804,808), IBOND

801 _WRITE(S,81) BOND

" - PORMAT(// X HOOUNDARY CONDITIONS, 88X, 11NTINIPITUII AT BOUNDAR
1 28MY, = CONBTANT AT ALL TIMES =,Fi10. l 184 DEGREE FAHRENNELIT)
RETURN . .

802 WRITR(0,82) AROND.-NBOND,CSOND,DBROND

2 FORMAT(// 1K, 1 ONBOUNDAR CDNDI'!OII SA,10NT(O, TIMR)N ,F10. 4,

1. 24 , F10. .4 ,8N 0TIME +,F10.°4,10H UYINI" JF10.8, .NO‘T"‘I')
» REYURN

so3 WRAITR{S,83) lIﬂND HALFT,P00ND, NALFY :
L }] '0!“!1‘1///|K GUHOAIV CONDI?IONI SX1OMT(O, TIME)n ,8H 32 -

tPa.4,12H lll(: 14sT/F8.2,IK) +F8.8, 128 COS{3.14eT/F8.2,1H)) o >

IITUII <
804 WRITR(S,04)

08 uhnu(///u A4HBOUNDARY CONDITIONS IN FORM OF STEP Puncflon//

V¥ 12M BINUI . 148T/PE.2,3H) +,.710.4,12H COS(3.142Y/F8.2,1H))
wriTR (8, 88)(1,8TRPA(L), STERS(] TEPT(Y) , 1n1 . NSTRP)

68 FORMAT(I11,9K.F8.2,1X, 3K - ,P9.2,11X,F8.2)
: RETURN .
T 08 WRITR(S,88) ASOND, MALFY, TBUILD
se FORMAT(///1X, ' SOUNDRY CONDITIONS T(O,TIME)=32.0-" F8.2,
“ '-(slu(:.|n-7/' ¥3.2,°) BUILDING TEMPRRATURE: *,rS.2)
RRTURN . -
700 ARTURN
[ R R N N I N R )
C WRITE LOWER SOUNDARY CONDITIONS
Cormmrna LR R R I R R I S ) .
s00 8o 10 03,804}, LDOND . ’
801 WRITH(S,81) L, -
8 FORMAT(/1X,4ONTEMPERATURE AT LOWER BOUNOARY REMAINS COMSTANT A
1 GAMT ALL THE TIME(EOUAL TO INITIAL TEMERATURE),2H s,P8.1)
RETURN s
802  WAITR(s,82)
82 FORMAT(/1X,48MASSUME THE LOWER SOUNDARY AS & PERFECT INSULATIO
) 18NN TO, THE WEAT FLOW)
803 WRITH(s,83)
[T PORMAT(/.1X, SONTEMPENATURE AT LOWER BOUNDARY IS &AME €.
1 40N TEMPERATURE OF M LAVER, TOLIK)®T(].M,K))
RATURN
804  WRITR(S,84) BONDL o
[ FOAMAT{/ 1K, SSHTEMP AT Lowen ‘oY ‘TouaLs To THE TEMP sPRCIPIRD,
RTINS RLIY - -
RETURY .
END
c \ e .
c SUBROUTINE TO CALCULATE ORPTH OF PROST PENETRATION oL
c ‘CALCULATE HRAVE bmnxrun XONRAD MODEL) :
c . .
SUBROUTINE HEAVE(DTOUT,HVT)
COMMON /BLOCK/1,J.K,M,DT,0.NWS,DTK1, OF :
< coOMMON /BLKT/T(12,12,30),ID(180) NTYPR( 12121 ,4(12) .
COMMON /SLK2/DEN(12,12) ,WC(12,12),5PHT(12,12).COMB(12,12) . ° W,
CoMmMON /lLKl/l(!I.II).I(I:.!:),DTTNIN(|2 121 -
1P (DTK1.LY.100.) RETURN - . '
1P (T(8,8,K).G7.32.0) RETURN o
c . h S, .
3 cnf‘u unvt FROST PENETRATION - :
c .

y 7:‘3:’l’=! x).cv 3. ; 60 To ‘:4 ‘ ) . R ’

e
-

wr)«wf"'.F




",
BN

1420

S8k CONTINUR
4 TIBY(E, (NA=1),R)
t

((UIR1-XR)/(T1=T2)))e(T1-32.0))
2 '

RPuxpe (s, NP)
448 CONTINUR
APMaXPe]04. 8
APwXpe 12,0
WRITE (8,847) Xp, XPW
a8y 'GINA'(//'OI Il“'l'l? PENRTRATION @

CALt“LlTI SACGREBATIONAL HuavE
IF (T{8.0WS,K).G7.32.0) g0 70 so00

1P (W€(s,3).87.0.0) G0 t as0
IF (MX.QT.8) GO To 80,

«nl-|).x) .
THZET(S, (NK<2) ,K) S
IN1a2(8, (MX-1))/2
THZeZ (8, (NK-2))/2 ;
GRADTA(THI-THE) /(2M14in2)

17 (WC(8,8).GT.0.00 S0°TO 111
a to 111

S(THI<THZ)/(R(8,810208,7))
111 GRADYSGRADTeO. S888/304. .8

SPey £-03

VeSPIGRADT

HYE1.08eySDTOUT Y 00.

HYSaHVeNVS

WRITE(S,333) HVS -

cALCULATE /INBITY ulAvi

434 vOIDeZ guswCis, |:/'°°
PORRYVOID/(VOIDST)
XSu(XP/12.0)-DP
HV120.0050 . 0OSPORS XS

. HY1aHv]ie304.8
HYTuNYIeNVS
WRITE(S,223) HVTY

2213 ronu;rt//se\ 21NTuTAL HEAVES

200 RETURN
END

Npo 2, NX2 . -

JFO.2, 00 IN P32, 34 ‘M)

lllﬁ?"'(l?ll L l)"’l C e)’/(!(l o248, 40))

. 333 'OINAY(I/!OI 27NFUTAUL’FGIIGATIDNAL NEAVE® _F8.2, 30 MM)

JFE.2, 3N MM)

159

N\



1
2
3
4
1]
[
7
[
[

INPUT POR THE TWO OIMENSIONAL WNEAY PLOW MODEL

. e
148 2 12 11 12 12 12 12 12
1 1 s s.01 120.¢ 148.0
2 1 2 5.0 120.0 3.1
3 ' 2 2.0 120.0 0.1
4 ] 2 .0 121 . 0. 3.1
[ ] "% 2 12.0 120.¢ 2.1
[} ] 2 6.0 - 120.0 932. 1
7 1 ‘2 . s.0 120,90 1.1
8 1 2 2.0 1%0.0 03,1
[} 1 2 12.0 120.0 2.1
e 1 2 4.0 120.0 92:1
13 1 2 3.0 120.0 “82.1
12 1 [] 200.0 120.0 [T
[ ] [ 8:09 72.0 188.0
2 2 t s.0 72.0 02.1
3 2 1 2.0 72.0 2.1
. 2 1 s.o0 72.0 2.1
[} 2 1 120 73.0 021
[} 2 1 s.0 . 72.0 832.1
k] 2 1 .0 72.0 2.
[} 2 1 12.0 72.0 7.1

[} 2 1 12.0 72.0 2.1 .
10 2 1 4.0 72.0 2.1
1t 2. .0 72.0 82.1
12 2 [} 200.0 72.0 2.
B 3 ] s.01 8.0 148.0
2 3 t 8.0 .0 2.
3 3 1 2.0 o 2.1
4 3 ] s.0 0 02.1
[ 3 1 12.0 [ 2.1
[ 3, 1 s.0 .0 2.1
7 3 1 .0 [ 2.1
[3 3 t 12.0 .0 92.1
» 3 1 12.0 -3 2.
10 3 1 4.0 ° 82.1
1" 3 1 .0 ° 92.1
12 3 [} 200 . 0" -3 2.
t . 4 .01 12.0 t48.0
2 4 1 s.o 12.0 2.1
E I 1 1 2.0 “1z2.0 1.0
e & . 1 s.0 t2.0 2.
s 4 1 12.0 12.0 2.4
] 4 1 s.0 12.0 2.1
? ) 1 s.0 12.0 2.1
T a0 12.0 12.0 2.1
[] ) 1 12.0 12.0 2.1
- 10 4 1 4.0 12.0 22.1
1" . 1 6.0 12.0 22.1
12 4 [ 200.0 12.0 2.1
t [} . .01 22.0 148.0
2 [ 1 s.0 22.0 1.0
3 s A 2.0 22.0 1.0
4 ] 1 s.0 22.0 92.1
[ s, 1 12.0 22.0 2.1
(] s 1 s.0 22.0 2.1
7 3 1 $.0 ‘22.0 2.1
[y s, 1 12.0 22.0 2.1
[ | JAE | 12.0 < 22.0 82.1
10 [} 1 24.0 22.0 02.1
1 [ ] 1 3.0 22.0 2.1
12 s [} 200.0 22.0 2.1
1 s 4 .01 4.0 148.0
2 (] 1 s.0 4.0 1.0
3 ] [ 2.0 4.0 1.0
) ] 1 ‘s.0 40 82,1
[} s ot 12.0 4.0 2.1
s [ 1 .0 4.0 2.1
7 (] 1+ s$.0 [ 2.1
[3 [] 1 t2.0 o 2.1
] [} 1 12.0 ° 2.

10 [] 1 24 .0 .0 22.1°
1 s 1 3.0 .0 22.1
12 s . 200. 0 ° 92.1
[} 1 . 4.01 N 1.0
2 T 1 s.0 . 1.0
3 7 . 2.0 1.0
4 7 1 s.0 82.1
B 7 [ 12.0 $2.1
(] 7 1 5.0 2.1
7 7 1 ‘8.0 2.1,
[ ké 1 12. 0 2.1
] 7 1 - 12.0 2.1
1o T 1 24.0 b 2.1
t 7 t 38.0 2.1
12 k4 s 200.07, 2.1

1 [ [} 4.01 1.0

2 [ 1 s.0 2.1
3 s 1 2.0 1.0
s ) [ s.0 2.1
[ -8 [ .12.0 92.1
[ [} 1 s.0 2.1
? s 1 .0 2.1
[3 [ 1 . 12.0 2.1
] s 1 12.0 02.1

Pid

afbtors



1118

- - o

184

frioiry
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CABABUN N~ OB R IPRPUN-N - OB P IRAPUNN-OSPIERINN-N-OORIRRALUN-N«+OORIEELEN -

NOPRUN=N=- OB INBRIUN-NOS

[ e
02 0 o s e e o bt - -

P R R TR PR VR ST PR TH OF OF F R OF Y R T P O ORI

©.Q00
©0.000
©.000
©0.000
0.000
Q.000
0.000
©.000
Q.000
©.000
©.000
0.000
0.000
©0.000
0..000
0.000
©.000
o.000
©.000
©0.000
©.000
0.000
©.000
©.000
0.000
0.000
©,000
0.00¢
0.000
0.000
0.000
0.000
0.000
0.000
0.000
©.000°
0.000
©.000
0.000
0.000
©.000
0.000
5 ©0.000

1 24.0
' 38.0
[ 200.0
4 4.0
) s.0
1 2.0
1 s.0
1 8.0
1 s.0
' 0.0
] 8.0
1 s.0
1 -24.0
] 3.0
[ 200.0
] 4.0
-1 N
1 2.0
1 s.0
t 12.0
t 8.0
] s.0
1 12.0
1 12.0
] 24.0
1 38.0
] 200.0
%« 4.0t
5 8.0
iR 2.0
A .0
1 12.0
1 5.0
1 s.0
1 12.0
1 12.0
1 24.0
1 3s.0
[ 200.0
. 4.0,
3 .0
3 2.0
3 s.0
3 12.0
3 s.0
3 s.0
3 1.0
3 12.0
3 24.0
3 .
°

©000000000000000000000.000

Looezn
2.0
2.1
1.0
A PN
k.Y
LIS
"2, !
0.1
.
2.1
w 2.1
B )
T N
R E N
1.0
ez
I
. 82 .1
b 2.
2.t
2.
072 .
82 .1
"2 1
' 102
Coex
Leore,
7.1
*2.1
Yosa
1.t
2.1
22 )
2.1
2.4
2.1
2.1t
2.1
1.0
02 .1
22 1
82 .1
2.1
22 .t
02 .1
22 .1
82 .1
2.1
.92
ez
0.000 2
0,000 1
©.000 1.
0.000 , [
0.000 '
0.000 [
0.000 - Tt
©0.000 1.
0.000 1.
0.000 ',
©0.000 1.
©0.000 1.
0.000 2.0000
0.000 ‘ 100
©0.000 . 100
©.000 1.100
0.000 1.100
0.000 1.100
0.000 1.100
0.000 1.100
0.000 1.100
0.000 1.100
0.000 1.100
0.000 t.100
0.000 2.0000:,
0.000 1.100
©.000 1.100
0.000 1.100
0.000 1.100
©.000 1.100
0.000 1.100
o,000 1.100
©.000 1. t00
0.000 1.100
0.000 . 100
0. 000 1\ 100
©,000 2.pooo
0.000 1.100
0.000 0.02¢
0.000 V.100
0.000 1.100
0.000 t. 100
0.000 1.100




- - - - - - -

BURBPUN =N -0 REIRRPUN NP IOEAUN-N OISR IO R AUNCN SR IR RARUN=-N=OBB JOR NN~ N -

-

SO IO ENU NP IPOINUL-N-08

L..

AL AR R A X L A A T S R Y Y R R Y Y Y P Y RN Y Y Y PN T YIS

00‘90
0000
0000

. 000
. 000
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XX
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. 000

00000000000000000000000000000000000000000000000000000000000000000000000G0000000000
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0.1

s00
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* & 9 e a

- -~ ® " » “w N

i20.03
'0.170 ‘' «20.03
‘o.vvo ~20.03
°.1770 ‘-20.03
‘0.170 -20.03
1 N
°.170 -10.03
'o.vvo -20.03
‘o,vvo -10.03
'0.110 -20.03
‘o.vvo -20.03
‘0.110 -20.03
'o.770 -30.03
|o.1vo -20.03
'o.vvo -20.03
'0."‘70 +320.03
‘o,110 -20.03
‘0.170 -20.03
'0,770 ~20.031
'o.1vo -20.03
‘oA17o -20.03
TN
©.770 ~20.01
‘0,770 -20.01)
'e.770 -20.03
‘o.vvo -20.03
‘e 110 -20.03
'e.2%0 -20.03
'o.770 -20.03
'0.770 +20.03
'o.vvo <20 03
‘e 170 -20.03
‘-0.7"0 ~20.03
'o.vvo -20.03
lo,71o, -20.03
‘e 170 -20.03 -
‘o 770 -20.03
'94170 -20.03
' 270 -20.01
:o.vvo, 20,03
0.770 . -20.03
‘0.770 «20.03
' 170 -20.023
'o.vvo -20.03
‘9,116 -30.03
‘o‘vvo -20.03
'0;310 ©, -20.03

9.000
0.000
0.000
0.000

. 100
. 190

163



¢ . < . ™ 16‘2
-
!
I , L
4
A B
. A
10 ] 1 .
100. 0.77% +20.03 ' R )
" 4] 1
106 e.770 «20.03
[F] [} t v
100. 0.17¢ -30.03 .
\ 3 [}
100, 0.770 +20.03
1 .8 [}
100. 0.770 -20.03
3 s
100. 0.770 -20.03
. s ' . y
t00. Q.77 -20.03
[] [} \ .
1te0. © 0.770 -30.03 ' ) o
. 8.
100, ©.770 +20.03
7 s [
100. °.770 +20.013
. [} 1 M
100. °.770 «30.03
] s [
100. 0.170 <30 .03
1o s [}
100 0.770 -30.03
1" [} ' .
100 0.11¢. -20.03
12 [] [}
100. 0.770 -20.03
1 ] 1
100. 0.770 -20.03
2 ] [ : .
100. 0.770 ~20.03
3 [] [
100. 0.770 +20.03
. ] 1
100. o 770 -20.013 .
s . '
100 . 0.77¢C -20.01
. . 1 « ' )
100. 0.770 -20.03
7 [} ] : :
100 . 0.770 -20.0)
8 [ ] 1 .
100 . 0.77%0 -20 03 -
] [ 3 )
100 © 0.170 -20.03
10 [ ] 1 N » M
100. ©.770 -20.013
11 . 1 .
100 . 0.7%70 =20.03 .
12 s ' :
100. °.170 -20.03 . : 0",\\
1 1 1 &
100. T 170 +20.03 .
2 7 '
100 0.770 -20.03 -
3 7 [
™ 100 0.770 -20.03
4 7 1 .
100 0.770 -20.03
s ? 1 .
100. ©.770 * ~20.03 1)
. 7 1 .
100 . 0.770 -20.02 N
? ? 1
100 . 0,770 -20.01
s 7 [
100. 0.770 -20.03
27 1 1.
100. ©. 770 -320.03
10 ki )
B 100, 0.770 -20.03
" 7 1
100 ©.770 «20.01 -
12 7 1
100. 0.770 -20.013 )
12 ) \J
100. 0.770 -20.03
i ] 1 = N
. 100, ©.770 -20.01
2 s '
t00. 0.770 -20.03
3 . [
100. 0.770 ~20.03 >
'3 s 1
100. ©.770 «20.03
. s ' .
100. ©.770 -20.03
[ [ 1 )
100. ©.770 -20.03
1 [ [
100. 0.770 -20.03




o
o
"

-

-Tv0
.1

°

°

°

°

.71

°.77

°.770

0.770

°.7v70
0.770
0.7

,0.770

J0.%70

CLE
o a0
P |

0,770
[

°.770
',

& 10
°.710
°.770
0.7
0.770
°

116

-

0.7%

1

.70

°
e.770
°
-]

. 170

0.1%70

-20.03
2003
20,03

+20.02
29.03
20 03
-30.03
-20.03
-20.01
<20.03
-20.03
-20.03

~20.01

-20.02
~20.02

+20.02

"20.03

-20.03
-20.01
-20.03
-20.03
-20.03
-20.03
-20.03
-20.03
-20.03
~20.03
“20 :'_oa

<-30.03

~20.01

. -30.03

20, 0f
-:nios
-go;o:
-20.03
-20.03
-20.03

*20.03

-
t -20.0%

-20 o3
-20.03
-20.03
-zo.o>}
-20.01
-20.03
-20.03

-20.02
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+30,03

-20.03
$,°'°.
<20.03

48,32, 482

418 81,9
33.84 33.8
3.0 29.0
1.0 '
T

B}
5 .
i R

s
N\

48.2
41.9
3.8
3.0
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AN ‘ ‘
' : 167,
b hd . . N .
: N . .
,
. ] L s ’ CUNE,
. s o.28 € o
. 172 .28 - ‘
° . “
18.80 0.000 1.000 0.000 3800.0
0.9 0.9 ’ o.9 - o.¢ 1.0 1.0 1, 1.0 1.0 1.0




» ‘ i
. . \
. . . | .
% Y : 5 4 .
- ; ©777 . ouTBUT PROM THE TWO D IMENBIOHAL WEAY PLOW MODUL. ‘ Co LTy
. ¢ M S -
. i . e
. ) ! . ““ .
+ ’ st -
. Q" v N N v .
' WIDTH(X), THICKMESS(Z), IN INCHES, AND TYPE OF THE CELL
YTV R 2 3 ¢« . . * s Kx 12
10TH 130.00 72,00 0.00 12%0 22.00 4.00 221.00 13.00 ¥2.00 120.00
ﬂ; THICKNESS ) ) : . :
LA a.010 .. . s s ‘a . a . . s
. . “ 1 . - .
v 2 t.000 2 ' 1 1 1 1 ' 1 1 [ 1 a
. . .
. 2.000 ) 1 ' 1 [ 1 1 1 1 1 3
.
. 8.000 1 ' 1 1 1 [T 1 1. 1 3
. 12,000 IrY 1 1 o 1 v T 1 1 1 3
s :'s.000 ) 1 ' 1 1 1 [ ' 1 1 1 a
' k] s8.000" 2 1 1 1 1 1 ] t 1 1 ' 3
s 12,000 ] 1 1 1 1 o 1 1 ' 1 Y
s -+ 12.000 ] 1, 1 1 1 1 1 [ 1 1 3
10 24.000 i R n 1 "1 1 1 ' ' 1 [ 3
L4 . 4 AN
1" 36,000 -2 ! 1 1 1 1 R l 1 1 1 3
12 ge0.000 * Y s s s - a s s " s . 10
! R N . ¢ .
, ) “ t @ . -
- UNE'T WRIGHT. (PCP) AMD WATER CONTEMT (PERCENT) AT VARIGUS CELLS
TIII/X(S) 1 2 ] RS N [ ] s ’ 10 1t > 12
o 148.00 148.00_148.00 148.00 148.00 146.00 1.00 1.00 “1.00 1,00 1.00 1,00
. 1.0t 1.01% 1.0y 1.0t 1.01 1.01 0.0 0.0 0.0 0.0 0.0 o.0
2 _#2.10° $2.16 §2.10 €210 1.00 1.00 1.00 $3.16 82.10 92.10 9$2.10 92.10
430.00 10700 10.00 30,00 0.0 0.0 0.0 - 0. 20.00 30.00 30.00 30.00
3 82.10 9216 92.16 -1.06 1.00 1.00 1.00 _ 1.00 92.10 '92.10 92.10 92.10
30.00 30.00 39.00 0.0 0.0 0.0 0.0 040 30.00 30.00 30.00  30.00
' ¢ . : N
a 92.16 92.10 92.10 92.10 $2.10 #2.10 8#2.10 $2.10 92.10 92.10 "82.16 92.10
- 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00
. ° ° 0.0 ¢ 0¢
. B $2.10 #2.10 92.%0 $2.10 $2.10 92.10 $2.10. §2.10 82.10 92.10 92.10 32.%
A 30.0¢ 30.00 30.00 30.00 30.00 - 30.00 36.00 30.00 30.00 30.90  39.00 30.
. $2.10. #2.10 92.10 92,10 $2.10 82.10 #2.10 82.10 - #2.10 7.1 92.10- Iz‘|t
30.00 30,00 . 30,00 30.00 30.00- 30.00 30.060 130.00 30.00 30400 30.00 130.0
LA . . N . by
.8 . 83.10 82.10 $2.10 92.10 $2.%0 $2.10 92.10 2.0 92.16 §2.10 82.10 92.10
30.00' 30.00, 30.00 30.60 °30.00 30.00 30.00 30.00° 30.00 30.00 30.00 130.00
. ) 82.10 9210 92.%0. 82.10 -32.10 92.10 93.10 93.10 $2.10° #2.10 82.10 $2.10
. ' "' 30.00 30,00 30.00 36.00"30.00 30.00 30.00 36.00 30.00 30.00 30.00 30,00
e $2.10 $2.10 #2.10 92,10  s2z.10. 82.%0 82,10 92.10 92,10 #2:10 ¥2.10 - 92.10
: 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.0b. 30.00 30.00
1 " "s3.10 92,10 92.70 92.16 p2.10 92.10 92.106 92.10 02.10 82.10 82.10 92.10
. 30.00 . ©.00  30.00 30.00 30.00 30.00. 30.00 30.00 30.00 30.00 30.00
12 02.10 2.10. 92,10 92.10 92.10 82.10 92.10 $2.10 $3.10, 82.10  82.10
. g .. 30.00 39 30.00 30.00 30.00 '30.00 30.00 30.00 30.00 30.00 §0.00 30.00
. : '’ " B . . . e ‘
. N L) i o :
cRLL(Z,X) . VOLUMETRIC NEAT CONDUCEIVITY o
(3TU/CU FT/F) (BTU/PY/HOUR/F) .
L} ) : N :
[ L0 T e 0.0 T+ 2,000 K
1,2 O e - 0.0 T ¢+ 2,000
1, 30" 9.0 T & [ ©.0 T ¢ 2,000 P ,
1, 4 cw 0.0 T P X a 0.0 T+ 2,000
1, & . cs 0.0-:T7 & XK = 0.0 T ¢ 2,000 ’
1, 8 ' 0.0 T o K ® 0.0 W 2,000 P
1.1 ., te 0.0 T e * Ka 0.0 Yo
1,8 cs 0.0 T . K= 0.0 ‘T NP
1, 9« ts 0.0 T e o K s 0.0 T+
1,10 €= 0.0 T ¢ . Kw 0,0 T ) A
1,114 .cs 9.0 T ¢ Sk e 0.0 T e .
1,12 ce. 0.6 T o E s 0.0 T o
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PERCENT
"PRRCENT
REANT

CEnt

Re
PERCENT
PERCENT

w

1

fa5858555%

PFROZEN
FROZEN

100,00 -

,180.00 g

rrpraEn, /14h. 00 -
PROZEN réo: -
PRUXEN +, 166 . OF s -

PROZEN
rFROZEN
PROZEN.
FROZEN
FROZEN

FROREN

FROZEN
PRDZEN
FROZEN
PROZEN
FROZBN
FROZEN
rkozEn
rFaozEN
PROZAN
FROZEN

FROZEN
FROZEN ,

FRDIEN
PROZEN
PROZEN
FROZEN
FROZEM

FROZEN ,
FROZEN
PRO2EN

rFRozEN
FROZEN

‘raczEN 4

FROZEN
PROZEN

FROZEN ',
PROZEN .,

FROZEN
FROZEN
rnn:lﬂ
FROZE
FROZEN
FROZEN
FROZEN
FROZEN
FROZEN

PROZEN

FROZIEN
*ROZEN
PROTEN
PROZEN
PROZEN

WCoFROZEN

we
we
we

FROZEN
FROZEN
FROZEN

.JQO-S“'v

, 100,00
MNe0 . po
, 100, 0
100,04 -
,100,00 -
100,00 -

4 100,00

i

,100.00
, 100,00
. 100,00

-

,100.00
, 100,00
,100.00"

,100.00

,100.00

WC FROZEN ,100.00

L4
-
190,00 -
o
=
-

o
¥

0000000660000 0000000C000000000000
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PE 5404080030550 003800308 0400000

EXPONENTIAL FUNCTION

P, 0
ee( o
TILIY
e 0.
°
°
0

770

. eT(1,J4,K}
. 770
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RXAXRARRXXRX XX XX R
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31.890 29.37 20.7a 30.02 30.00 30.00
22.48 31.82 31.97
33.30 33.08 33.13
38.02 34.03 33.88
38,88 38.02 34.98
38.14,-36.22 36.27 38.15 38,87 36.20 38.25 38.23 38.
37.73 37.70 37.78 37.8% 37.38 17.88 37.8%
38.85 39.8¢ 35.65 39.6¢ 30.85 18.82 39.82
41.a0 41.48 41.48 81.48 41.48 81.48 41.48
39.00 35.00 39.00 39.00 38.00 39.00 39.00 39.00
AIR TEMPERATURE= 13.20
N
s . ? N s 1o 1) 12
15.08 15.08 13.20 13.20 13.26 13.20 13.20 13.20
18.48 18.83 .31 81 18.00 15.00 19.17 18.17 19.17
s © 28.80 28.27 26.28 328.25
23,81 . s 27.38 27.7% 21.71 27.714
31.a8 31.68 31.81 28.08 28.81 29.18 28.13 29.13
32.29 32.4% 32.%8 32.47 21.88 31.81 31.93 31.83 31.03
20,80 33.36' 3343 33.18 32,82 31.07 33.00 13.0033.00
$8.86 33.83 34.01 ’li 33.88 32.71 33.70 33.70
3 (76 34.70 36.72 34.71
38.88 38 H 89 3%.00 38.
17.80 37. 377es 37.82 37.
38.23 39.27 39. :1 ; 39.33 38.38 39.3% 39.32
a1 00 81,81 &1, 81,81 41.81 &1.81 41,81
30.00" 3500 35.00 39.00 35,00 35.50 35,50 33,00

»

T e
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TIME AT TNIS BTEPs 1000.086 MRS, - AlR TEMPRRATURA: 13 .27

1 2 3 L]
UPPER ROUNQARY 18.74- 18.1%4 18 18 1.4
AL

[ ] 10 1t
13.37 13.27 3.8y

1 . 16.24 18.27 18,189 15.78 18,01 18.78 13.688
1 18.72 18.10 23.84 28.30
L] 20.48 2 "
[}
L]
[ o
-9 .
e
LAYER 12

LOWER BOUNDARY 39.00 30.00 3%.00

TIME AY TYHIS STEPe 2000,00 HRS:

2
UPPRR DOUNDARY 15.34
T LAVER ¥
2,
taver ‘3%
LAYER 4
LAYER &
©OLAYRRY 8
LAYER 7 ;
LAYER
LAYER ®
LAYER 10 . . 3
LAYER 11 . ] .13, . RINTIL]
LAYER 12 .30 41,30

LOWER BOUNDARY 30.00 . 00

TIME AT THIS STEPe 2100.00 HRS, T AIR TEMPERATURE® 13, 84

§ - v

1 2 11 12

UPPRER BOUNDARY 15.00 185.08 15.08 13.84 13.84 13.88 )
LAYRR 16.80 10.84 19.08 18,78 19.03 19.00
LavEr 2 18.77.18. 00 17.18 18,14 28.13 28.23
LAYER 3 20.38 20.8%7 24.23 34.02
Laver & 22.00 22.28 1;.2! 1.87
LAYER & 26.084 . 32, 2.320
LAYRR ¥ 29.24. 1 32.88 32.04
LAYRR 7 31.89 1] 33.37 33.48
LAYER B 32.02 32.78 34.18 34.23 .08 34708 38,
LaYER O 33.92 34. 1y 38.17 38,23 18.322 3%.22 3v.21
LAYRER 10 35.88 38.87 38.680 30:08% 39.73 38.72 38.72
LAYER 11 37.74 37.88 38.40 38.44 38.82 385.8) 38,89

LavYEgr 12 41.18 41.20

. a4 .24 41.2s
LOWER BOUNDANY 39.00 30.00

41.28 41.24 41.34
38.00 3% 00

PN
TIME AT TNHIS STEPw 2200.00 MRS,
2 s
PER BOUNDARY 18.10 18, 18.10
T 17.01 7. 18.42 '
18.11 17.23 ,
30.88 24.02
22.38 30.80
28. 74 31.08 30.60 31.29
29 .11 32.03 33.00 32.20
3.t 38.28 30.38 38.8)
_havEm 1 37.47 37.¢8 78 .08 38.21 38.24
LAYER 12 41.12 41,14 ! 4117 1101481 19
LOWER BOUNDARY  39.00 39.00 18, 29 .00 39.00 39.00 20.00
. - .
¢ ' ]
B
TIME AT AIR TENPERATUREs 14.36 : .
s .
s . .
UPPER BOUNDARY 15.87 ,
LAYER ) ? 7. 17.00 19 .
LAVER 2V ’ . 26.48 28.48
LAYER 3 20.09 28.908
LAYER & 27.94 27.97%
DAYER B 31.18 VI8
] 23.07 32.9¢7
] 32.73 32,72
LaYER & 33.68 33:88
LavER B 34.77 38.77




Y

‘AAYER @
LAYER 1)
LAYER 12

LOWER OOUNDARY

TiME AY

UPPEA BOUNDARY
LAYER

IOO.‘-J..."-

}.UII |luqunv

TiME AvY

a 12
LOWER SOUMRARY

TTIME AT
'Mw‘
urngs loxi. Ry
wiban
Laver
LAYER
ta
LA
(Y
LA
LA
LaYER
LAYER
LavER

CAYER
LOWRR BOVNRARY

NeOBBRISEIUNg

-

TIME AT

UPPER ROUNDARY
LAYSR .

PR IOREUN -

UPPER BOUNDARY
LaYER b
L Lavar

.70 35.688 30 .08
4 37.7¢ 37 .04

1.1 41.190 8%, 11
l. 90 30.00 30.00 30 .00 ’. [ U

THIS 3TEPs 2400.00 MRS

2 3 4 L]
17.38 17.38 17.30 17.38
|l.l| 10.132 17.%8 17. 01

2

3.
22,02 23.10 2348
»an o1 14, 20 34.49

A LI
18.14% 1814 1o
1

l' 38 10.02
13.88 24.78
26.41 30,49
33.04 33.43
34.04'34" 32
3. 43 38,42
37.27 37.3
40.08 40. 92
39.00 20.00

TNIS STEPe %800.00 MRS,

2 o] ) s
l: 18.04 4%, 19.08 10, .04
18.68 18.80 %0 |l.!t.|l.ll
20.88 21.08 21.83 20.14°19.483
3t.80 zz 13 23.82 24.28 28.13
28.79 28.641 30.44

.28
32.12 32.87
32.0% 33.30
33.88 34,18
36.24 38.42
317.08 371

40.9Y 40, .92
19.00 39.00

.

P 2700.00 .".l.

B

4 20.04 20.04
20.33 20.121
:: 24 21.00 20.73
L1t 28,7y 28.87
.08 28, 44 30. 41
20.73 20ks0.31. 90
30.61 31168 32.18
11.70 i1.00 32.47
32.88 32.77 :a 18
3

7u|s STEP: 2800.0¢°° HAS.
f -

. 2 3
11':: 2412 zr 12 21.12 21, ¢
2¢.80 21.84 s 21.37 21.2¢
22.88 23.87 :a.

. . 4

2 21.88 2V.7

25.11 30,18 38.13 39,11
27,08 27.03 37.08 37.00
A1 1% 41,12 81,12 44,03
29.00 29.00 39.00 38.00

AIR TEMPERATURES 18,

1 [
18.72 18,712

3. J00* !.
»

T AIR TEMPERAYURES 18

360.17 30.18 23¢.24 30.24
37.69 38.03 38.03 38.03
41.13 81.13 41,13 41.13
2¢0.00 39.00 39 .00

30.907
31.900
32.88
33.48
34.88
38.01
37.819
41,07

Aln TEMPERATUR . 7.

L L] )
19.04 17.80 41f‘%
19.27 18.88 20.8¢
20.08 22.82 24.92
2% .42 28 .38
3o0.80 Jo.20
31.81 31.81
32.482 32.12

32.823
33.38
34,19

AIR TRMPERATURE" 18

L] 7 L] ]

20.04 18.71 18.71 1. 717

20. 1: 19 21.86
28.31
as. ot 28.28 28.94 2¢.'2
30.76 31.08 30.17 23.88
21,87 31.84 31.4% 3J0.38
32.34 327¥2 32.09 3).09
32,70 @2.7% 32.83 31.43
33029 33.37 33.23 33.18
36.11 34.17 34.08 33.00

3. 38.31 3s.32
38.7¢ 37.02 . ar. 11
40.84 5 40, 88 40.87
38.00 39,00 38..00 39,80 2% 3s.00

. e .

I

S H
¥,
L1 ':*nn 22 1.

2%, ‘28 '21.00 21.
21.87 22.38 23.

téhﬂrunplnnrval-‘unz

12
17. so
21.41 21.42

27.0
28 .08 28 Dl
30.87 30.%7

32.44 32.a4;
31.23 33.13
34.23 34.23
38.81 38.41
37.33437.28 37.38 37.38
40.08 4C.08 40.88 40.85
39.00 18.00" 33.00

. .
te -1 . 12 N

' 19.92 19.92 19.02

21.3%0 31.80




TR ¥ Y

- -

LAYER
LOWER SDUNDARY

TiME AT
UPPEN BOUNDARY
LAYER 1
LAYER 12
.. Lavem 3
LAYER &
LAYER 8
«  tAYER B,
LAYER 7
LAYER 8
LAYER 8
LAYER 10
LAYER 11
LAYER 12

LOWER S0UNDARY

TIME AT
UPPER BOUNDARY
. LAYBR ]
LAYER 2
LAYER 3
LAYBR &
LAYER 8
LAYER 8
LAYER 7
LAYER 3
* LAYER 9
LAYER tO
LAYER 1t
LAYER 12

LOWER BOUNDARY
’

TIME AT

'

urrsa
LAY
LAYER
LAYER
LAYER
wAYER
LAYER
LAYER 10
LAYER 1)
LAVER 12
LOWSR BoU

SOUNDARY
R &

o sne

STIME AT

UPPER BOUNDARY

o

-
¢ . TiMR AT

¢

o ..
38 .00

.7 .
[
H .
2,
:o.}i
38,10

40.71
38 .00

THID STEF= 32000.00

1
22.30

1.0
2.0

] [
21.30°23.%¢
21.98
23,88
28. 20
0.7

28.38 31.00
33.71 33.48
33 ]

“

was, AIR, TEMPERATURES 21
s . ’ . 10 1" 1
22.30 21.30 21.22 11.23 21.2% 81,32 31.28
11.13 23.96 2378 £3.18 23,78
H 2

38.68 32.13 32.14
38,84 33.00 32.00
23.78 33.83 33.03
38.08 38.41 38

THIS STEP* 3000.00 HAS AIR TEMPERATURRs 32.80
R [] k] s 10 X}

23.84 23.%4 32.09 2332.00 23.680 12.00

23.78 23.61 23.34 23.823 14.88 24.09 24.00

24.3) 38.01 28.32 27.10 27.323 27.23
“27.70 217.83 27,83
28.40 28.40 28 88
28.97 Y0.08 20 08
31.40 31.88 31848
32.00 33.02 23.02
33.73 32.77
33.03 33 70

33.82 34 8d 2e.97

38.78 38.81 [3 28 .87

40.87 40.88 40.80 t0.00

38.00 39.00 39.00 39.00

g . “
THIS STEP= 3100.00 MHRS . AIR TEMPERATUAEs 364.08
\ L] [ . 10 1"

24.88 .88 24.08 24.08 24.08 24.08 24.08

28 .08 28.18 25.90 26.01

27.10 20.37 2 8 Jo0.02

28,640 3. 31.43 31 31.63

28.40 31.81 32.12 3%, 21.09

31.38 32.4 32.79 32.87,.32.68

32.27 33.2¢ 33.44 33.83 33.87

33.08 38.49 34.73 36.78 34.81

38.81 38.19 38,43

40.80 40.88 40 .61

30.00 39.00 30 .00

THIS STEP® 3200.00.

3

33.84 33.
J8.68 T35, 09 3

40. 88 ¢
!I.OO‘

L [
THIS STEPE :_soojnu.

. | ] L] 7 L] L B

1 z 3

26.2146.2)
2¢.22

YRS .
. . ; LX)

34
7

40 40.84
38.00 3%.00

AIR TEMPERATURES 27.

- ’




27.13 27.13 TN
:v,;; 11 ol I3l

] 3] ‘27.00°
18,41 28,10 2 ] .67 au.ic [t

27.82 27,02
27,48 37.%0.
27.36 27.38
27.3a 47,48

2 17.88 s 20.39 30, upk 20.01 32.02 19.03
2 EININ 30.00 31:38 30.00 30,03 30.03
2 28.03 30.9%: 31,93 IR I IS I EINY
20,08 28,89 as, V.88 31.94 31,04

31.18 31,38
32.08 32.28
a: 432 ll [ 34

33.80 32.08
3

LX)
35.83 38.09 38,00 36.14 38,18

vER 1 ' 40.44 40,44 40.48 . 7 40.48 A40.48
Lowen -ounoAnx 39.00 39.00 39,00 39.00 39.00 39.00 33.d0
. . o o ~e . " ' N [N
‘ . T . .
TIME AT THIS STEP® 3400.00 WAS.. = AIR TEMPRRATURES 28.74
LAYER 3 [ ‘28.42 28402
LAYSR 3 20,41 29,2 .
LAYER & 30.62 29.7% 29.23_15.23; 19 .13, 28.13
“LAYER 8 . 31.02 ‘30.82 “30.07 2007 30.07
S LAYER 8 ! 34.00°32.07 3177 :31.38 31,38 3121312
LAYER _ T . 32.27,32.38 32,13 12.00 31,80 31,01 31,93
LAYER 8 32730 32.80 32.71 32.78 32.68 32.%0 /38.82°32.83 31.83
LAYER 8 32:99. 33,27 33.3¢ 33.43 3 31.120 $ 35,33 3334 '33.34
LAYER 10 34.12 34.30-34.37 36.43 3430 34.47 38,48 34.68
LAYER 11 .3 38.98 38.03 T ETETRY
~ VAYER 12 . . 80.41 40,42 80,02 40.42 40,44 4044 .
~— LOWER BOUNDARY ~ 38.00 38.00.39.00 38 .00 39.00 38 .00 33.06 38.00 39 *00. :
! 3 ' A N R
P ’ M . . T . . .
. - o : - . v
TIME AT THIS STEPs 3800.00 .NRS. = '.t::/jinulnarunnu 3030 ' .
T 2. T3 a . ’ ST T

L .. s s
UPPER BOUNDAAY.  30.83. 30.83 30.%1 3G.83 30.853 30.83 30.36 '30.38 30.38
T

30.38 10.3¢
LAY 30.03 30.10 36.13 30.32 30.33 30:.19 o
[ 4

- LAYER 2 20.13 29.37
© LAYRR 3 28.87 .29.30
LAYER -4 28.71 29.30 29,78 30.78
LAYER & . 25.80 29.78 30.17 31.28
LaverR s - - 28.42 30.82 30.94 11.88 31.73 31.33 ]
LAYER 7 20.02 ;31,88 33,11 32708 .37.89 31.83 31.88°31.88 31.88
LAYER B 3126 32.88 32:44°32.47 32.47 31.47
LAYER 8 22.13° 8 33.14 33.2¢ 3% 293,28
LAYER 10 . 33.48 2 38 34.32°34.30 34.37 3438 34.38
LAYER 11 38,08 38.30 35.88 35.08 15.7¢ 38.90 38.9) ITEINIE IR
S LAYER©12 ©'80.23°80.27 40.30 40.3) 40.32 -40.3% 0.38 31 40.37 40.2
LOWER -ROUNDARY ~ 39.00 39.00 39.00 38,00 39.00 38.00 39.00 39.00 38.00 38.00
. ) L < Q"‘
L4 N . : n 0y -
o TINE AT THIS sv‘}--:cob.oo ws . . AIR THMPERATURES 32.00 -
Coeg? 2 3 a s . 7 s e 10 11e 12

UPPER BOUNDARY, 32,00 32.00 32.00 32.00 321.00 32.00 32.00° 31.00 32.00 321.00 32.00 32.00
R $1.23.31.26 31.31 31.38 31.84 31.64 31,82 J0:93 30.04 23 1.30.47 30.867
30.07 30.24 31.41 31.3% 31.02 29.88 29.72 s 29,88 2088
] 30.10 31.70 31.18 31.08 30.12 29.88 7 39.87 28.87"
(] 31.17 3p.84 30.11 28.84 20.04 20.84
.31.08 31,02 30.48 30 .18 30.1¥ ‘30,18
32.00 31.60 ¥1.33 3114 @118 31,18
22.26 32.04 31%87 31.79 31.823 31.82 21.82
31,32 31.96.32.10 32. 40 32.87 32.88 32.82.32.39 32.41 31.42 J1.62
328 32.71 32,88 33433 33.326 33.19 33.08 33.18 33,18 33.19 33.19-
33.37 33.83 :1 §3 34.11 34.18 34.36 34.23 34,21 34.24 34.25.34.30 24.30
38.19 38.47 s s 36,78 35.78 38.50 35.82 18.47 38.08 15.83
40418 49.21 40.24 7 80.27 £0.28 60.290 40,39 40.21 40,31 40.3)
© 39.00 .33.00 .36.00 19.00 39.00 39:00

2 s R
30.11 31.10 31,49 32.07

”fﬂ.q-ﬂ.',.“"-

et

LAYER
LOWER BOUNDARY ~ 38%00 38.00 38.00

- N . - v
T
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A [N T L . . v R s,
. . THIS PROBRAM CONVERTS. THE OUTPUY

. FROM .OAMIN{TWD DIMENSTONAL NEAT PLO

. J0: THE INPUT USED POR WD. 'THE PRGERAM
e USHO TO CALCULATE FROST NEAVE

L .

* :

OIMENSION, ¥E12, 1) o
CHARAETER PLANs, TESTaA
T8 l\' urp*

2
o

- . /

N [ ] -
20 READ (8,1) FLAC - » S
CIF (PFLAG.EQ.TRST) GO TO 30 I
114 -(_.‘.1.10“) 80 YO &40 - N ‘[
. NBNeY [ . v ! \
0 TO 20 R - /" * .
20 00 100 NLAY=Y,12 LRV
READ (8,2) (YI(NCOL,MLAY), NGOL®1,12)

{
WRIYE (8,3) [Ti(NCOL, NLAY)}, §COLst 'V .
100 CONTINUE R .
.69’ 10 20

1 PORMAT  (A4) . /
3 FOAMAT (17X,12F8.2) Y ~
3 FORMAT (78.2,11P8.2) .
4 PORMAT (18, ,A4)

) IHP *

t.

.

.

‘.l'.‘..l"!,._'l.".'..l.l",’.‘.'.!'ﬂ’.l...il."ll‘i-li-
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SASEENIANBIPEPREIS OIS,
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\ PFROGRAM 70 RSTIMATE PROST NIAVI rrén THE' VINPIIA-TURI A' ) ey
DIOTIIIUTIDU soLved IV YNI TWO DIMENSIONAL'C ’ At © "

.

onnnanh

l"..l..l"..l”*...‘....“.“"'

oootoi‘-.‘ﬁ---o--l-u--t-- -~ : <
> .
TIIIFIIATUII Dll'llll‘?lﬂ. . ’ \ o ‘e,
NIBENT OF KLEMENY Y Cos
ChLUMN OF SRID Alllvllll . ot .
_SEGREGATION POTENYRAL AT IENO OVERRBURDEN .
SECREGATION POTENTIAL AT AN OVERBUROEN PAREERSURE . »
LANGTH QF,.TIMR STEP -~ ' : . .
OEPTH OF POOTING .
THERMAL CONOMNCYIVITY OF PROZEN S0IL
THERMAL CONDUCTIVITY @F. FROZEN FRINGE - . B
COUNTER » 0. 1¢ ne.insulatiod . . . )
= 1740 rayer 3 s Onnmuca : L “a
s 2. 40 Yayer 8 is ‘ * .
RRCATIONAL HEAVE QOI‘TMI e ITIP ce
rnTAL SHGREGATIONAL WEAVE ‘
TOTAL SEGREGATIONAL «lAv% AND lNlITU HEAVE
FROST PENITRATION . . -
LENGTH OF FREEZING SEASON , . - Lo

-llllt-l-----l'nn---l----;iit--,n.:---.l.oi-t-lo-nnn IR *

-
-

-

“OBPIEBEUN-

seseEsnssass
03

sOoaNnAanNDANANDNNAnNNanaAnNn
(1]
-
»

. ! . . 4 . : . ’ . .
DIMENSION T(12,12),249 ).n:};i\.lul(|1);nvvt|:),uvl(|a) . ' N
CHARACYER®72 COMENT LEEEN k } '

READ(S,13) COMENY - . . - .
RENO(S,11). §P0O, DTOUY CF, crl TTIME,WE ¥ - . ¢

READ(S,10)
Rllﬂ(l‘._!:)
READ(S ,10)
WRITE(S .13)
WRITELS,1T)
‘WRITR(S,18)

WRITE(S,18)
Mmiteie) 18}

s WRITE(?,143)
. WR1TE (S, 20)
WRITE(T, 24)

(24N,
(INS (M) (N1,
oP(w), Nel,
‘CONENT

segp {1
(TN,
LTINS LN,
{OPIN),
COMENT

e, |2)
12)
1279

“e1,12)
wet, 12} ] :
12) - o ~ .

9 v : -
o, *

00 8o0-Nsy 12 T N .
1iN)e2(NY/12.0 . N .
MYS(N)=0.0 ' - .
HYT(N)30.0 : . : . .
CONTINUE . . : v -
TiMEw=-100.0 . ' : . - .
FORMAY (F8.2,1178.2) . o ) «
11 FORMAT(6FS.3)

12 FORMAT(1212) -+ . .o e

13 PORMAT(AT2) . . S .
14 FORMAT(* LAYER TMICKNESS',/, ' °',12F8.2) - .

‘18 FORMAT(/,' COUNTER 70 STARY n:nvl. o INSULATION® ¢ . . .
+ S1sINSULATION @ LAV!I 3, 2-lntnLAr|o ® LAYVER 8°,/,
1 ¢ COLUMM 1 3 a [ [ 3 1 s, - fe
g ) 10 1' 12°, . o o .
‘e L1218} E .
18 FORMAY( ron?llc ot'fntnnl' & oL 1are )
. 17 FORMAT(//' SPo & *  F12.74 . T
€ e T ; .READ TEMPERATURE DISTRIBUTION 4”' }
1000 Tml-nnloorour L : ) . - .
IF (TTME.GY.TTIME) GO YO 9989 '
DO 100 NLAYSI, 12 . .
© READ(S,10) (v(nan NLAY), NCBL-l.lz ‘/ .
100 CONTINUE
[ ....st0R 1r Yime Lounln THA
Aass DO 8000 MCOL=1T,12 . .
c . . N
c e AP ,PIOGIAM DOES NOT CALEULATE
c Ce .....FROST PENTETATION UNTIL 3IRD .
c . . e e e ltlnlur IS FROZEM \ N . Co
c - " : [N
) Y If (T(NCOL,2).GY¥.31.9) GO To $000 . : ¢ b
c.ltl.l.'lll‘l'l- (2 R KR J ll'l.l-l'.ll'.llllll‘.l'.lll.‘.'lllll
c . . .
€ CALCUTLATE PRUST PENETRATION * ° - «
c B . - . . . . o
Cl..'l..i!.'ll.tl'l'l‘-.'lll‘.-..ll‘l.l.'ll‘l.l-ll..l}l.ll‘llll
. DO SES NXa3, 12 . ’ . “
1 (t(MCOL, nx).c? 31.9) GO TO 441 ad
.«885 COMTINUE
. Y]] 7\:7(“:0&.(!!-')) . | . .
. T2aT(NCOL,({NX)) s .
- X1e2(NX=1)/2 ~ R . -
XZRTCNX) /242 (NUK-13) . : ° - . : ,
XPeX1-{C((XI=X2)/ (TR “Y21)196T1-32.0%) . N

. .
. .ADD FROS ’lll?ll?iﬂ! FROM EACHM ELEMENT

1IF (MX,EQ.3)
IF (NX.HQ.4&)

Go To sas . : ) .
go To ez * .

= . - P
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#43 WEBENE-3
98 488 WPES, NED
nPeRPeg(NP)
448 CoNTINUE L
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A
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t Gll:vtl'l BREARBATIONAL WEAVE

‘ 1P % TiNCOL, WWE).CT.

tr Cex.8v.8) Go TO
oERTPe

€0 TS 114 ,
THIRT(NEOL , (NR-2))
lalllillrilli
IHRET(NN-2T/S

I tux.6Y.8) G0 TO
THTsVINC
THEZeT(NCOL,7)

(N1}
" llll!lﬁ.tl I. 2) wwe? '

"

o0 Vo 43
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N
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Timg o 3000. 00
- SEORESATISNAL WEaVE
veu. 28 118,38 81.72
TOTAL WEAVE
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Lo ‘ L : )
engtal'Sjte‘béeayién and Conditions: . ,
e . . o 4
ocation - Lacombe, AIberta . V ' o
uilding Type *- 'Steel frame - span length = 4m, gravel pad oo
oil Conditions - 10% clay, 10% silt, 80% sand o
iquid limit of the fine fraction of the soil - LLff 132
round Water = Water table 125cm’ ‘from the surfaqp - T

stxmate the segregat:on potent1al of the so11
: ﬂ )

51nce the so1l is'a sandy sonl the segregatlon : -
: potent1a1 is estlmated u51ng n Rf factor (Rléke et al ;
. 1983) \\/, . ] ) . B . . » ‘

<

10+10= 20%. : .
1% clayl/[% fxnes] R
(10/20) 100%- 50%

1% f1nes] = [% clay] + (% 511t]
\ [% clay sizes in fine fraction]
“[% clay sizes in fine fractlon]

;,v',  :
Dqtetmihe R, ftom’Equation.3,1

R = (% f1nes) t% clay sizes in. flne fractlon)
o “(liquid llm;t of fxnes fractlon) ‘
R, = 20 #50 - . , ,

R

o132 W S
Ui ‘,;57'6‘ j-f', ‘/2t~u R N

-

-Détermine'SPoﬂirbm Figﬁfe-3u3

.st1mate the temperature cond1t10n at thep51te.,

v

Mean air free21ng 1ndex can be dgtgrmlned for th1s o
locatxon -from Boyd (1973) o o B P

-

MFI;=.t389°C»dayé R
~ Design air f%eezing Index‘ - B R : ~xf 

’DFI‘= 100 + 1.29- AMF1)*
- 1892°C days E

.

Assume the ground surface is covered WIth snew over*the
freezlng season,‘therefore n L P :

,v——-. < i

P

o . P . E . K -~
Nttt .
N
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. v N i N . . M
. . . R
v K ' ’ ] ’ 194 »
. . J . . . .
4. . . . e

\ ‘ ) ‘ ° Y : : . s
. - ,J { . . N g .
,;. | Ground £reezlng 1ndex = n (Alr freez1ng 1ndex) -
P 7 1892°C ‘days . -
st;mate the p0551b1e magnxtude of £rost heave i
/ ”The total ma9n1tude of heave is, determ1ned frog;fxgure
4 20 _ R ) \ .
S
~ Total. heaveAh = 180 mm e

.stxmate the allowable heave for the structure

The Canad1an Foundatlon Englneerlng Manual (1978)
‘recommends..a maximum deflection between supports for a-

frame w1th ‘metal claddlng to be
T B, = L/240 R
where L equals the span length S @ér

»

“1In thlS case L = 4m

. v = ) : , N . g S B o - ‘
By F (4000/2409'= 17mm : ‘ :
The Canedian Foundation Engineerlng Mahuel (1978) lse

recommends limits on total deformation of:. /,' ‘

/

, For structures on'clayA,nlx = 80*mm‘; - L
o _ Gy | | t ,
‘ For structures on sand A, f 40 mm a/“
4 Total frost heave exceeds cr1ter1a for totdl
. _. deformation, therefore some foundat1on 1mprovement is
’ requifed. !

Design £oundat1on'to resxst frost heave throuéh use of
L 1nsu1at1on. -

. 14

ro

If an 1nsu1at10n layer 1. 8m wlde and 10 cm- Ehick is . .
used the total heave can be determlned by‘xnterpoletlng
between F1gures 5.11 and 5. 12 o

) : !

I} o -

[ s : . o

This meets the requ1rements for total deflectlon for
the structure.,,' PRI B B 5:tt

e )
{



