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'vm1n1ng projects requ1re the constructlon ot heat generatlnga,f

usmc'r e : '

P "'v'.-"' S B ‘.

".‘ The extra&tion and upgradlng of b;tumen at surface:

-~

v*structuresr In some cases these structures must be_ 51tuated?‘

f;aboVe oxl

-,sand strata 011 sand expands upon heat1ng wlth;~’

che amount of expansxon dependent on the amount of draxnage“

. '~ .
_of water and b1gumen from the heated zone. The expan51on Can

”-cause large surface ﬁbvements whlch can have adverse effectsﬁf5

1\ R :
on the structures.- ﬁ

; 3 Laboraxory work cons1sted »f,ﬁtye?a measurement 1@of

hgeotechn1cal propertaes f-loil sand subjected to h1ghf;“

“..

_temperatures. Detalled 1nformatlon was collected w1th regard'd'

,rtc “the 1n£luence f temperature on propertles such asn*'

,.- -

‘permeab111ty,\compre551b111ty and volume change.. Laboratory:

work . lso f'anvolved l_th preparatlon_apf hlgh qual1ty§.7

-undlsturbed 011 sand test samples from. frozen core._e

Analytlcal Studles p'1\§olved utlllzlng 1nformat10n e

derrved*from therlaboratory_testrng ?fogram“‘toj‘investlgate -

,;theoretxcal methods dfo predlctlﬁg vqume chahge and poref

-rflu1d development of 011 sand rsubjected ,to" 1ncreases fin

B

(-4

/
_temperature. Numerlcal methods were:- employed to analyze the

.‘-_

rate at which heat flows through an, 011 sand mass ‘and ‘thE*r

e

" rate at whlch excess pore flu1d pressure resultlng from anV's

lncrease in temperature d1551pates. A method s developed_

to - couple .the* above processes (heat transier and’ flu1d5

N - - oL

iv



. .. . N

Ugdra1ned heatlng‘of 011 sand to 200 'C w1ll,resu1t piniig’
- a volume 1ncrease of about 6 percent. Most of th1s 1ncrease, ﬁ;

A RIS L
over 5 percentqﬁ is \due the pore fluzds,. water ;'vde'

f b1tumen, w1th the' b1tumen expandlng sl1ghtly more’ than

L

”'water. The remalnder of the volume 1ncrease 1://due to the
iﬁthermal f expans1on ';cff;;ghé;g sand graln

The dense,i

1mpenetrat1ve structure of 1n s1tu VOil sand w1ll show _a:

-+

’ negllg1ble amount of thermal volume change by 1tse1f

”V‘Thef analytlcal model presented thls'_ study

‘flnvestlgated the effect of heat flow from a 80 m d1ameter

r

storage tank on underlylng ozd sand strata._ The' tank

o

assUmed to rest agf' co vent1onal crushed rock and san%:‘
. ‘ : . ' l
‘foundatlon pad 2 m 1n thxckness, and held a_,constant

f temperature of 175 o

The results of the theoretlcal analysis showed that _
njalthough the rate of pore flu1d flow was slower than that of \;_
j heat flow, 1t was suff1c1ent to provzde a s1gn1f1cant amount
o ~f dra1nage.: The pore flu1d preBSure developed durlng

heat1ng of the 011 sand strata ‘was found to drain = fast
enough to negate large\volume changes assoc1ated w1th the
. undralned condltlon. A" max1mum dlfferentlal heave. of 14, cm.

w» .-

‘was- observed after 30 years of: heatrng. The-amount'of' o

PERY

-~

differentral_;heave. predxcted vfrom thed analys1s appears

,manageable' when 1ncorporated into a structural de51gn of a’

storage tank. ffﬁ$\\5\\\l

o ) ' b4

R
. V.‘l -
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1. INTRODUCTION
2141 Statement of Problem

The purpose of thus thes1s is to examlne the ~1nfluence
that temperature increases from heated foundat1ons ‘have on
the foundatzon performance of, 011 sand and to determ1ne“

A L 4 -
Mhether' unacceptable foundat1on movement could be caused to -
'_overly1ng structures. The aim -ofu‘the study is - also to
determune what temperatures are allowable in the oil sand or

| what‘rate of temperature increase in_ the'.011 sand°7from
‘heated foundations is allowable before alteratlon of the
phy51cal propertles of the oil sand occurs. |
LTo“ analyze this problem,_lt is necessary to assess the
rate at wh1ch heat generated by the. structure propagates'
’through the \underlylng oil. sand. strata and evaluate the’
amoUnt,of’dralnage which occurs. If drainage_toccurs atjja 4\

g

u‘rate greater hthan or‘ equal to that of heat flow, the oil
sand mass WIll be fully drained and thermal ‘volume changes -~
are due to the sand-grains and soil structure. If drainage
occurs at‘a rate less than that of heat flow the oil sand
mass. will : partlally dra1ned and thermal volume changes
are due to the sand gralns, 5011 structure and = pore flUIQE‘
(bltumen‘and‘water).

To‘perform Qhe heat f£low analysls, the " heat £flow
) parameters are required. These 1nclude thermal conductivity,
density and spec1f1c heat 0il sand'subjected to an 1ncrease:
in temperature' will ;xper@ence:fdan.increasevinsvolume; a’

Pl
N



" v 2
change in v1scos1ty of the pore flm:ds{ and an'vincrease in

(]
\

pore flu1d pressure.

g

To determ1ne the state of dralnage 1t is’. necéSsary to

\\

assess: the d15tr1but1on of pore’. ,pressure increase;

permeab1l1ty (wh1ch 1s dependent ‘OR: v1sc051ty), 1ncrease in'

N ;‘JU

- volume of pore fluid; compre551b111ty of pore flu1d° and the
‘change | in volume of soil structure. ﬁaPk
The amount of heave and dlfferentlal heave occurrlng

]

beneath the heated structure are calculated from the volume'

2

. changes taking place)1n the oil sand mass.

g

0.\)
\.\\\3« .

1.2 Scope’of The51s
‘& .

Undisturbed 0il sand satisfies vthe fuﬂdamental
requ1rements necessary for a good foundat1on materlal Owlnge-
to its extremely dense 1nterpenetrat1ve structure e01l sand
in 51tu has 'a high re51stance"‘to ‘shearing’ fallure.
(Chapter, 2) and is v1rtually 1ncompress1ble enabling. it ho |
support\mass1ve structures w1th minimal- settlements. T0@~.
1llustrate the - latter} cons1der a 'storage' tank,BO'mlin“a

*d1ameter contalnlng 100,000 m? of bltumen (density = ."05

Mg/m ) ’restlng 907‘3 layer 'f oil sand 80 m in thlckness.

From the theory of elast1c1ty (Lambe and Whltman, 1969) the

e

e

stress- at mid- layer r(tank centér) induced by the un;form

normal stress of 206 kPa [(1.05 Mg/m’ x 100,000 m® x
9.81/3.14 x [40 m]?®) is' (131 kPa (0.64 x 185). Assuming a-
coefficient of volume changé of 5 x 107 'kPa".ﬂ(Dusseaulth

1930) " the 'SgttlemEDt;und r the.center'ofgthe tank would be. -



5.2 o, |
- 0il sand subjected to temperaturellncreases w1ll expand'
vw1th theﬂ'lnterst1tual fluxds (water, bltumen and‘gases)
contr1but1ng tgzthe major1ty of the .volume 1ncrease. As heatﬂ

¢

.”from ‘th foundat1on propagates through the oil sand the
| the' al 'expansion. wzll produce ‘ heay1ng -vbeneath ‘the
'ufbundation;"The sever;ty of‘the heavlng is‘dependent on the
-compositional.natUre of the oil 'sand, 'local stratigraphy,
foundatlon - tembe;ature and whether or not vSUfficient
‘dralnage of pere flulds can take place.j |
~ The structure consfdered in the analyses is an 80 m'
'diameter bitunen' storage tank malntalned ,at\ a constant
temperature of 175 °c (Flgure 1.1). o S .
When exam1n1ng the foundat1on _performance ofh the Q;lﬂ
sand beneath a ‘"heated structure,.the p0551b111ty of .shear
failure, lateral, move&ent and settlement must also be
\consiﬁered - The p0551b111ty of shear failure is governed by
the lateral conflnlng pressure on the oil sand ggneath the
'structure, the relatlvewdens1ty~of the 011 sand and the 51ze
’of'the'foundation. In the surface mineable 'area 'theH minor,
pr1nc1pal stress is believed to be vertlcal from the surface
'.to .a depth of "’ approxlmately 330 m ang, 1s one- th1rd that of
the. horlzontal stress’'to a depth of about . 100 m (Dusseault
1977b) The relative’ den51t¥ of "in 51tu oil sand is
extremely'high‘(chapter 3)«.Since the siae'offthe foundation

“vcon51dered in th1s study is extremely large and the 'lateral

:

I

:%\@pmflnlng pressure ahd relatlve‘ denszty . hlgh, “the
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A ‘ . " .

possibility'of shear failure is/ extremely remote. These

Jfactors also negate the - Pa 'billtY"of the;oil sand &Ha |
structure mov1ng laterally Re ,thls study“w1ll also.
show that settlement of th - ucture does not take place‘
geven under success1ve heating and cool1ng cycles. Heave 'and.
d1fferent1a1 . heave  is thel sole -factor_ affectlng ‘
foundatlon performance of . .the 0il sand. - |

The magnltude . of expanse‘n that .oil' sand and its

i} & .
7-1nd1v1dual constituent components undergo with temperature

. t
. ﬁhcreasef was - determined experlmentally in the laboratory.

fThermal fvolume change experlments - were peréormed on
undfsturbed 0il sand under completely undrained and drained
"conditions’;to tempe;atures. of /;66 o ;ach ' componeng
'contributing to volume change; water, bitumen, sand ggains,
and soil 1structure were examlned separately ' The
'experlmental values werjpcompared to theoretlcal models: for»'
completely undralned/ and drained states. Exper1mental
thermal~-constant5' der1Ved from the test1ng of the oil sand
_constituentf components vere also used to examlne ~:the l‘
validity oflexisting formulations, theoretically derived for
:the predlctlon of pore pressure generatloh 1n\heated SOllS.
The‘ analytlcal model developed in thls study couples i
heat flow theory -to fluid flow _to 'assess ‘the _ state ofrl
‘drainage in the oil sand strata below :he heated foundatlon
and calculate the change in pore pressure and the volume
change (orflheave).- The propagat1on dE heét from the
overlving dstructure through the. oil sand strata‘ ‘was:



3

determined analyticaily utilizing numer1ca1 “heat - transfer’
.techniques; Withv'cons1deratlon to changes in permeab111ty,
coeff1c1ents of thermal volume change »and” compresslbrllty,f

o/ '

dyn&mic v1sc051ty, dens1ty, thermalu generation”Vrate and_

spec1f1c storaﬁe coeff1c1ent of 011 sand w1th temperature-

fand\\pressure, the amount of pore pressure dra1nage was also

examlned by ‘numerical methods.
‘}The analytical -model used in this study was developed

.for the two- d1mens1onal case. Although the model is ea51ly

adapted to the three-drmenﬁlonal case, results of thlS study

./ will show that the 1ncrease in accuracy would notg justify

the large compUtatlonal effort. and .expense. .

: ¢ ‘ '

1.3 Organizatlonvof Thesis
Published information conderning ‘the characteristics of..
the Athabasca 0il Saads (1nclud1ng comp051t10nal nature and“

engineering propertles) _ surface mining ‘prO]eCtS, and

‘'studies relevant to heated foundatlons on oil sand"is

. . © 4 \_
presented in Chapter 2. ‘ ' I '

Chapter 3 'contains a discussion of the analytlcal

-

. contepts ut111zéd in thlS study Thdse concepts 1nc1ude- the

" influence of heat on 011 sands (expan51on and dralnager;

analy51s of heat flow; analy51s of; :luid flow; and'the .
coupling of heat and flu1d flow. VIA |

A descrzptlon of the‘ laboratory apparatus and test
- procedures emp10yed in the exper1mental program are glven 1n

Chaptervv4t‘ The experimental results. and dlSCUSSlOﬂ- of -



«'results are contalned in Chapter 5

-~

. Numerlcal analy51s 51mulat1ng heat flow into an oil

sand foundat1on from a hot . bltumen storage tank is- g1ven in

Ll

Chapter 6 Also xn thls chapter analyt1ca1 technlques are

A used to predzct the amount of dra1nage wh1ch may occur. The'

result1ng volume chanbe-of ‘the o11 sand foundat1on from the

numer1ca1 analyses ?s also given. \
Chapter 9 contalns observatlons made dur1ng the study

“and conclus1ons drawn from the research = ‘

' The englneer1ng propertles of the 011 sand constitUent

COmponents whlch were requlred as 1nput for the numerlcal

analyses are glven 1n Appendlx A

Thls appendlx outllnes the
source | of f.the ' data | used 'to derlve “each property
(experlmental testlng or publ1shed 1nformatlon) and how each

property varles wlth temperature and pressure.

Append1x B ‘provides ‘a detalled descrlptlon of the.

’apparatus used rp the experxmental testlng program Appendlx

- C outllnes the laboratory callbratIOns used and Appendlx D

'prov1des the data reduction calculations, g

Appendlx E contalns listings of the avallable ;computer

‘programs used 1n the study,“m.,

.1

~—



2. Li'rxnamE REVIEW
2.1 The Athabasca 011 Sands. - .’ f}rhnffc:.z j““*”

: The Athabasca "~ 0il, Sand °Depbsit | is '1ocated _ in‘
northeastern Alberta _(Figure Z,i)w,underlying ian'area~of_
¥appro§imately ~32t°00 'éﬁuar"“kiloheters" with : estlmated*
inpiace hreserves},of‘146 5. bllllon cubic meters (Outrlm and'
Evans, 19fé? Mossop, 1980) Athabasca, the largest 'of 'the
four' major oil sands dep051ts 1n A;berta, is unigue in that
-a- portlon ‘of the reserves (about 10 percent)'hayefless_ﬂthan,;
50 ‘m of 0verburden (flgure 1 1)and is exploltable.by surﬁacé;

“ mining methods (Mossop, 1978) g. o ;

In- contrast to the other Alberta 011 sand. dep051ts, the

-

Athabasca reserves are limited for bthe most part to one
reservo1r ‘-unlt . the McMurray Formation.' Mossop‘ (1980)l:
describés the McMurray Format1on as a Lower Cretaceous unit‘
f eon51st1ng of ,uncemented quartz .sand - with 1nterbedded~

shales. In general the entire McMurray‘Formation’bears Coil

e T

with the ‘well sorted shale free 011 sand layers hav1ngy v

por051t1es of up to 35 percent and orl saturatlons 'ofd 18
welght percent (Carrlgy and_Kramers,'1974; MoSSop;'T978).

\ . ". . ) ‘." - ‘:

2.2 Character1st1cs of the Athabasca 011 Sands S
| The . vast majorlty of reserves of the Athabasca Depos1t,v
are found in. the sands ’of the‘_Lower Mannv1lle McMurray_
4 ‘ . .

Formatlon. The McMurray Formatlon 1n the area of concern |

averages between 40 and 60 m 1b thlckness (Mossop, 1980) - In



‘ ' See Kramers JW, 1974 :
' Geo/ogy of the Wabasca A Oil ~Sand Depo.s'/t (Grand Rapids Format/on/
. in Hills, LV. (ed), Qil."Sands, Fuel of.the Future,
Canadian Society of Petraleum Geolo?sts Memior 3, p. 68-83. :
anure 1 Location- Map ‘Showing the area of study and -the area outlmmg ‘the
’ Wabasca - A Oil Sand Deposnt .
o Page 68 -

Y w

- ’ : K ' ! '.DI

“-Figure .2.1 Oil Sands Deposits of Alberta



| the area of the present m1n1ng operat1ons, ‘the _oyerburdenﬂ}!

‘var1es in thlckness from 0 to about 35 m.

01l sand typlcal of the Athabasca dep051t\‘conszsts 'ofﬂ'j

L)

approX1mate1y 95 percent quartz, 2 to 3 percent feldspar.;
grains; 2 to -3 percent m1ca and clay m1nerals, and traces of:

other ~m1nerals -(Mossop, i\zﬂ8) The gralns are pr1mar1ly<”‘

710

subangular w1th moderate sph r1c1ty (Mossop,‘1980) The h1ghf

grade -011 bearzng sands in Athabasca are predomlnantly fine

"to medium gralned vand un1formly ' graded - qQuartz sandA_'

elDusseault 1977)1 _
. t

&

The sand gra1ns are surrounded by a thzn film of waterr

with ~ the remalnlng  pore space occup1ed - by thex Oll

‘(Flgure 2.2). The water and the oil form' contlnuous ghases

(Mossop, 1980). The majorlty of clay partlcles in the 0115-'
‘;sand matrix are contained /in ‘the' water envelope nusuallg"
attached dlrectly t0~the.sand grains.'Substant;al'portlons o

of gases (mostly methane and carbon dioxide) ‘are' dzssolved

within the llqu1d phase of the oil sands (Dusseault 1977).

Dusseault (1977 1980) reports saturated bulk den51t1es'

for unlformly graded rich oil sand (the ore bear1ng zones?

of the Middle and Lower Mchrray Formatlon) of 2. 05 to 2. 18

B Mg/m3f and poros1t1es of 28 “'to 36 percent. Mossop (1978)h

'fﬁreports 011 and/ﬁater saturatlons of rich 011 sands -in the

'}Athabasca Depos;t of 18 and 2 we1ght percent, respectlvely.

!

The graln 51ze d1str1but10n for Athabasca 011 sand 1s glven

‘1n Flgure 2.3,

N

- .
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Undisturbedi.oil sand exﬁibits .extremely high shear

'strengths and dilatancy compared to normal dense sand of

n

13

similar mlnerology Dusseault (1977) prov1des ev1dence from

“thin Sectxon and scanning electron mlcposcope 1nvestzgat10ns

which show oil sand, unlike typical dense sands, has a large

‘number of ooncavo-convex and straight~~(or long) ' contacts.

'Th1s 1nterpenetrat1ve structure developed during’ the time of

-burial in wh1ch d1agent1c processes occurred with

.

.dissolution and recrystallization of quartz at grain
boundaries. | |

Undistufbedl 0oil sands exh1b1t curv111near Mohr fallure
envelopes. The 1nterna1 angle of frlctlon is _hlgh at low
'normal stressesz reflecting high rates of dialation but-as

normal stresses increase dilatancy .is reduced as more shear

_occurs - through grains and surface asperities. The rate of

curvature in the failure envelope decreaSes as the residual
'-anglesvof‘ Shea:ing resistance is approached (33 . to.36°

(DusSeault 1977) Dusseault (1977) expresses the failure’

envelopes for undlsturbed 011 sand as a.pover law: functzons.

| 2.3 Surface Mining Projects

Of the 11.8 billion cubic meters of reserves which lie

'withim the sﬁrface mineable”aréa o¥t7'ﬁe‘5Athabaséa‘:Déposit B

.

-only > 6. 4 b11r1on chbfc meEe?s are rec%verable by°current "‘?

' e e ’_.?""#- ..... ar

surface mining methods, resultlngo nn-4 3 bllllon <cub1c

‘jmg;e:sw‘off_synxhetac‘“orﬁde,.oilw (Outrzm and. Evans,~1978¥

. Figure 2.4 illus;;ates.the1‘sug£ace_-mxneable area” of = the

- . . - N - -
. < .t - - s -
A . P T TR
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Athabasca oll.sand deposlt'indicating the location of the
two ex1st1ng commerc1al operatlons (Suncor Inc. and Syncrude
Canada Ltd.). A th1rd surface’ m1n1ng progect was proposed by
the Alsands‘Consortlum and was "to be located 70 km north of
Fort McMutray (Figure 2. 4)

Suncor began surface mining of oil sand with bucket .
wheel excavators in 1963 and is- cnrrently producing, about

8000 cuhiC' meters of synthetic c¢rude o0il per day. The

surface mining activity at the Syncrude site commenced in

‘1977 with draglines and is currently producing approximately

- 20,000 cnbic meters of synthetic .cfude oil  per day . The

”»

proposed Alsands . progect was planned to mine oil sand w1th

draglines and was projected to produce approximately 22,000

cubic meters of synthetic crude oil per day.

2.4 Effect of Heat on Oil Sands ‘ "

Oonly recently, upon the construction of the Syncrude

- Canada Ltd. commercial production facility was the necessity

for erecting heated structures on o0il sand strata

considered. As a result, little information exists in the

_published 1literature 'concerning the behavior of oil sands

_beneath heated foundatlons._ ”W_;_,¢;>_;

Boga, et al (1980) conducted a study to explore ‘the

"dstab111ty of 011 sand exposed to excessxve heatlng beneath,.

'”hot bltumen storage tanks..The 1nvestlgatlon centered on the
“proposed 1nstallatlon of four add;tlonal hot storage tanks .

~,g12 m above' 011 sand at the Syncrude plant site. The study

—~

- C
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‘ was intended to prov1de dn optlmum thermal foundation de51gn
for the hot bltumen storage tanks.

| S 'Ut11121ng a| finite element thermal.model Boga,reé al.
(1980) investigated tne propagation of heatlfrom. the " tanks

in the subsurface material. 'Triaxial testing of oii send.

samples under dgmined and undrained condifions _to}

-temperatures of 90 °C were . also conducted The oil- sand used,f

4

.in the testlng program were obtained from block samplee
dta&en fromA the Syncrude'dmining ‘operation. Since no
peroautions were taken to guard against'enpansion ofvrne'oil
‘Sand_ from inieitu cbnditions, the semples could be assumed
to be‘at‘a consfdereglf lower density and thus be considered
disturbed. The in situ horizontal stress in this study.wasﬂ
assuned to be‘one-halﬁ.tpe‘verrical.nin the Syncrude mine
area.. In rhe‘surfaee mineable'areaf hoﬁever, rhé horizontal,
stress is'believed to be three tinesvthe vertical stress to
‘a depth of about 100 m (Dusseault,’1977b;vsection 1.2). Such.
'conditions euggest one- dlmen51onal ‘testing (zero lateral
strain) 1s more representatlve of actual field conditions.
The - tr1ax1al tests-conducted in thlS study 1nd1cate
that under fully dralned condltlons 011 sand did not dlsplayv—
any softening or failure to¢ temperatures of 90 -°C. The
. triaxial tests conducted under fully undralned ‘conditiqns,
howeVer, dlsplayed a ‘'significant 1nerease in pore fluid
pressure at 60 °C-and softened.and'subsequently feiled:at 70

°C. It was conciuded from'theSe'tests that under undrained

EOnditions the strength of oil‘sand'is,adversely affected at



. ¢ _ _
e temgeratures exceedlng approxomately 45 °C.
“W - . -

Boga° et al (1980) noted—xn thelr 1nvestlgatzon that.

-

con51der1ng the»rsloy rate of heat flow 1nto the o0il sand
foundatlon beneath the heated“storage tank somepdlsSLpat1on
fof pore‘~flu1d pressure was p0551ble. However, 51nce the -
amount of pore pressure d1ss1patlon from dralnage could :néti{:
be' calculated maxlmum 11m1t;ng temperature. of 45'50”%
(based on undralned tests) for the 011 sand beneath the tank

- was, .assumed for de51gn purposes.rTh1s 11m1t1ng temperaturehu,

. 1{1

s combxned w1th the thermal ana1y51s, prov1ded a foundat1onf
de519n for the proposed tanks.::i;fif:lLT'iThh‘f'*:}t:d.

. " Harris- and Sobkow1cz (1977) 'ééveidﬁéa““‘"*msfhémaficar=~*
model ‘to analyze the undralnedq.behaV1or of oil sand to

'changes in. temperature (and/or stressﬁv%The nmode}m has *thev:?

icapab111ty of : deallng WLthf“ elther one*dlmenslonalf.

compre551on (no" lateral straln) ééf tio= dlmen51onal “p;ane{7;
strain. The model does‘not however, 1ncorporate,thexeffect
of-fluid‘pressure dralnage whichboccurS‘during\the Vtgme iot“
-heat ‘propagation 1nto the 011 sand layer. As a result the
-model may exaggerate the magnltude of potentlal heave which-
may 0ccur as. the temperature of the oil sand beneath the hot

2

foundatlon 1ncreases Ylth ‘time.
‘-Byrne; et al. (1980) prov1de anprocedure for est1mat1ng’
the undralned behav1or of o0il sand resultlng from changes in

emperatures and loads. The = method .1nvolves - use of\the"

computer program OILSTRESS (developed by Byrne and Grigg-

[1980])._.Theuprogram utillzes finite e;ement techniques and



.has::the capablllty to 7dea1 wlth both plane strain and
axlsymmetrlc condltlons. The program assesses volume changes
.occurrang in the pore flu1d and couples zt w1th that of the
;'sand' matrix to ma1nta1n volumetric. compat1b111ty. d‘An
'iterative procedure ?s’used to obtaln compat1b111ty in the
sand skeleton ‘and flu1d phases .in, terms " of volumetrlc
4 strain. Gas Jlaws rare used to . calculate~changes in pore

pressures. "In’ the analysxs the sand skeleton is'-conSJdered“
non l1near elastlc.‘lThe” program also IConsiders. Qolume
changes arlslng from shear dllatatlon N . )
Although Byrne,:]et .all (1980) have not applled the
computer program OILSTRESS dlrectly to heated foundat1ons on R
oil sand, 1it has been used successfully in. predlctzng the -
sa»behaulor of one dlmens1onal stress relief of oil sand. The':"
prQCedure has also been utllzzed to predict the’response of .
4*-3 deep shaft 011 :sand - When 'appl;ed to cylgndr1cal
- open1ngs ,"i _ elast1c ~and elastlc plastzc materials the. .-
results obta1ned from the analy51s compare favourahlyi with
closed form solutlons. : | | | o
Charlwood, et al. (1980) modlfled the. computer model
put forth'_by~.Byrne, .et‘jal} (1980) (whmch only con51ders
temperature influence on the gas phase of ‘o0il- sand) to
‘include transient heat 'transfer and thermal 'eipansion;
effects. The model islintended‘for use in mine asslsted in
situ (MAIS) design applicatlons. ‘ A
'+  The computer model proposed by Charlwood et al. '(i980)

was not_ used for thls study for several reasons. The model

v Y



assumes inf itsfpore;pressurefgenerationfterm édr uﬁatSEdeavff
conditions thatswaterland -bitumen-_are ‘1ncompre551ble. It
_will ‘be - shown in 'this- study that the compress1b111ty of
b1tumen and water is 51m11ar to that of the soil structure.
‘The pore pressure generatzon term' also doescnot includetvg
_thermal expan51on of pore flu1ds. R | '
The _forces assocaated w1th tempefature are calculated
.in this medel based on a;51ngle3value of 'thermal expansion
. coefficient .and therefore tfails% to dlfferentxate between
‘ dralned and undrazned thermal expanslon. Therefore, if.pan:'t
undralned thermal; expans1on ,coefflcxent .Qerelused.ln thei»
. analy51s, the stress dlstrlbutlon 1n the_ oil ’sand ‘strata ﬁh
would only be correct 1f all elements rema;n fully undraemed"r

throughout the analysls,hShould any of the elements reach ;545~

temperature~«1n whlch the permeablllty was such to permlt
dralnage of pore flu1ds, these elements would have to be
: manually altered to the correct dralned volume in order to.
¢produce the proper stress dxstr1buthn. In other words, the -

computer program does not account for mass transfer during
simultaneous thermal expansion .and . dralnage because it

cannot - automatlcally dlfferentlate between drained and

* . ,
undralned coeff1c1ents of thermal expan51on.;‘As_ a"result,,hﬁ

1

h‘use of the program for the purposes requzred for this. study

 would be extremely d1ff1cult
A}

The ggotechnical aspects of oil sand behavior due to
temperature changes and the concept of heat-consolldatlon

(the t1me rate of draxnage during heat1ng) are d1scussed by

,
.
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fMérgenstern (1981)

L2000

A theoretlcal anaLysxs for predlctzng volume changes 1ng_

'50115 resultlng from temperature var1atlons and pore"f

'_pressure changes due to undralned heatlng have ' beehf;f

\' -

developed by Campanella and, M1tqhell (1968) and examlnedf*

’further by Mxtchell (1976) These theoretlcal exp;e§$1ons

'Tare dxscussed gn Chapter 3 ;-j-". J‘_ , w.ff



3. ANALYTICAL.CONCEPTS -
3.1 lnfluence of Heat on 011 Sands

L% = - o -

o B theoretacal analys1s for predlctlng volume changes 1n

3.1.1 Expansxon‘

wj'..u ¢ .

.'saturated soils subjected to temperature; changes was - put"

e

forth by Campanella.nand Mltchell (1968X\ Thls ana}ys;s.as -

Sew v L]

B extended hereln to eon51der"011 sand wh1ch contalns two. pore
fluxds (bltumen and water) ' The ana1y51s presented here

assumes'the pressure‘of the'pore.?flulds is. su£f1c1ent tc'
: preVéntﬁigésl“éisciu “bn“randM-pore fluid, -3 apourxzatnon or”

dlstlllatlon. The 1nfiuence of p0551ble gas exsolutron is -

dlscussed 1n the conc1u51ons of Chapter 6.

. e oo e

3.1.1.1 Expanslon Under Fully Dra1ned Cond1t1ons W1th nc‘f

~
Effectlve Conflnlng Pressure
Under fully dralned condltlons the volume change'ofﬂ
L ail sand subjected to 1ncreases in temperature under no.
effectlve conflnang'preSSure arqses from Nthe'rexpans1on -
'”-.gmotf the 1nd1v1dual sand grains and structural changes ‘in-
5 the sand skeleton,. Jffp‘f[fﬂ._w c“u:i; »*,.M;f,;g,~t<;yg
,Augip Campaneila and Mltchell (1968) theorlze that vhen a” "

homogeneous sand’ wlth gralns iiwlpartlcle to partlcle-is

s

~contact" undergoes a’ temperature change, each mlneral

» experlences ‘the same volumetrlc straln‘ and- the, ent;re i

-

structure w111 experlence .the‘ ‘same voldmetric strain

(a, A'_I-’).. It is beli)_eyedth-at . subs-eqvue'nft_ V,Q.‘!Qme changes.

. [

i ¥
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‘may -arise from changes in 1ntergranular forces due to
.temperatune wh1ch ; enta1ls relatlve f movement . or

':‘teotientation of part1cles to allow the sand-mass*to:‘
| support the same. effective_ stress., Campanella and
;VFEM1tc;ell (1968 denote thlS change ‘in volume by’ AV, ¢ )0

) &
i As a result the net volume change of«an 01l~»sand 'mass

R . -

,Asub]ected to a change in temperature under fully dra1ned
eéond1t1ons is:
BVt w VeAT R VL O e B

. e o e e ey
B ICHEE A - - - - > . e W > Pt
- e R S Ve, u M R

-where:.

N

a, =,volumettic/b0efficient'of thermalAexpansion,of the;
sand]grains | ” - .
Vﬁ.=_volume of.oilveandgmaSS'

AT_élchange’in’temperatu:e .
L e e e e L [ e e T

The structural' volume change of the sand strucgu{e due
to a change 1n temperatune may be expressed asi

.o s R T TR I P W

PR TN LT e T e e e PR : Lo
P . N : B

(AV..) £ e VaAT 3.

o e et S e e D e » - .

fa;‘~ = COefficient of structural volume change of sand

s
H

- structure due to change 1n temperature
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féombihinéjequatioha;Bﬁlfand.3.2 gives: . i}
(AV.,,)AT= (. * @ VAT | o 3.3

3. 1 1.2 Expans1on UnderéCompletely Undralned Condltzons.”
,Wzth Constant Effect1ve Stress_ o

Under completely undtalned conditions 'the volume
ehange:: of il jsand subjected . to increases ' in
a-temperatores under'a constant -.effective 1stress' atises
from the expansioﬁ of',the individual sand gralns and
pore fluids as well .as' structural changes “in  the _sand
,tskeleton.‘ | ’ |
‘ The'volume chahge of pore fluids experiencing, a*

change in temperature can be ‘stated mathematicallﬁ as:

Vv

(AVg). = a,V, AT * eV, AT | a3
R
-where; - f:.
y - g
e ) b R . ,\y
= coeff1c1ent of thermal volume change of water
= volume of pore water . - ..:;ﬁuh,f.h<wﬂg

AT = change 1n temperature

#- coeff1c1ent of thermal volume -change of bltumen
& .

. Vb= volume of pore bltumen o N

g

RN

The total volume ‘change  of an  oil sand- mass
subjected to a change in temperature under complétely
undrained conditions (effective stress held constant).



is: .
(AVq ) = (AVF)AT+ (AV )n. L o - 3.5

. where: v

(Avm‘z = net volume, change of an oil sand mass subjected

to a - change 'fin itemperature under fully dralged

’ .

conditions.
Combining equations 3;3} 3.4, and 3.5 gives:
(AVn)r= @ VU AT + o, VAT + (a, + @, IVadT 3.6

3.1(2 Volume-‘of Pore ‘F1u1d Expelled under Fully Draxned

Cond1txons w1th No Effect1Ve Confining Pressure.

)

The- volume of ~pore flu1d dralned (under no conflnlng*

stress) from a. fully saturated 011 sand sample éxpel*ncmg

& change in temperature can be expressed as:

»
f

- . . | - & !
T, . ; :

(BV. )= (AVE) * (AV, )= ( AVa)e o ) 3.7

where:

/

-

L

(AV.%T%.Volumegcﬁagge,of the;sand grains due to chahge‘fin

temperature:

. :



e
(V) s e, v, AT

.where:

. o - A - . . r3 - .. -
- R - & SR owmy e P - - . . A .,__' - . >
. . . . m . ‘ e, L X L o '5)'9@ ¥ Jaad Qe n‘ < 3 ”_“s o 25 ‘
" -« X v B e . .“ o ‘« o - R 3 ~ 3 P [ gt
ﬁ‘The; volume ehange of the send gralns due to‘change in”
attmperature can ‘ba expreSSea mathematlcallz as-v.A;‘ “th%=j_ﬁ
- . B e :.- * * g = “.: ‘:” ~:0> ¢ » . i v :
-~ A o oW "»:--_; K e - ‘,"’ T L o v I3 % 3 e o« -
o n s ,,,‘:;v g | R -“» ' ‘ . ‘.‘3‘&.‘_. / et e ‘,.',, P ) M.‘; — .j
\ (AV )= @V AT L e L l3.8
| , 1A _ v . T Ty Ty Y R
_Combining equations 3.3, 3.4, 3.6°and 3.7 gives: .. . _ _ B

<

o (AV..) = a vV, AT + o,V AT + d.'ij,-_AT-,a.V,‘,,AT .f:'-_‘a., VAT . - 3'.9‘:.

#

@V, AT' = @, AT(Va-V,) = &, VAT = 3.10

VU V;’sfyoiuhe_of'tﬁe'voids_

S

Put sxmply 1nto words the amountA of fluld expellegl
from an }011 sand sample dur1ng a dralned thermal'expan51on
test is the sum of the volume change of the flulds less fthe
chanée 'in void volume and structural volume chadgé, If the
structure expands [AV.,]TJS p051t1ve and would be subtracted -
or contrest1ngly }f the - structure contracts [AV,‘ldrzs .

anegatibe'énd would;be?added,



L0280

- . P e ey @ o T

L L oa e : ;

b T e M W
+

3 TrB‘neat Consolxdatxon B R

T o - a - o« . B

@ & e o @ e s e L T

ilThe amount of, expan516n an. 011 sand mass. experlences

i due to temperature changes depends on the amount of pore

o 5 Ay o

q;u1d ?uhrch is permztted‘to dra1n, To evaluate the guantlty

"3S .....

OgﬁbeIQ ﬁlowangqﬁrom nOle sand? subjected ;o temperature

s e R ey, - o

1ncreases “jt"'is\ necessary ‘to assess the relat1ve rates of

o B g - BT

pore pressure generat1on and” d1551pat10n.‘”
Campanella and Mltchell (1968) prov1de a theoretical
anaiy51s tor predlctlng pore ~water pressure changes in
‘ﬁsatuhgted'f501le« subjected to ‘temperature changes This.
rapalys's 18 'extended here 4@0 maansrdem w0il ~Sand | wh1ch
ok ﬁaﬁtwo pdre flugds (bltumen and water). Gas exsolution

L4 m\ . . ‘
and pore flu1d vapour1zat10n #18 ‘not- considered in the

analy51s.

3.1.3.1 }ncrease‘dn'Pore Fluid Pressure’ |

'Under. undrained“ cond1t1ons the combined volume
changes of the oil sand constltuents (bitumen, wateraandd
sand grains) resulting gfrem changes ‘in,pressure and
vtemperature must balance the combined' changes of the
entirer 0il sand mass resultlng from changes in pressure’
and- temperature, i.e.: |
(Avb-%r+_(AVWkT+ (AV.&Tf.(QVb%;+ iAVW%hf'(AVf%P= (AVp ) ot

(BVm)y, o o S, . PR R

h-wherer .' | /_

@ -
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Avgs volume change of pore b1tumen
Av~= volume change of~pore water 5'1?"" e
AV; = voiume change of sand gralns" : |
AV ‘=" volume change of 011 sand mass - . JZL

The volume changes of the 011 sand constltuents due.

PRERT ue A

to pressure changes can be wr1tten as:

(,Avb)L’P=')urpvbAu - | B . ~3.12
UVt mAY RERER
(Av..)A'PV= l‘m‘V,.Au + m:,.'v,Aa"j o - ' 3.14

_where:

“my, = compressibiiity.of Bitumen

Au = change in pore fluidfﬁressure

‘J?”ﬁ;='compre551b111ty of warer‘ |

ni v compre551b111ty of sand gralns under an all ‘round

pressure

m;*‘= coﬁpressibility of sand grainsf when “grains are

subjected to ccncenfrated loadings' v. ;

Ac' = change in.intErgranular.(efrect;ve)'stress
AThe'vciume'change cﬁ-the rotaLTOiiisand‘mass due to-

pressure changes can be written as:



(AVm), = m Vpdo' e 3.15
where:
m,= compressibility of oil sand mass

‘The change in volume of pote water, pore bitumen

and sand grains due to temperature change are expressed

as;
‘ o ‘ . .
BV )= @WV DT e e T BE e
(8Vy)_= @, V, AT ' | . 3.17

' Substituting equation 3.8 and equations  3.12
through 3.17 into the governing equation for undrained

‘conditions (equation 3.11) gives:

@y Vy AT+ o VAT + «,V,AT + myV,Au + m V,Au + m,V,Au +

m,'V,d0' = (AV,.,)AT

+ vamAaf B ‘ 3;18.

_rearranging'terms_yields:

| &ngAT,* a, Vi, AT + a,V,AT - (AVm%T= m,Vpdo' - m,V,Au - - m,

Vylu-V,(m,Au + m,'A0') . o '3.19

The change in effective_sttess may be.exp:ésséd\aszh

3



where: Ao = change in totf

Ac' = Ao - Au

’

¢
‘e * >

stress

_The change:in"total stress at depth d may be.rdpresented (

Ao = Ay,..d RN

Ao =_(Vb/vm)A7hd + (W, /Va)By,d + (V./Vm)Av‘d

Since thé4'uni£,weight of the sand grains dces not vary
. . N , .
with temperature or pressure - (Ay, = 0) -then:

®

80 = (Vy/Vn)A%d + (Vu/Vn)Ar,d o -

As a resuly,.equation 3.19 becomes:
@y VAT * a,V,AT + a,V,AT (AmeT— m Vm(VgAvbd/V + A7w :
d/Vm - Au) - myVyAu-m, Vdu - V,(m, Au + ‘m, [VbAybd/V +

. VWATd/Ve - Bul) s 3.20
Assuming m, and m, ' do _not difﬁér greatly and . are very

smallA‘as compared toamv,_mhaﬁd My, NO 51gn1f1cant error,7

is 1ntroduced by sett1ng m, = .m,' ‘= 0,  §$' a result
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equatlon 3.19" can

it P U TP L NP -
SR T I R PP N SR L T IV

e e c e w e

I PR

-

ay Vy AT + a,;vaT‘+'a.v.AT-(Av ) = W, (vbAy,,a/v,,. ) vayw

a/Va) - m;VmAu-mbngu-— m,, Vi,:Au - '.a~_ ud; SN 3 21

Lsince:-:v R v-,; r V. and (AValyr= afVmdT + a”V,..AT
(sect1on 3. 1 1) . equatlon 3 21 becomes..' 'f;f'jyi?-'

~
P

@y VAT * o V,AT-a,V, AT - @,V AT - a,.V AT = mvv (VbA'ybd

-

> "' V”"A‘Wjd)"‘m'v ‘AU"‘mBVbAU"" m\wv AU :' - ?' e o 32 22

L e e :
-

Assuming -he oil sand mass is fully saturated, the

“extent. to whlch the: volds are - flLled by. bltumen or water »;

(bltumen and water por051t1es) can be expresﬁed asw,iwi

o ~ e T X Ry ,. n" . .. . _" . .
. = . o . . T : ' : g
n,= %./Vm and i, = V,/Vp, - . Ly
> . .- . ) _. . - 3 R . ;vzl'i

‘» :‘ .
. s ) ] N . ‘ st . e
equation 3.22 may be rewritten as: )
. ‘Hv,-.-;- i.«;.ra. T e e o W e * . ' l
k ‘ . AR e o U

.

_"Au = n,AT(ay - a,) + n,AT(aw~ a,)-a, AT - mv(nbé7udj + Ny

Cand)/m mymgeneme BEERY

LY el s R N

It should be noted tﬁat a., aband aware p051t1ve in
the above' equat1ons. s1nce . an increase . in temperafure
results in an 1ncrease 1n volume- whereas,.mv, My and vmw
fafe_vnegatlve 'because ,volume decreases with 1ncreas;ng

pressurée. . The coefficient- w,, is -positive “When‘fanf

1
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gcrease in temperature produces-an 1chease 1n-~vqlume e

Lo
- - ai"*’»‘m"“"‘~-’

,,,,,

“E'ef »the sand, structuﬁe ahd hegatxve when a, decrease 1n

. volume : i?;f 1°,_2xiﬁ-“1” :z
- 3.2°Analysis’ of Fluid Flow o e
SR T T R

» . .

_}f 3,2;1 Introaﬁctienf-r’“' . R |

h - To. 'eieluate-_the rate at wh1ch ekéess ,pore; fiuid
pressure resultlng from ee~‘ 4ncrease 'nﬂ temperature'
d1$51pates from ran-ieil' sand mass,ethe rate of fluLd f10w‘:

. must- be examined.. . One dimensional fluid  flow through a

o ow
E e e - B © v e

saturated 5011 “Yis goGetned"by Darcy S"observatrbnab law . -

“ ve & a

whlch is ﬁepresented by the equatlon~

v = -ki ST ST e e 3,28

. . . /

<
"

'flowmvelecity L S

=
[

hydraulic conduetivity | ‘* e ’ﬂl_ v . .95
. . " L -
hydraullc grad1ent S e _
: ) o e L .
flow rate _'” e S =

[
]

>
||

= cross sectlonal area of soxl normal to the dxrectlon of



TR oy R
R . . C- N ) 3
- . - o0 M -~ L e
- s e - ~— . - - catn
. - - ~
@ e an - - N -, - - o
. - - Yooa - S .
fl . - hd R P -
10W . - o e emeis
- P ) :
. -
I T T R I ,," am e e ey, . R
o e L L L U S - --.... ,
. = e S =

féfd . The valué df“bhé hydraulxc-conduct1v1ty for,a soﬁl-n'
;&nfluence by the«4propert1es of the permeant and the sd:l

The Kozeny Carman equatlon prov;des a gbod aSSessment of . tbe ..
‘2hydrau11c conduct1v1ty in uanormvsands (Mltchell 19769 and \
‘1llustrates the . effect 5011 and- permeant propertles have,,onf.>

.permeablllty..The Kozeny Carman equatzon is expressed in the

followzng mannerv

ko=oyet [ KoS*u(1ve) s .o 397

SR o T x

'Where: ' B e SR " .A.. A e . e s ‘ P w o,

’ﬂlk“;”thé-barcy hydraullc conductIVIty ’

PR [

,

<2
#

-unlt welght of permeant

v01d ratio :.,-

o
nee

Kg = pore shape factor

L

: the specxflc surface per un1t volume of particles- e

®
.

v1scos1ty of. permeant

It is,apparent . from ‘the Kozeny Carman equatlon that the
,5hydrau11c conduct1v1ty .is  dependent, in part, on- the -
'v1scosity and the unlt welght of the permeant Temperaturev
changes 1nfluence both the viscosity-and the un1t welght (or
‘den51ty) | of».the' permeant, and therefore ‘the hydraulic

conduct1v1ty‘also varies with temperature.'itkis useful to
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-

express' hydrau11c conduct1v1ty vin..'terms _“oi. eabSolute--’

N s

permeablllty K (a coeff1c1ent dependant ‘on . the 9ropert1es ofli

*“""' - A -

“the’ 5011 skeleton on1y7 by the equatxon- ’ '
woaTio e e TR - ;- .: o ! :; S e L S LT e

- . P e

N

Lambe and . Whitman (1969) ontline the = soil

7‘characteristics -which- affect hydraulic conductivity. These

'characteristiés'inciude void f%tio; particle - size, fabtic,

composition and degree of. saéurat;on. When con51der1ng an

, 0il sand mass subjected to a change 1n temperature changes.

drln partlcle 51ze, void ratlo and fabrlc can be expected.

Cansider the t1me var1ent flow through 'an: element - of"

e

fully-saturated soii- hav1ng dlmen51ons dx, dy and dz with

2

iflow{ocoprringzin the x,y p}ane only (Figupe 3.1).  The

'valume of fluid entering-the element during a time At is: ™

(v -‘[av,/ax]dn/2)dezAt + (v, -ifavy/ay]dy/Z)dxdzAt;e

J

wherei. = . - .

. .
Ve, Vy, = oomponents of veloc1ty at ‘the - wentral point P (x =
y =z =0) of the -element’ B L T

[3v,/3x], [av,VBY] = change of velocity in the x and y

‘directions

e

dydz, dxdz ='crossféectiona1 areas’
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Figure 3.1 ‘Time varignt Flow Through “an’ Element “of 1Fully—S’an'Jr‘;tod Soil
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;The“vblumgigf,fiuid leavihg'thé'eléﬂintfau?ih§~a«fimngt:is;~

v,
"o

(v, + [av,/axjdeZ)dYazAt’*'(Vy *ﬁfav,/aY]dyzz)dXdzAt _

Therefore, . the net VOiuﬁé:IeAQiﬁéwthe element during a time -
At is: )
;’rav~;/ax.] + [ov,/dy])dxdydzat

During the = time increment At, the total shead at point P
increases by.AH-ahd as a result the volume of -fluid taken
into stqfage“dug"go the chanée in total head is:_'

5

S.dxdydzAH “

- .

. N e
-» . ... e L o : d

where: S;’='Spécif%¢ storage coefficient
The volume being generated within the element due to the

-thermal.expansioh of .the pbrg'fluid_duging'the Eime.A;”is{

VgAt = g'dxdydzAt

where:fg'.= thermal géperation_:ate

.From the pfinciplelgf/continuity (conservation qf volume)

the above_three:qﬁanfitigs must sum to zero, hence: -

L i : o



~-

([ov,/ax] + [av,/ayi)dxaidzdt“+fS;ddedzAH.fg;dxdyd;At:¢ o ..

éubstituting: . ]
Vx = -kx[aH/aX]"
-and . L

- v, = -k,[3H/2y]

into equation 3.28 and rearranging terms-yields:.
~3/3x(ky[dH/3x]) -+ 3/0y(k,[3H/3y]) + g' = §,/[dH/3t] - '3.30
. . .v - 'A ,‘ . . '. L . . B ' B :_-' -
Smith and Chapman (1983) -identify two driving‘forces ‘
. which causes fluid to f10wain;a-thermal regime, ‘pieiometrid“
head _differences and arbquagoy force duetto~differences’iﬁ

.fluia denéities ‘When con51der1ng a heated foundatlon on oil

’sandj"hoﬁever; hthe' d1rectlon of flu1d flow is opp051te to__,

jthat;of heat:flow. As a result tﬁe' densxty ] of the - pore"
~.f{uid v‘decreases.‘}in_ithe; dlrectlon of'ifluid_fflod 'aa§\‘7
thetefote, the..dfivihét force lassotlatedV with. 'boofaoCy,
'effects does'anot' exist The.7effect of’the'fluia éehsity,
'decrea51ng towards the heat source as occurs in thls problems

is 1nc1uded in the analytlcal procedure ﬁeveloped
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- The generatlon rate (g ) is’ the rat1o of .the amount of'
fluzd expelled from an element of 011 sand s?bjected to an
' 51nqrease fiﬁ heat th'ﬂFhe' erganal-volume of the~element;

' lt.eo"o

g' = (AV,) V. -
o | N

»

" - (ayV, AT +.abeAT—a,AT(Vm-V;)—a,,VmAT)/Vd‘ IS 3.31
| Al S e e L

. Since Vit Vy+ V= Vi, fy= Vy/V. and no= Vi Vo
' g'té n,«, AT + nba;Af’+'m;AT(nbt Nw) - a, AT - 3,32

| The spec1f1c storage coefflczent S,ﬂpis defined as the
volume of flu1d expelled per un1t volume' of aqulfer i
.;response to an . unit decrease in total head The. pore volume
compre551b111ty, the compre551b1llty of flu1d the dens1ty
of flu1d and por051ty all contr1bute to. specxflc storage.

The spec1f1c storage coeff1c1ent can be - expressed as~, -

S. = ((aV)[aH =11 + (4V,)[aH = 11-(ave){as = 11)vs  3.33

kY
.

~ where: H = total head, whxch is: the sum of the pressure head7h'

.(u/y;) and the- elevation héad (z) o
: e . : ?“"' ST :
The change in total head may be written as:



AH = Au/y; + Az

s

Since for a Spécific~elgmgﬁt'of:oilvsand'Az = Ovthe“chaﬁée“

in total head is: | L o o
AH = Aﬁ/?;j

fo; a unit_chanéé in total head (AH =.1;

1= Al\.l/y{; or Au = '7§

Since (AVWLP=vmewAu”*

then (avy)[AH

1] FmuV,vy
« i v

and similarly

.

(AVy ) [AH = 1] = myV, y,and (AV,)[AH = 1] = My Vg

As a'résult'equation 3.32”¢anvbe {ewritten as:

S = (MW Y+ mVy vy - M Viy ) /V,
D - oL . ".:: /:V‘ :
,'Letting n, = VQ/V$yaﬁé' -~

AN,
v

‘then,

38

3.34

-
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e S S

B :NO, X ..‘v - ""’ ’: . , "',
: s'_l - n mw7w+ nmeiYh mV'Y{: -, ' - " "llf""'u . 3.3'5

The above express1ons allow the ra&e ﬂ;t which excess

'pore | £1u1d pressure t resultlng _ fr m an increase in

"‘temperature dxss1pates from .an 011 Sand ‘mass  to - béjf
evaluated When heat flow theory is. coupled to.equat1on 3.30
(the fluid flow express;on{, the state.ofgdra}nage or heat
[consolidation can he’determihed; - R |

'3.2.2 Two Dxmens;onal Transxent Fluid Flow Beneath a Heated
° PN \“ﬁ, .

‘o t : s

Foundatzon by Q{ézgerEiements . B
The solutlon to the, govern1ng dxfferentlal fluld flow

equatlon for-two d1mens1onal transzent flu1d flow beneath a

heated foundation (equat1on ? 30) was determ1ned ,utxl1zxng E

:the | fidite element»-techn1gueu. Unlike the conventional -
g0verning differentiai eQuation representlng ' tran51ent
seepage, ,eguation' 3. 30 1ncludes a term which accounts for
zgeneratlon of pore fluld due to 1ncreases 1n temperature As
a result exlstxng f1n1te elemeq& programs de51gned to. solve

the . conventxonal govern1ng d;fferent1al equatlon ,,prove :

- ax

inadequate.‘ Since heat transfer govern1ng equatipns are’ .-

,_compatible to . the analys;sfvoff seepage problems and an =
‘ano{ogy ‘can be.;made betﬂeen' the’ thermal generatlon rate”
t(developed in thls study) and the 1nternal heat generat1on
“rate 1nc1uded .in; the heat transfer govern1ng equat1on, anﬁnd

'ex1st1ng computer program wh1ch evaluates problems 'ff heat;c

e:qonduction by the f1n1te element method can be e_ployed 974

R N

én ut11121ng a heat transfer computer program to -solve a-'
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fluid flow problem, the appropriate analogous Variable hmust'"

be uséb. The analogy between QariableS’inCIUde:‘

ltemperature:e total head .
thermal conduct1vity - hydraullc conduct1v1ty (permeab111ty)
speC1f1c ‘heat » spec1f1c storage
dSing the above analogous varLables, the heat transfer

program ADINAT (A Finite Element Pnognam For Automatlc.
Dynamic Incr'emental Nonl inear. Anal ysis of Temper-atur-es) was
‘employed d1rectly for the analysxs of the fluid flow problem
(Chapter . 6). Bathe (1977) prov1des a summary of the flnite‘
'element theory “as well as ;.the ADINAT program' solutlon S
'capab111t1es and the numer1cal techn1ques employed 5 h

' - This study _determlnes 'the solutlon ,for_ fluid flowv
;-beneath a heated storage tank. Due to-symmetry onlx‘one half
of the tank is cons1dered w1th no flow occurrlng ae%oss 4the :
'axls nof*fsymmetry The phreatlc surface is assumed o be atV
the ground surface, beigy whlch the pore flu1d 1s assumed to

‘1n1t1ally be statlc (hydrostatlc cond1t1ons) The foundat;on

¢

’_ymaterial 1s also assumed to. be fully saturated. ' \

3,3Mhna1ysis_ot'neat Flow
i §}3.1'Introducti0n‘

The conductlon of heat fro‘-o'e mass to another or from

- one pq;tlon pof‘ aj mass to f7~ governed by o}i,
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fundamental laws of thermodynamlcs.‘ The. 'frrst- l‘w vstates”
that the thermal energy of a system is . conserved (1 e., the
: thermal energy flow1ng 1nto the system and the7 thermal—

energy generated 1n51de the system must balance the energyt'

flow1ng out of the system ahd the thermal energy storedj"

rn51de th system) The equat1on whxch descr1bes this concepth‘

is: | oy
Fin o 2 o ?55:‘ﬁ B . . 3.36

where:
. | . B
Ein = rate of energy flow 1nto ‘the system-
»Eg = rate of thermal energy generated 1n51de the system
Eout = rate of energy flow out of the system' L

Es = rate of energy storage 1ns1de thesystem.

The second law of thermodynam1cs states that heat w1ll
flow only when a. temperature dlfterentlal exlsts uand that.

‘the flow of heat ”will 'take place from the point of the

-~

\

greatest temperature to xhe polnt of the least temperature.
In . other words,,‘the flow of. heat _occurs ~only when a.
x!temperature grad1ent erlsts and occurs 1n the ‘direction of
fd1m3n1sh1ng temperature.. The major processes .ofh energyj.
. transfer are- conduct1on, convectlon, ‘thermal energyv storage

: and energy generatlon."
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' Conduction | if fthe:‘.tfahé@issiéhi*9f uh¢$t“‘th;opgﬁ ‘
,subétanées;withcht mbtion‘6f the con&uétiﬁg body és'é wh&lgg_

The rate at ;hi¢h,hgat’fiows by:CbndUQtionﬁgén'bé,expréssgé‘,

L3

as follows:
S go= -k A (dT/ax) . 3.37
where: _" B o ,V_ .

8

thermal ccnductiviiy

[}

>
"

drea normal to directibn of heat flow
témpefgthre‘»: ) C o e e
- T . i . s S
distance . ' A .

oy
"

Y]
"

AY B
'

N .

=

' Convection. refers to .the transference of heat begweén a
solid and a.circulating fluid.fThe;raie at which heat ff;éws
by convection is giveh-by thé»folioﬁiﬁéfeipression:‘

&

Qe= hoA, (T, = TE) R O 1

.
: B . . .
\ N . .
( ) . . ' v, [ . R

\ . - ] N

-where: - , o R ' Lo

h;% hgét tténsfér'coefﬁicient' L '
T;*=3$ugfic1al temperature of. solid |
| T¢%-ambient fluid 'temperature -

e S
- A, = surficial area .
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Thermal energy storage occurs when a Sblld is subgected
to a t1me dependant 1ncrease in temperature. The - rate -of

.energy storage in a- solid ‘¢an be expressed as followsf

Eswepve (dr/ae) . - 339
where:
p.= density . v . . ‘ ~ .4 v : '::” o . . "\'."‘:\ .
v = volume |
. o~éispec1fic«heat
't."=‘t1me ‘_ - E : T | P 2

£ - ‘ ‘ _
‘ Thermal energy generatlon occurs 1n SOlldS‘ when other
‘types ‘oft energy e- transformed 1nto thermal energy The

mﬂrate oﬁ tﬁermal energy generat1on is commonly descrzbed byf;

-

the follow1ng

“Eg'= gV | 3.40
b | , -
where: i
‘g;é_thermal?generation per ﬁnit,volumef

T <
"

volume-

S : : SN ,
Performlng an energy balance in- two d1mens1ons equat1ngv

“~the tlme rate change oﬁ energy stored to the sum of- net heat
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transfer due to conductlon and the heat generated yields the
governlng d1fferent1a1 heat - conductlon equat1on-' |

| “ . ..‘i u ,. ._ ‘.
- op(dT/dt)' = a/ax(g,;[am/ax]) ih+ | a/ax(k,,[am/ay]) +0
3/0y(kay [3T/02]) + 3/2y(k,, LoT/3y]) +¢* . 3.4
The .habovevb eduation is -for non homogeneous andvf
anisotropic heat. {low, .and_'simplifiea for homogeneous,
viSOtropio material ' where' the..thermaln conduct1v1ty "ia‘
constant to: . ‘ . o R AR N ",

ar/ae = (k/pc) ([0°7/0x*1 + [3°T/ay*]) + g/pc 3.2

"f7ﬁ§{ The gouerning differential . heat conduct1on aéquation
Jrheg;eéts the' influence f1u1d flow has on the rate of heat
flow. The amount of . heat loss through convect1on His“small'
considerlng that llttle flu1d flows from: the ‘oilhsandj
vatrata. Ignorlng the effects of conveetion results in a
slight -over estlmatxon of .the rate at wh1ch heat flows into
the o1l sand strata and the amount of porea f1u1d. pressure»

and volume‘change that would occur,

. 3. 3.2 Two D1mens1onal Trans;ent neat Flow Beneath a Héateo.‘

) Foundat1on by F1n1te leferencgs | | vub h
The solutlon to'fthe! heat flow equat1on‘~for two

‘dlmen51onal trans1ent heat flow beneath a hot foundatlon was"

determ1ned ut11121ng ‘the f1n1te dszerence .technlque. When'
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‘the second order derivatives of'the heat.eguationiarevfinite
',differenoed,a' system ‘of- ordinary 'differentiai' equations

-(equatlons conta1n1ng der1vat1ves of a single 1ndependent

vvarlable) is obta1ned A solution to th1s set of equatlons
- is determlned numer1cally as a functlon of time.

This ,study determ1nes ’the ‘solutlon for_ heat flow

beneath a heated storage tank Due to. symmetry only one halfi

of the *tank 15 con51dered w1th no, energy conducted across
the axis. of symmetry The tank and amblent a1r temperatures
“are assumed coristant  at 175 and 10 °C, respeotively. The

“initial foundation soiiftempera;fre was assumed .to be 5 °C.

The ' initial stage in the finite difference'formuiation”

N

involves establishing a systeh 6f = nodes which divide the'

area into a finite number of elements. A typlcal nodal
'arrangement for a port1on of the reglon under-.con51deratlon
is 1llustrated in Figure 3 2.

Figure 3 3 shows the energy system assigned to the

interior ‘node’ p051tloned at the coordlnates (Xm, Ym) along'

w1th the approprlate energy terms. For the prescrlbed system

thermal energy storage w1th1n the system.

The . energy balance may be expressed as: o

“ o om
I

o LT S e s : :
Ein = Fout -+ €s ¥ ‘ S SRR

- oeor,.

57

}energy flow» occurs by conductlon‘ through each side and
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Flgure 34 Energy System Assngnad to a Node along AXIS of Symmetry

‘ 't E-g.w' |

" Figure” 35 Enbr.’g'jf"fs'ystarri Assign,o'd'.‘-to : ak;"Nédé at Ground Surface



S Q@ney = .q"t,‘m-i -+ qu\v'!“ot;

The rate equations may

.

\qnoii,n =
C Qm,m-1 g kay (Ta, T_;,
“Am,me1 = kAY(Tm n Tmo1

N
‘*
e

The. storage term may be wtitten

s ESm/ n £tbchAy(dTm,n/dt)

-t

| :SUbStltUtlng the éboVe

balance glves.

kAx(Tm ne 1 Tm ﬂ /AY

grw

~ ‘(' :
kAx(Tm' “4 1-Tm'

* Qn,

2 ) /8y
(n)/Bx
/8%
Quner m KAX(Ta ooTw 0 l0)/BY

'Rearranging terms gives: ':

pchAy(dTm n/dt) e k(Ax/Ay)('rm ne
k(Ay/Ax)(Tm-,LnF- sz n ¢ Tm.‘;n);‘

rate

n-1 .+' Esm,n . —

<

equations

‘ kAy(Tm n=Tm _,

be approximately stated as:

P
into  the
,n)/Ax

48

enefgy-

*

’kAy( n=Tmat n)/Ax + kAx(T,.,,n Tm r..,)/Ay * pchAy(dTm n/dt)

Each. ‘of the interior ‘nodes can be represented by a similar -

equation.
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Nodes along thg .axis'vof;_symmétfy}~ﬁusf be ‘treated
sepa?ately'(Sané 'no- edergy'iS'transferred across the face -
(Figure 3.4), the energy balance thefefore 'is:

Qn’oi_,n. = Jo,1 * Qn,n-1 +'Esl',n‘

The'equations dngribing~ra£e of heat.flow'are:
G o '

:q"‘ “ "“ = kAx(TQ ne 1—'1‘0 . )/AY .: '
Qo 1 = .kAY(To'; ,.',"I" ) n_)/Axv

B qr\,n-_! = kAX(To-,vn'To,n_-i)/AY.

.- The storage termlmay;be written as:

)

Esd,nf= pchAy(dT@;,/dt)7 ,

 =‘Substituting the rate _equations ‘int6,~thé« energy. balanc¢e

- ‘gives:

. | P o : | .
kAX'(TO,ﬂ\T‘.’TO,n)/Ay = . kAy(TOV:;‘-TT,I‘\')/Ax . . +
kKAX(To  n-To.n-1)/Ay + pCAxAy(dT@;,/dt)f"’ -

‘Rearranging -terms .gives:

pCAXAY (AT, , o /dt) '=Z kAY(T1 h'To,d’/Ax'-*.wkkAx/Ay)(TO-ﬁ*1 “ , ‘

2To,n * Toin-a) | - L S 3.44
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4

” Nodes along éhe base of the tank and along the groundv~
'sunface 'are also treated separately from the 1nter10r nodes

',due to convect1on across the boungsry (Flgure 3. 5) the

energy balance_ls'therefore: R » - N

SEIET
..

&

; \i-;"'
q(conv) = hAx(T(amblent) - Tm r.)
Q. m-1 = KOY(Tw, n=Tn_ puy) /A%
Gmomet = kAY(T,, W- Tey. o )7/8% o
| kAx(Tm,n-T{,,_,{[éze'y' '.:‘lg

-~ 0

Jqﬂ,ﬂ-1

e ad

'The s;o;age:tefmvmay be writtenses}‘
- @ESm, . = bcAxAy(dT, ./dt) - AN
| . ' %) . t:r’ .

td

Asnbstituting the rate - equations into the energy  balance

4'gives:-

‘th*(T(ambienf) = _‘T; Y = kAy(Tm n"Tm- 1 /8% o+ _
KAY(Tm 0=Tm. 1« )/Ax + kAx(Tm B Tm n-1)/Ay + pchAy(dTm 1./dt) k4
Rearranging‘te?ms gives: |
peAxAy (dTy,,/dt) - k(Ay/Ax)(Tm_,,,._ 2Tm,n * Tmer.a) +
,kAx(Tm =T, n-1)/Ay + hAx(T(amb1ent) - Tm n) o 3;45 .

W Equations 3. 43, 3 44 and 3.45 form the . system of
| ordlnary dxfferent1al equatlons vwhlch must fibeQA'solve&"'v
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»:slmultaneously for each t1me»‘lncrement, startfng with the
i1n1t1al cond1t1on. | | - .
;3 4 Couplxng of Heat and Fluxd Flow | |
The, express1ons presented in section 3. 1"tallow'the';
performance of an 911 sand mass when heated to be .eualuated
Aunder fully dralned and undrained cond1t1ons. When heat flow
theory (sectlon 3 3) is coupled to the fluid . flow expre351on'
(sectlon 3 2) the . state of dra1nage or heat consolldat1qn
' can.be'determined- that 1s, whether the oil sand mass - will
’be fully dralned, fully undra1ned or partlally dralned If
partlal dralnage occurs, the volume change ‘and pore pressure
change can be calculated» T | ‘ |
In thlS study a 51mp11f1ed approach was taken in the:
'couplxng ot heat and flUId flow. The procedure adopted
.involves evaluatlng for each tine ;ncrement the rate at
g wh1ch “the heat from. the\structure propagates into the 011
sand strata, calculatlng the change in pore fluid pressure
and change 1n englneer1ng propertles of the oil sand” strata‘
‘_1n response to the changexxp'temperature, and. sﬂbsequently'

“determ1n1ng the ~ state of &’"&nage in the oil“sand strata.

‘Complete coupllng was not achleved 51nce the 1nfluence flUld'
:flow has on the rate- oggpeat flow was neglected The effects,
of - convectlon, howeﬁﬁ? ﬂ're sm‘ll— con51der1ng that llttle

fluld rows from tNV\01l sand - stratal The coupllng method is

Coh

‘dlscussed 1n detall in’ Chapter 6

(4

e
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3 5 Conclu51ons : B | !

An expre551on was developed to calculate the net volume

) -

change of .an o0il sand mass subjected to 5" change in.
'~temperature under ﬁully drained .cond1t1ons.' The volume
change of “the .oll sand ~mass arlses from the thermal

_ ekpansion ‘of éthegilnd1v1dual sand gralns and structural

. . . . -8_ . ‘ -
changes in* the sand skeleton.’ . fiv ‘ . {
; v,An equation wh1ch allows the. volume change of o1l sand

€

-subjected,to increases in} temperatures; under‘ completely
'.undralned cond1t10ns to be calqulated was presented The‘
: e _ o

volume change of the o11 sand mass is due .to..expans1on . of

the 1nd1v1dual sand gralns and. pore fluids _as‘nell'as‘

structural changes~1n the-sand skeletbns

“‘«-.,

An expression was derlved,whlch expresses the volume of,.[

pore fluid which would draln from a fully saturated 011 sand N
J ‘ =

~mass’ «experzencxng a change in temperature. The.amount of
fluid expelled from an oil sand “mass duringw ' drained
‘thermal expansion test7 is the sum of.the volume change of

:thec pore flu1ds - less ‘the changg, in _vo1d volume 'and,‘
. '1.’.“, g :

-~

structural volume changes. S o ,ﬂff;g;lfjé
_An expre551on was developed to calculate the:uincrease

in pore flu1d pressure 1n a fully saturated oil sand. mass

subjected to a temperature change- under - fully; undraxnedAf

qonditlons. B : ' =

)

—

' The theoretical expﬁeSsions to' evaluate the . rate -ofi'
Y o

fluig from heatlng were derived and' are presented The .

a--method ut111zed to solve the governlng d1£ferfnt1al fluld



"fflow equat1on for twd dxmens1?na1 transzent fluad Elow

1ffbeneath { a heated foundatxoﬁ usfng the fznxte elementfh“

‘;?itechnxque 1s descrzbed

¥

1ﬁhe theoretxcal formulatxons to determ1ne the rate ofi*'

s

'"ﬂheat flov were det1ved andﬂare presented The solut1on to
;the heat equat;on° for two dzmensxonal trans;ent heat flow,

o beneath a heated foundatzon utzllzlng the f1n1te d:fference_.”
f”techn1que 1s 111ustrated. S R e
. g

The expressxon% developed th1s study prOV1de a

'“4'method analyze the rate at whzch heat flows through an
",oll sands mass, the rate at whlch exceSS pore flu1d pressure‘_-‘t
fffresultlng from an rnorease 1n temperature d1551pates and'
' « . ) ) .

fthe amount of volume change wh1ch occurs.u' R
|,~ ) ‘ ‘i, ““‘-. . "‘ :.‘; f . t.\' ‘ . ’,' - . \ L “ . I‘v“..,_’”‘ﬁ. : ';: .:..',' 4‘
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4. LABORATORY ‘APPARATUS. AND PROCEDURES
411ntroductzon o ¥ s .

- Inherent ;inilthe “procesSing'fof oilnsands'at surface,
-im1n1ng projects 1s the requ;rement ff storaée of heated
’1b1tumen "fl. large f retaxnxng tanks.' To- exper1mentally
“'1nvest1gate the problems whlch ar1se when these 1structures
and ot? structures generat1ng heat (e. oG hcti.waterli"

extract1on plant, cokers, etc ) must be 51tuated abcue' oil.

L 3

esand strata, »equlpment has been buzlt at the Un1vers1€& °le ‘

: Alberta, Department of. C1v11 Engzneerlng.

a The apparatus has the capab111ty to explcre.'the
one- dlmenszonal thermalf'expanszon 'pfr oil sands and . its
- . s

lconst1tuent componentsf:at temperatures approachlng 200 °C.
and pressures in excess of 3 5 Mpa. One dlmen51onal testlng

(2ero“lateral straln, i, e.;-volume change due to expan51onf

- K

51n the vertxcal d1rect10n) 1s juétlfzed considerlng that thet_ef

* minor pr1nc1pal ‘stress ﬂin'it éurface mlneablelarea is

fbelzeved to. be vertlcal from the surface to a . depth. ofef'

hfﬂapproxlmately 330 m and 1s one- th1rd that of the horlzontalf
’stress to a depth of about 100 n (Dusseault" 1977b)

Speclflcatxons ;a-d detalled d1mens1ons 'of‘ each
. S e S o
component of the apparatus 1s glven in Appendlx B.

>

.ot
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4 2 Laboratory Apparatus N

v/~t‘ ‘The follow1ng is 1ntended to be a brlef summary of each

constltuent ‘of ‘the equlpment

| 4.2.1'a;aa¢;fer,>* g |

| The'bassembled‘iapparatus is expressed'schématically in
Figure 4.1 and.is'shown in Flgure 4.2. The HOedometer' is-
conceptually' simple lin‘ de51gn. The”'sample liacket-nh@ch
~provides lateral confinement'ifor«_theﬁ'specimen' is held
stat1onary by ‘a coverzng plate wh1ch is bolted to the ‘base
of the assembly. The spec1men chamber is formed when “the‘
plston is 1owered through the coverlng plate and 1s allowed
to"reSt on -the/ sample.' Thzs- contxguratlon ensures that
vertﬁcal expan51on or cOntraction' of the speczmen can be
.measured dlrectly by recordlng the :elatzve movement of 'the‘
plston \Seallng of the sample chamber 1s accomp11shed w1th
Lh the aid of heat and petroleum re51stant "o" . rlngs, htuo pOf
'1'wh1ch are- located on the lower part of the plston and one“
between the sample Jacket and‘assembly base. A teflon: PrdeP\'
ring is sxtuated on the upper portion of the plston (E1gure

4.1] to avert t11t1ng and b1nd1ng dur1ng vertlcal movement.
The oedometer has four dralnage ports, two of whlch are.
contained within the plston and proV1de a dralnage path from
) the top porous‘stone to the top of the p;ston, the other two
prov1de a dra1na e path from the bottom porous' stone and

emerge_ through “the base of the assembly below the sample'

‘ chamber. One*of tke/latter ports prov1des .communication tod.'
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Figure -4.1 Drawing of Laboratory Apparatus: 5
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4.2 Llaboratory Apparatus
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.4 2.2 Axial Loadxng and Back Pressure Systems

‘the back pressure system.,Located between the cell and the

back pressurei system ,is“5a-‘sta1nless steel bottle, the

‘purpose of wh1ch 1s to 1nh1b1t the flow of b1tumen 1nto the_

back pressure system. Valves ‘are s1tuated above and below

the bOttle.
\;."

A dlaphram air cyllnder is used to apply the ax1a1 load,’

.to the oedometer plston. Br1efly, a1r under pressure is -

forced 1nto the cyllnder fcausing' the dlaphram to 'expand

aga1nst an_'lnternal plston produc1ng the axlal force. This

'force 1s transmztted to: the oedometer pmston through a small

concrete cyllnder,< whbch retards the flow of heat from the

_oedometer to the air. cyllgder.'

' ?he‘ back pressure system (Flgure 4. 3) performs on the

same pr1nc1pa1 as the axlal load1ng system.‘ In thxsuvcasey

'.however the dlaphnam 1n the accumulator 1s nltrogen driven

-agamnst silicon 011 The 5111con o1l in. turn forces ‘water

' »under pressure to the oedometer.

ﬂ4 2 3 Heatlng System

'»;;mhé heat1ng system employed cons1sts of three parts. a

»senszng thermocouple, a. double c01l electrlcal element band":*

"heater, and a d1g1tal temperature controller un1t. The band.

heater is clamped to the sample ]acket as shown i guElgureipf

4,1,



Figuré 4.3 Back Pr'essuke System and Temperature Controller Unit’
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hTh‘ temperature controller un1t (Fxgure 4 3) regulates |
the heat - suppl1ed to. the sample .chamber.; The temperature ﬁt
'controllerv once ' engaged w1ll?“sense ~and 4display the-
temperature of the thermocouple. When f predetermlned set
.polnt temperature is entered 1nto the un1t it w111 1n1t1ally
jcalculate and dlsplay the. dlfference between the set p01nt
jhtemperature and the- temperature'the thermocouple is. sens1ng
'If the set . poxnt temperature exceeds the thermocouple

température :th temperature controller w1ll supply current

to the elements of the band heater. Inltially the cycler, of

heat1ng 'is rapid but vthe set p01nt temperature ist

approached the cycle t1me Wlll reduce and when it is reached
the .cycle_ t;me is proportloned ‘to hold the temperature at
the;.thermocouple constant._ In operatlonal use ,itt _wasg‘-'
observed that ‘the t1me to'reach the set p01nt temperature
was . extremely rapld }and stabmllzatlon 0ccurred generally

'after only a few mlnutes.

4 2.4 Measurxng Devxces -~ Data Logger\System
'?he measur1ng dev1ces associated wlth the oedometer

consusted of . two pressure transducers,,one 11near1y varylng

-

dlsplacement A transducer (LVDT).( and three Type J o

=

thermocouples. The spec1f1cat1ons of - each measurxng dev1ce .

.are dlscussed Ain Append1x B. ‘;?,f““f*ﬂf

One pressure transducer is 51tuated to. measure the air -

pressure in the dlaphram of the air” cylxnder wh1le the other‘~‘

is located 1n the Iine between the back pressure system and
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the oedometer.,One end of the LVDT is secured to the ffahelfj
“of. the; apparatus below the oedometer and the other end top‘
‘the piston 'rod of . the "d1aphram fairev cy11nder.v' ?heu
':thermocouplesv are situatedlas follows-'one'in;the oedometer
hplston with the measur1ng t1p 1n contact w1th the top porous'
_stone; .one‘ at. m1d-samp1e helght in the sample Jacket- and .

"one in the base of the apparatus in contact w1th the, bottom't

- porous stone (Figure 4. 1)

The data logglng was performed by a Hewlett - Packard ]
3497A Data Acquls:tlon ~Contnol Unlt wh1ch electronlcally
-~gathered and recorded the data durlng Hét testlng program

(Fxgure 4, 4)

4.2.5 Insulation
‘”The-‘base of the = oedometer is“mounted onisheets,of

. asbestos to reduce heat loss to,'thef'steel ‘frame of . the

; ,ratu5*, (Flgure' 4, 1) . Dur1ng operatzonal -use . the

'*oedome er 1tself 1s completely enclosed _Aan‘ 1nsulat1ng-r'

:shell composed of- ceramlc f1ber 1nsulat1on (Flgure 4, 5)
4.3 Test Procedures’ oo
'4 3.1 Thermal Fxpans1on of Wafer

.,Two' thermal expan51on tests were carrled Qoutk'aon

”,d1st1lled water under pressures of 2000 and 3500kaa.fInTPi

”'both cases the sample chamber was fllled at room temperatureﬁfp

‘"wzth water to a he1ght of approxlmately 2 5 cm. All ports,
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Figure 44 Data Logger System



Figure 4.5

Laboratory Apparatus Enciosed in Insulating Shell
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2

prassages and‘porous stones were saturated pr1or to testlng.
Each test was- performed under a constant back pressure.

ﬂThe ’back pressure was held constant durlng the test through
.imanlpulat1on of the appl1ed load to the pxston. The heatlng
1ncrement used’ for' each test uas 25 °*C. After ‘each
application ot heat, _suff1c1ent:,time was- permittedr'to;.
'establish steady - state 7conditions;7fi.e:,,the,teméefature4

readlngs had stablllzed and the thermai;’expansion (Volumen

\khange) ceased

- 4.3.2 Thermal Eipansion.of Bitumen.f
Seven thermal expans1on tests were performed on bltumen"
:under pressures of 500 to 3500 kPa and temperature rangev'of
22 to 200 °C. In all cases the sample chamber was fllled at -

rooin . temperature ~to.va.j helght ;of‘ approxlmately . 2.5

'-centimeters' Wlth bltumen and all-ports, passages and porous,;}

(t

stones saturated with dlstllled water.:Prlor to each testiil
the system was perm1tted to saturate (gases drlven into
$01Ut100) for a perlod -of up to 24 hours at the approprxate
pressure ievel | |

- Each test was performed under»a constant back pressure |
- w1th heatlng 1ncrements varylng from 5 to 25 °C After each .
)appllcatlon of - heat suﬁt;clentw tlme; was permltted

establlsh steady state’ conditdons;~ i}er,,the‘temperatureﬁj
. readlngs had stabtilggd“and the thermal-uexpansion; (volume'

‘change) ceasede. NN
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 4.3.3 Thermal Expanszon of Compacted Taxlxng Sand |
Four tests were performed to 1nvestlgate 4the thermal
: expansxon; ‘of_ ta111ng sand - var1ous densltibs.; The
temperature range for .the testlng was varxed from room-:
'temperature to 200 'C To el1m1nate any 1n£1uence of 1nducedkf
x_rpressure w1th1n the sample chamber, the sand was‘ tested in
.the‘ ai dr1ed state and durlng thef test1ng the bottom,
dra1nage ports were held open to atmospherxc pressure.

"The_ 1n1t1al test 1nvestlgated the thermal expans1on of
jsand in the loose state. To ach1eve a loose sample, sand was”
"slowly poured 1nto the sample chamber and carefully levelled
'u51ng a- small metal spatual. The p1ston .wasv‘then placed‘
inside the sample Jacket and allowed to fall under its. own

welght to rest oh * the sampler@:Care ﬁas taken 'to avold )

jarring of7{the- apparatus._In'order that the LVDT coﬁld be
ut111zed to measure the vertlcal expans1on (or contractlon)
4bof the specamen dur1ng the test 1t was necessary to apply a -
small axlal seating load of 50 kPa. The den51ty obta1ned was

1. 46 Mg/m’ Two subsequent tests were performed .on sand;

under ‘the ~ same seatlng load of 50 kPa‘ but at hlgher

-
[}

;densities; Two procedures were utlllzed in ach1ev1ng a dense-'
sample. The f1rst .1nvolved den51fy1ng th -»speclmen by
cycling‘.the -applied load from 50 to 3500 kPa. The second '

method 1nvolved placxng the sand 1n the »sample chamber in

'four lifts, v1brat1ng between llfts under an applled load of:"'

4

50 kPa. The. methods produced dens1t1es -of  1.57 and '1.62

.-”".' :

:{Mg/m’ respectxvely.,
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ghe f1na1 thermal expansxon test was performed on sandV'

under an appl1ed lQad of 3500 kPa.- The sand was den51£1ed 1Q¢;,

the ‘sample' chamber by vzbratlng in four llftS. The den51ty
obtalned was 1.65 Mg/m‘ | '

" The~ test procedure employed was. the same for’ all fourl

. samples. It 1nvolved heatxng the sample in 25 ’C 1ncrements

lallowlng suff1c1ent time for temperature stab111zat10n to

,occur at each de51red leved

'4.3.4 Thermal Expansion othilﬂsand“

4.3:4;1,Sample'Prebaration:“ “%~" 1_;//

-The 0il sand spec1mens used in the test1ng program

‘were obtalned from 94 5 mm core samples' taken from an |

oil sand outcrop st Sal;ne Creek approx1mately 1 km

'.southfof-Fort.‘McMurray, Alberta. -The oxl sand .corei

'samples prior toﬁlsample preparatlon were sealed 1nﬁ~

'plastlc and stored 1n\a cold room at —zp to -25 °C

When an 011 sand sample was requ1red for testlng a

Q .

,dpzece of core was taken and sealed in an a1r t1ght metal

"contalner. The conta1ner wa.s then placed 1n a styrofoam ﬁ;i
receptacle and’ covered Wlth dry 1ce. Seallng‘the samplerf;‘

o in. the ‘metal contalneﬁ prevents d1sturbance “of . theﬁ?i
*sample -from the carbon dloxlde gas emltted from the dryc:h"

"'1ce.  The | contalner jﬁan‘ left .'in'v‘the dry iCe‘

(approxzmately -78 QC) “for Several hours.p

To obtaln a’ test sample of the . proper d1mens1onsﬁ-

‘f(7 62 cm 1n dxameter- approxlmately 2. 5 em” in :he;ght)*

U
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the followang procedure was employed (between each step,,j
‘to 1nh1b1t swe111ng of the spec1men from heat developed ;
: durxng machxning, the sample was Sealed the metal
i’onta1ner and:‘placed. i dry ice for a m1n1mum of. 30.
‘fminutes): R o o

ih () The piece of core was placed 1n\the lathe (51tuated in
the cold room), grlpped at one end by the Jaws f:'the
chuck ,and supported at the‘ other‘ end by 'a freely‘
rotat:ng dzsc (ta11 stook) The surface of the:.sgec1men :

,5g§£1;the end supported by the disc was mach1ned u51ng a“

t'.‘

tungesten carbxde bit untll round and smooth The
spec1men nast.removed from the lathe and an adjustable.f
f metal clamp (i 5 cm w1de) pIaced on the trlmmed sect1on°f_
| The speczmen Mas placed ;n the lathe wlth -the end;l
hav1ng the metal clamp grzpped 1n the' chuck Referenceif
| marks we#e placed on the chuch am? metal band S1m11arly¥.f
at the oppo51te end a reference mark on the support d1sc_“'
i‘ ‘was allgned wath a notch on the speczmen..The surface ofi#
;ﬁ;the sample was then machlned from the metal band ‘tof;
.5_w1th1n 2 5 cm of the*“oppos1te end (Fzgure 4, 6). Tenf=*
“ﬁ passes were made, reduc1ng the dqameter by approx1matelywh'
_lO 5 mm each t1me.~f[ﬁyegff'f“2“‘? ‘; o |

?ﬁclThe sample was returned tovthe_lathe,, realxgned w:thf“

spect to theﬁreference_marks andl10 more passes made.-i}f

The priv1ous step "repeated untzl the;*correctfij




-

. r
Figure 4.6 Trimming

Figure 4.7 'Notching Sample

Sample to Correct ‘Diameter
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» slg‘

h_;i'The‘specimen was returned to the ,1athe, ‘aligned and

"square- notcHes (about 2 cm deep) out at 2. 5 cm spac1ngs,
'.(correspondzng to' the'tsample helght) The notch1ng},

Sensured the sample ends would be parallel and square A_h

’notched spec1men 1s shown in. Flgure 4, 7

°« The specimen was cut w1th -a dlamond ‘saw at thel*'

[ﬁnotches.4f.“

["-’The test sample supported by a Spllt metal r1ng "5§{

5'placed 1n the lathe and the central portloh (cut by thex

saw) at each end machlned flush (Flgure 4 8),

4.3, 4, 2 Undralned Test Procedure‘:

'{T prepared 011 sand sample vwas_ 1nserted 1nto thé o

:tsample jacket i the cold room. The sample’ jacket ‘was
uﬂthen transferred fto the laboratory where the apparatus

"was qu1ckly assembled and a 100 kPa seating load placed

_ S ' .
Onh-the sample.; The sample wasf allowed to thaw for 3“

',approxlmately 4 hours a{ter wh1ch t1me water was allowed
“to percolate up through the' samplé to saturate the
7"passages and ports 1n the p1ston.$ The 'piston pressure

;;gas’f1ncreased ) sllghtly. above {Mhe requlred test

j;pressure.: The back pressure aS\T'then f 1ncrea5ed

57&The system was then




e

j;test through manlpulatlon of the‘ applied 'load to' the;

‘<”Plston. The heatxng 1n¢rement used for the test ‘was.- 202’}
'°C._After each appllcatzon of heat, suff1c1ent t1me puas_
jperm1tted to establlsh steady state condltlons, i. e.g'ln
) the temperature readings had stablllzed and the thermalf‘

(

expanszon (volume change) ceased

"4’3'4'3 Drained'Testlbrocedure | | |
_ The methods employed to. mount and saturaté the test‘
sample uere the same as those adOpted for the undraxned
test (Sectlon 4 3. 4 2) _ N | |
The drazned test was performed }under':a,'constantdql
..effectlve conflnlng pressute (dlfference between backf
-;\pressure and p1ston' pressure) 240 kPa._rAf volume
change measurlng dev1cew'§as 1nserted between the back
"_‘pressure system and the fluxd trap to .electronlcally
‘{mon1tor 'the fluld dralnage durlng the test The heat1ng -
| rt 1ncrement used for th test ‘uas 20 ¥'C. After; eadhslﬂd
'app11cat1on of heat suff1c1ent tlme was perm1tted to .
.”establlsh steady state condztlons, i e., the temperature*f

L readzngs | had stabilxged and the thermal 'exPanslonhf*

1

"';(volume change) ceased

: ‘_' f_—,r—v‘

_’ 4 4 Conclusxons



R TR A I TR SCT I S NSy J T

23 5 MPa._ A brzéf summary of eaépﬁ;c§q§ti£géptj.@f*ﬁ@ﬁ@}f;*

ST e

. \,_ﬂ.

f equ1pment 18 presented- ,3 "fﬂji7_;f¢f[f’A‘:‘"‘”*-“

The test procedures whlch were developed for use. in. theﬁ*ﬁs

u.laboratory program worked successfully and ate des¢r1bed;¥?f”

“The ° method utllxzed to prepa:e ozl sgnd samples from frozenfﬁff

,fcore resulted 1n very h1gh qual1ty test. speczmens. Theif '
‘ifprocedure adopted 15 111ustrated ' ' '”'”*'W L
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fs}1'mhermaifgépaneibn7ef”w&£arlu_ﬁ"
ZVS 1.1 Introductxon i‘;V»”fi-_f.f,'.-h.ﬁ . ';;:1,';fij". |
| o Due to the amount of emphaszs placed on data obta1nedl_
“v1n the testlng program, it 15 cr1t1cal to enSure ;that thef
"exper1mental 1nformat1on derlved from the apparatus provesm’
,prec1se and rellable. To establlsh thls confldence ;inliiher
apparatus, alt{:was” necessary to test "substance whoselﬁ
"behav1or under temperature and pressure is- well documented '
Water was selected as the testlng mater1al owxng to the vast
igamount of 1nformatlon contalned 1n the 11terature.}: -

' .;4"; ;

5 1. 2 Tedt Results

LY

Two thermal expan51o; tests werer performed on waterd,
| under 'pressures of 2000 and 3500 kPa and temperature range;_
1¥_y;;2 to 200 Rl (F1gures 5.1 and 5 2) For completeness, all;,
, data gathered from~the*tests are plotted on’ the flgures. It
}should be noted that steady state cond1tlons;_fforﬁiga‘

_dfpartlcular temperature level were only reached when thef'
:;tempgrature reedxngs had stabzllzed dl %the'? thermalr"'
B expan51on (volume - change) giceased This cond1tzoniqisiﬁ

"reflected on the plot where there is a hlgh densxty of datafiﬁ

’.,;comparative purposes theoretlcal curves wereff

:gtcalculated based_ on informat;onfpobtained from the 1968f£?
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) Appendlx D.

'sat1sfactory, '

. H

5 2 1 Introductxon"

6

edltlon of the dapanese Society of Mschanrcai Engineers'”'

Steam Tables. These curves reflect steady state condltlons‘
.and are drawn on the plots. '“"t'd']' ‘ E j.; |
| Based on. the steady state e/tterla (stabzllzed teadzngs;

for each temperature 1ncrement) there is excellent agreement

o between theoret1eal and exper1mental results in both cases,

indlcatlng the apparatus performance and cal“brat1ons. are,h

}gThe'fdata ~reduction calculat1ons, data | reductxon. )

cdmputer: programs and experlmental results are contalned 1n;,

E.

5.2 Thermal Expansion of Bitumen

.\ . . . .

’“The oal sauds present in the mlneable portxons of théff,

PO

Athabasca Deposzt have bztumén saturations ranglng from 0 to'dt

.18 we1ght percent (up to apprbxlmately 36 volume percent

[M°SSOP,?'1978]) Present w1th1n thxs” b1tumen may7§:b§’7»,

apprec1able quant1t1es of free and dlssolved gases (malnly

g

methane‘ and carbon‘ d1ox1de [Dusseault and MOrgenstern,)"

1977]) Tho hot water extr;htxon method 7ff’ut1112ed to. y;
fnst1tuents,t“ﬁ

sand to hoc;“;_
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' expected to be relat1Vely free of dlssolved gases and to*
5have a. sllghtly ‘higher denllty (result1ng from the llghter‘

“fcomponents belng drlven off dur;ng the process)

5 2.2 Test Materlal | . )

S1nce no technology exlshs whzch allows undlsturbed
sampl1ng of pure bltumen, b1tumen obtalned from the Syncrude\
extf*ctlon fac1l1ty was, used as the test mater1al Prror fto'

4te_t',' ';the' b1tumen -"3§‘ stored.at_room-temperature,lnﬂa',

-

I'sealed c nta:.ner.~

5.2.3 Tedt nes'ults

/rhe;}data reductlon calculations,[j data f.reductlon‘
}Aomputer programs and experimental results are contaxned 1nf,f,
Appendlx D, P01nts represent1ng steady state cond1t1ons for'

'd.each pressure and temperature level are shown 1n F;gure 5. 3'
F1gure 5 4 prov1des a comparatlve plot of e_ exper1menta1fﬁl‘

,;thermal_ eﬁbans:on of bitumen and the theoretlcal curVes ?orA

:.‘water under pressures of 500 kPa. and. 3500 kPa (as' g;ven':in'
',tﬁef prev1ous sectlon) F;gure 5,5 nges a comparat1ve plotf‘jJ

onf the dens::; cnange of bxtumen w1th temperature wlth that

. ;'” F1gure 5 3 1nd1cates that the cumulatlvecvolume changej”

\ Qf bltumen over: the temperature range of room‘temperature to”fﬁ

expans1on3ufw

125

vjperature of °C 'and vﬁfslt“htly. lower over tﬁéf%jﬁ
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H'»SrBfThermal ExpansiOn-of,Compacted Tailing Sand K.

°5.3.1 Introduction
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temperature range of 125 to 200 'C (F1gure 5 4). F1gure 5.5

shows that the denszty change of bxtumen wlth temperature is
s1m11ar. to water from room temperature to about 125 °C and

decreaSes at a sllghtly slower rgie from 125 * to 200 °.

Fxgure 5 5 also shows that the b1tumen had the. same 1n1t1a1,

dens1ty for all pressure levels cons1dered.:

’\“.

y s

Labdratory tests vere performed on compacted talllng"

'sand to. 1nvest1gate the overall thermal expans1on of the oil -

sand skeletal grains. The- measured thermal expan51on is the

combined volume change of _the . s0il structure' and the

_ individual sand grains. .

= . . . . A . - . .
& tiax o, b . . . . . N
Tt e L : -~ N -
. g s

» . - -.-{.3,.""'. e el - . N

5 3 2 Test Mater:al

The sand used in the test1ng program was obtalned from‘

the -Sungor operatlon and consisted of llght brown, unlform,

sub-angular Quartz sand The graln 51ze analy51s produced a

dlstrlbutlon showm ‘in Figure 5.6. Followlng the recommended

1

TALS. T M. Procedures (D ?049 69) the maximum and minimum

den51t1es-were found to be 1.65 Mg/m° and i a1 Mg/m‘

‘respecfzvely. The mlnlmum v01d ratio (em.n ‘was 0. 61 and the

- maxlmum’vg1d ratlo (emx) 0 87.

: \

N )
o~

Hardy (1974) reports testlng on sand talllngs y1eld1ng

a v01d ratlo of 0.60 for sand in its most dénse state and a

.‘s .
.
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void rat1o of 0 87 1m'the most loose state. Hardy (1974)'

/

-also provzdes two curves Whlch fncompass the- major1tyk.of

graln size dzstr1but1ons found in: laboratogy tests. For
i 2 Al
comparat1ve purposes, thesp curves have'been drawn on Flgure

;

5.6. Hardy (19747 descrxbes the Sand graxns as sharp and

»° PR o

abras1ve. T L SRS _{l

- ' - ’ i A

' \The visual propertles and densmt1es are con51stant with-

\"those reported by Hardy (1974) Comparzson between' grain.

-

.size " dlstrlbut1ons 1nd1cate the' sand used- 1n the testlng N

.

p:program containea less 511t ‘size materlale ° N

5.3.3 Test Results - .
~The data reduction calculations, fdata reduction
. - . » N
- computer program -and experimental results are contained in
- N I . b '

Appendix D. Points representing steady state cumulative

volume change ‘'at each temperature level (w1th respect to

. - . o . -
room temperature) for each particular density are shown in

Figuré 5, 7. Figure 5.7 .also contains, ,for comparitive
purpo§e$bqthe cumu{?tive.Volume change’cbrve for an aipha
quartz crystal. A typlcal sand grain may be composed of a
‘numbervof randomly orlentated quartz crystalsp and would
»éXpand thermailfdkwith- no voids forming. 'Therefore, the
thermal volume change of a sand gtaln can be approxlmated by
the  expansion of a s1ngle quartz crystal Flgure» 5 8
&5n ains plots of den51ty change versus temperature for each‘

- safmiple tested.
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' For each thermal expan51on test 76nducted a negat1Ve.-5

o ‘9 e .

-fvolume. change 'was ohserved for the fxrst heating 1ncrement7d‘
'i;(room temperature to‘SQ ’C [ngure 5 7]) y Iéose sandl-
: X . =

v‘-:;sample (1n1t1al dens;ty of 1% 46.Mg/m° at room temperature):

"deplayed the greatest volumeﬂdecrease (0 36 %) ?ver th1s$
'temperature range. , jI'he sample 1n1t1ally compacted to a._.
den51ty of 1 62 Mg/m"at r0om qemperature_ showed a volumefﬁf

& ~

decrease ‘of 0 08 %”EVer the temperature 1ncrease from roomu“
temperatur: to 50 °C. After completlon of th1s test (to'
: approxlmately -20 "‘C) sample was allowed to cool At"
.'lroom temperature a. volume decrease of;O 10 %"ﬁés measured“'
relat1ve to. the or1g1nal volume at room temperature.»
slnce the sand was tested in. the dry ,statey w1th ‘the

[y

grarns in *mlneral to mlneral contact and”reach graln L
- undergoing 'tnermal expan51on, ' relatlve movement,’ or
reorlentatlonf 6f' sand gra1ns must have occurred dur1ng the;i-
e temperature 1ncrease to 50 °C to . allow ?an overall volumeil
iidecreaser_m“Campanella and;cultchell._(1968Jm.suggest__suchie
" behavior results . from 'ap temperature 1nduced ~change -
‘1nterpart1cal forces}that occurs to. allow the sand structure,
to support the.. same effectlve stress. .l,”. A

Over the~ temperature ramge of 50 °C,¢o 200 -°C all_

samples dlsplay a volume 1ncrease roughly parallelzng that

- g Qquartz crystal (Flgure 5.7). Th1s bettavior tends to
suggest the 5011 structure haS' achleved ‘a tlght packlng'“

arrangement (graln sllppage “no- longer occurring or. -
<, : .

negllglble) and the volume 1ncpease with temperature ‘result

.
»

;Eg;gg_rp;



sand Speclmen Wlth temper‘ture All samples tested d1splay

the Same’ﬂgeneral trend, ;f' enszty 1ncrease1ng over the7~

temperature range of room temperaturehto ;0"C -and g adually'
R Y j%f .

ﬂﬂ'or1g1nal density

temperature) over the temperature range of 50 °C to 200 .°C.

The sample orlglnally at :froom temperature density of 1.62

Mg/mJ shows a sllght 1ncrease in den51ty upon ,cool1ng back -

“0

to room temperature.:.«” ”i}t\‘
5.4 ?hetmalzxpahsioné?ﬁ_Oii Sand.

5.4, 1"":'Introduc:'t'ion"""‘ = R -
. R . - ,/

]» 011 sand sub]ected to increases‘ in temperature will

experlence‘ volume 1ncreases,v?the magnitude of which is
A - - o

dependent on the amount of pore fluid drainage"uhich is
~¥~-perm1tted The maxlmum" thermal expans1on occurs under
undra1ned condltlons and the- mlnlmum under~ conditions of"-

full dralnage of pore fluads._'”

’

v

Thermal expan51on tésts performed on oil sand under
undralned condltlons generates volume 1ncreases of m1neral
gralns, pore flu1ds and m1neral skeleton. Thermal ,Expans1on.

‘%{ N
tests carrled“ﬁout _on- oil sand ‘under dra1ned,condit10ns

a

caUSes;Avolume increase of‘\mThesal\\gralns ‘and - mineral

s&életon. In e1ther case, if adequate back pressure 1s not

: provided, exsolutxon of gases dlSSOlVedpln the-l;qu;d phases,



~will occur. L

S 4 2 Test Mater1al

_5,1.“,

L

cases.

~

The 0il sand samples used in the experimental»rtesting

outcrop at Salzne Creek, approx1mately 1 km - south of Fort

McMurray. _The pertxnent test sample data 1s ngen 1n table

/5.4.3 Test Results ‘- - [~ R

.The regults of undrained'and)drained thermal expan51on

»

t [y

Figure 5 9. Also Qontalned w1th1@ thlS flgure 1s a plot of

'e'were obta1ned from core samples taken from an 011 sandﬁf

'Ttests performed gOthll sand under a constant back pre$sure'

- of 2000-kPa‘(conf1n1ng pressure of 2240 kPa) are glven"in;

volume of f1u1d dralned from the sample and a curve, of"the.

.combined ’bolume- of flu1d dra1ned>and volume change of the.

A

dralned sample. F1gure 5, 10 1llustrates the change in bulk

den51ty wlth temperature for- both the undrained and drained

.-
-

Two‘ addltlonal drained thermal expan51on tests were

-

performed Qn Sal1ne Creek 011 sand. under a back pressure of

e

5000 kPa (conf1n1ng,-pressures of 11000 kPa and 5200 kPa).

contalned in this figure is the dralned test carrled out -
under a back pressure of 2000 kba (conflnlng- pressure -of-

2240 kPa). 'Fmgure 5.12_ g1ves the’results”of‘the'draiged

;’The'results of these tests are given in Figure 5.11. Also

. thermal expanslon' tests: ‘in terms of dry density.‘ For



. o - . .' > ‘ L - .. .
. Table 5.1 Test and Sample Data
e S S

-

B

L A , . _ ‘
l: : k’ N . - ' ’ : - . ’ ..v : .
. . ‘ . ) -
S : - - - Te;k. .

B

- Type of
Test =

Back

Pressure
(kPa)..

© 2000

wVertical

Confining
" Pressure

(kPa)

‘-"'2—6‘b0‘ o |

e

Effective -

© Confining '
‘Pressure .0 o 240
- (kPa) . ’ ' :
Bulk

-Density.

(Mg/m*)

2.027

. -Percent
Bi tumen

¢

by Weight - 11.19

Percent _
Sand o .
by-Weighﬁvaﬁ v§4.93

Percent // :

Water . . '
. by Weight 3.88 3.88

Void Ratio .  0.539 - 0.539

Dry Densi;y

1.721
(Mg/m?) .

.(.‘-

| Undrained  Drained .

2240

27021
T -

84.93

1.721

~ ‘Number

-3

A

© 6000

1.968

15.55

-

2.11

' Drained -
.

2000 - s000

11000
e .

: »
82.3¢4

0.634

1.621

.89

4

'

 Drained

5000

‘;”'\ -

5200

200

it.990

15.58

82.36 |

2.06
0.617 .

1 1.640
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cef

e’comperltxve purposes,othe results of the tests performed ‘on

scompacted tarlxng sand (Sectzon 5 3. 3) are included in Fh¢:7

| ;flgure.‘h i .

The drained thermal 3xpans1on test carr1ed out on‘oil

w

;usand under a beck paessure of 2000 kPa (F;gures 5. 9" and
‘bgf5'11) dasplays : a rapxd rmcrease in volume over th;;
‘wytemperaé%re range of 180 °C to 200 ‘C Prlor to- 180 'C the
Jrate of volume 1ncrease w1th temperature is conszstant w1th1_
'the results of the two other draxned tests (Fxgure 5, 11)‘

S ap

Thls observat1on tends to’ suggest the back pressure was notd’
suff1cxently "high enough over this temperature range to keep
gases’ in solut1on. If gas exsolutlon did occur over th1s
'temperature range, the gas bubbles at t1me of formation must
'Mhave been “at. pressures exceedlng the vert1cal conf1n1ng
~77stress (2240 kPa) in’ order to dlsrupt . the skeletal gra;nslh

and“ foree the plston ‘upward.,‘“he gas bubbles would -

' ntheoretlcally contlnue to expand unt11 pressure equlllzatzon

,:Jbetween the” fluld and gas ‘phases was achleved resultlng anp

¢

‘;"the steady state poxnts (temperature stable and zero 'volumex :
a change) at 180 and 200 °c. ’ |

L '. . - I ) . . .p‘ A / | |
The undrained and dralned thermal expansion tests o
li(under back pressure of 2000 kPa) were performed on similar -

ffoil sand samples obtaxned from theAsame core spec1men This

%uﬁlmpl1es the ,measured volume change sf the dfalned sample}

'fcomglned m1th the volume of fluld dxalned from the sample

', “shoild the°fetlcally : approxlmate . the» re5ults “of the

-undralned test (Sectxon 5¢ 4 ). The curve refle;t@ng; the; .



combined volume of fluid-dnained and volume change of the
drained, sample, although~ﬂapproxlmately»{parallEI-'tod the;
undrained test ;resuits, 3 cohslStently lower. The
difference'kis due pr1mar1ly to the contract1on of the pore
flu1d as 1t leaves the sample chamber and is collected and
cooled at ‘room temperature in the f1u1d trap. The volume
change apparatus does not take .into account the contract1on<°
of expelled flu1d and ;asl a result cons1stently' under
estimates the . amount of ‘fluid dralned during the test. The
" undrained test aﬁ; contrast *to, the‘drarned¢teétfahows no
ev{dencéfo gaa exsolution. = o |
-Several observationazare’madejfrom the drained thermal
expansion tests performéd’ on“ oil sand. For the tests
‘conducted under vertical _confining pressures of‘5200 and

11000 kPa negative volume changes were observed after the

».

. ‘ep o -l ’
initial heat1ng. 1ncrements (F1gure 5. 11). Slmllar behav1ory

- was observed for the testston compactad sand (F1gure 5.7).

k.

.F1gure 5,12 shows the dry den51ty change w1th temperature of.
these dralned tests are con51stant wlth those, of “the
compacted sand..'The initial " den51t1es were aléovSimilar
indicating appreclable swelling occurred during-_'sample,
preparatlon. The dralned test performed under 2000 kPa back
.pressure dld not dlsplay contractlon durlng appllcat1onﬁ of
1n1t1al heat 1ncrements..and- had - 31gn1ficantly higher
" initial dry densit; (J;72 M3/m?) reflecting less sample

disturbance.
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Flgure '5‘11 ‘faﬁthe cumuIative‘volume

change WIth temperature of the quartz sand grains. S1nce the

result of a fully drained thermal expansion test on oil sand .

is. a measurerf the volume chahge of both the sand grains

and 5011 -structure, the d@fference between the two curves is

« the - volume change of the 5011 structure (Flgure 5 11). A

plot of the cumulatlve volume change of the 5011 structure

w1th temperature for the drained tests performed is given ‘in

F1gure 5.13.

2

An assumed cumulative volume change with temperature

curve  for

in -si

tu

Mg/m’;‘dry density of .

in

Figure

- temperature

s1gn1f1cant

5.13.
"induc

over

it

ed

1>

Qil:sand (averageibulk density of 2.12
1.80 Mg/m?® [Dusseault, 1977]) is given

is evident from““Figure 5.13 that

changes. in the soil structure - is

the temperature range of room temperature

to 140 °C and is greatest at approx1mately 50 \e’ . The more

&

dlsturbed samples (bulk den51ty.of.l.968-and 1.990) showed a

\

Flgure

BN A

5.14

higher degree'of‘contraction of the soil structure.

gives the - change in the incremental

,coeff1c1ent of thermal

temperature. ‘The

expansion for oil sand

temperature

range

i

of

spmewhat constant over

“of

chahge

~in

the.

_expansion of soil structure with
ncremental © coefficient of thermal

tested increases rapidly over the

'room,temperature to 50 °C and becomes

the range of 50 to 200 °C. The amount .-

incremental coef£1c1ent off thermal

expanslon of the 5011 structure durlng the 1n1t1al heatlng

1ncrements.

ERE- S

v

- (to 50 °C) is more ‘pronounced for the dzsturhed
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; samples (bulk dens1t1es of 1,968 and 1. 990 ﬂﬁ/m )

»

" From the draxned _test - conducted “on o1l sand it is
' evident that'volume increase of- less'' than 1 percent is
| likely for dralned cond1t1ons over the tempegature range of .
20 to 200 °C. provxded adequate back pressures are maintained

to prevent gas exsolutlon. The - therma]f'&i%yolume mcre_ase

v

appears to be independent\of pressure (Figure 5. 11) For

f,'

Saline Creek o1l sand significant thermal volume 1ncreases

wéuldBZf expected under back pressures below 2000 kPa.
s

. . ; .
b )t )

ed on the uﬁ?ralned test results thermal vdlume
increases.of approximately 6 percent would be eipeCtedk when

..Saline Creeh 011 sand is heated to 200 °C (assuming the back
u‘t\s
pressure is suff1c1ent ‘to keep gases in solut1on) }&;

°

5.4.4 Theoretical Analys1s to Predlct the Undraxned Behav1or‘
| of 0il Sand | .

A theoretlcal analys1s for pred1ct1ng volume changes of‘
oil sand due to" temperature variations was presented -in“
Chapter 3. From the- theoretical analysis the‘change in
volume of ~0il sand vunder 'undrained‘ conditions and at

.constant effective stress was de#ermlned to be:
j .

. -
: /
v . '

(AVa )= @V, AT + a,V, AT * a,V,AT + (&V, ),

The above formulation is wsged to approximate the results
obtained from the undrained th rmal expan51on test carried

" out on Salzne Creek okl sand



Co ' B 100
o . i - | /} . ‘

The -coefficients of thermal*expansion for. bitumen and
water used in the analy51s was obtalned from tests performed
at the same, back pressure as “the undraxned oil, sand test
(2000 kPa). Data- collected from the. dralned test performed
on oil sand obta1dedzf%om the same core sample and tested at .
the same back pressure*was used as 1nput for the sand grain
and sand structure terms. Figure 5 15 shows the experlmental

_results of the undrained thermal expansion test along with

the results of tﬁéit&;:retical analysis. : '
_ The theoretical alysfs provided an underestimation of

the 'thermal volume change' dbtained fromfthe undrained test.
Since the results obtained from the,thermal expansion' tests
per formed on water displayed -excellent agreement ~ with -
~published-data\and results of the drained test (with' regard|
to behavior of tHe . sand grains and sand structure) were~’
consistant with thermal expaM51on tests .on similar oil sand
(as well as ta111ng sand) then questlons arise as to the
éalidity of assuming results obtained from tests' performed
on extracted bltumen are representat1ve of ‘in 51tu bltumentgh
It is fea51ble that hrtumen extracted by the: hot water. .
eutract1on process may have undergone some'physioal'and
.chemical‘alteration. In addition, the compositional nature
of - hitumen “may vary with respect  to ‘location ki.e{,
deposltional enviroment); |

';f it is assumed ‘that Entracted bitumen is - not
rfegresentative of ln situ - bitumen,v then results. obtained'

s

’wfrom dndralned and dralned tests can be used 3s 1nput in the

0\\ N B
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* theoretical analysis to generate a curve representative - of-

the thermal expansion of in'situ bitumen. Such a curve was

developed for Saline Creek oil sand and 1s shown in Figure

' 5.16. For comparative purposes _the results of the test

4’}parformed on the extracted bitumen is ralso shown in the

f1gure. The results ~1nd13ate' that in situigas saturated

ibltumen may show temperature volume increases '56%.-Qreater
'than the extracted gas free bitumen. ‘r
.. e )

5§5$Conclu§ions

L ‘Tiermal expansion tests performed on water reéylted in
volume imcreases of“about 15 per cent at 200';C. The thermal
, volume; change of water didhnothafy‘signiflcantly for the
preSsure levels employed. Excellent, agreement‘ between
”experlmental and publlshed data 1nd1cates the pressure cell

employed was callbrated and o%’ratlng properly. !

Thermal expan51on experlments carried out on hot water

-

extracted b1tumen resulted in volume 1ncreases of about 15
cummulatlve volume change of bltumen over the temperature
range _con51dered is5 not pressure dependent. The volume
change of this dead hitumen'is more linear with temperature

tKan that of water.

For. each thermal expansion test conducted on compacted

talllng ﬁsand a negatlve volume change was observed for the -

first heating 1ncrement (room temperature to- 50 /°C) The

loosest sand sample (initial densxty of 1 46" Mg/m’ -at room

.

per. cent at 200 °C. The test results 1nd1cate that the
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: temperature) gave the greatest volume decrease (0.36%) over
‘th1s temperature range.. The sample 1n1tlally compacted to a
density of 1.62,Mg(m at room temperature showed__a volume
decrease of 0. 08% over ‘the temperature range from room
.temperature to 50 °C After heatlng to 200 °C, . this samp;e'
.was  cooled to room. temperature and a volume'decreaSe.of
. 0.10% was measured ingicating that the volume decrease was

due to a compacelon of the soil structure. Relatlve movement

i i

or reorientation of sard gra1ns must have‘ occurred durlng'
‘the temperature increase to 50 °C to allow an’overall volume
decrease. Over the temperature range of 50 .tp.fZOO °C all
samples tested dlsplayed a volume 1ncrease roughly;parakling
that of a quartz crystalle 1nd1cat1ng'ithe soil structure
achieved a tight packing arrangement at .50 °C and the -
subsequent volume 1ncrease wlth temperatu#% results only
from the thermal expan51on of the 1nd1v1dual grains.

Undralned heating of o0il sand to 200 °C will result in
a volume increase of.:bout .6 percent. Most og this 1ndrease,
over 5 percent, is due to the pore fluids, wateru and
bitumen, withh the bitumen expanding 'slightly ‘more than
. water. The rema1nder of the volume 1ncrease is due to.‘the
thermal expan51on - of theif sand . gralns. The dense,.
impenetrative Structure of in situd oil sand .will show a
'negllg1ble amount of thermal volume change by 1tself

From the tests performed on oil’ sand the thermal volume'
increase appears to be 1ndependent of the . effecthe‘p

conf1n1ng pressure for the pressure ‘range conszdered 1n th1s

Jron—
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~ study. For the 011 sand tested here, significant thermal
‘volume 1ncreases would be expected " under back pressures
 be1ow 2000 kPa because of gas exSplstlon _at'gtemgeratures,
above 180 °C.- : ;ﬂ R ° : AT

Results obtalned from the undralned and dra1ned thermal

',_;expans1on- tests performed on. 011 sand were used to generate

e

‘a plot representat1ve of the thermal expanszon of~.in 51tut,'
bltumen. The results 1nd1cate that in 51tu gas saturatedf
bltumen may show temperature volume rncreases 50% greater“

vthan the extracted gas free bitumen.
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6. NUMERICAL ANALYSIS
6.1 Introduction |
To determlnevthe;amount of heave which ‘Qould*7oCCur",

beneath ‘a structure _ where the oil sand foundation -

"experiences-a temperat e increaSe,f it xs necessary to

assess the spatial temperature ' increase wlth time and -

estimate theramount‘oﬁldrainage which night occur. .Since

- such field observations are absent in ‘the publxshed

literature, the rate of heat flow benéath -the heated_\

foundation and the amount .of. drainage yhich’occurs,are
'evaIQAfeA~ using  numerical . methods for a general

‘stratlgraphy. - .,

The analytical model put forth here 1nvestlgates 1the
heat flow from an 80 m dzameter storage tank restlng on a 2

m crushed rock and sand foundatlon pad The tank is. assumed-

5to be held at a constant temperature of 175. °C The general

stratlgraphy chosen for’ thlS  study’ consists: of the - granular
pad on top of 3 m af. clayey till overlylng rlch oil sand.

- The analytlcal model developed in thls"study couples
heat flow theory to the flu1d flow - expre551on to assess the

state of dralnage in the 011 sand strata below the‘ heated

' foundatlon\ and calculates the change in pore pressure and
the volume change (or heave) The analytlcal model con51sts
: of four computer programs.vFEHTQ 1, developed by G. E Myers‘

'at the Un1vers1ty of Colorado, was used to evaluate the rate

at wh1ch the heat from the foundatlon propagates through the
\\\

" 106
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};oil'aandﬂStrata.'VARTESTsf developed by the author} was used’

”\\’4 -

“to calculate the change ih_ pore' pressure and change ins

englneerlng propertles of the 011 sand strata in response to‘

"the change ln temperature (as pred1cted by FEHT2-1) o

VARTESTS then complled the 1nformatlon and formated the data'
.for direct 1nput '1nto the u1d flow program. In otRer
words, VARTESTS served to couple the heat flow_ analy51s‘_to~
the f1u1d flow analysls. ADINAT developed by’K J Bathe at-
M. I T lwas used to determ1ne the state of dralnage 15 the'
oil 'sand strata._ The above three computer programs were
excecuted 1in. succee51on at predeterm1ned tlme 1ntervals to~
simulate almultaneous h33F1“9,§“d dralnlng of the oil sand’

strata.-

"\

ourth computer program VOLTEST5 (also developed by.
the’ aut or) was utilized to determlne the amount of' volumefl
change loccurr1ng after each heatlng and dralnlng cycle and.
t3 calculate the ahount 'Qf: heave occurrrng under the

foundation.

6.2 Heat Flow:

The thermal analys1s was performed ut11121ng a computert
program (FEHT2 1) developed by. G.. E."Myers at the Un1vers1ty
of - Colorado ¥,~.)8/é (Appendzx E) FEHT2 1 (Finite. Element
Heat Transferl— 2 d1mens:on§) evaluates problems of heat;
'conductlon 1n two dlmen51ons by. a_ f1n1te element method The::

(~~!

amethod 1nvolves the use of l1near trlangular elements. The

: compufer program has the capabrilty of handllng steéﬂy and

rrrrr
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transient stateeuffrhe ‘ttadeient'states can be analyzed by
any of three ' ‘methods: Eulers; Crank-NiChols?g; or

) Sl - ) .. \\" -
'pure 1mp11c1t. ..The progfam _considers three .Poundary :

'“w.condxtlons- t1me 1ndependent éonvectioh‘* time 1ndependent

'heat flux' and time 1ndependent temperature. The p[pgram'was e
P orxgxnally d1men51oned to accommodate 50 nodal p01nts but
has been alte;ed to‘handle in excess of 280.

:-The‘fimdte,elememt‘ mesh. utiliaed;}fqr the numerical
fanalyeesfyis_ shown in ~Figure 6.T. Tﬂé_finite element mesh
| 'omeiétS‘oﬁ 500, tfiangular eiements\ and 284 nodes. The

| <//f\:1ememte veres propdrtidnedk'ip; size ’to."provide. greater

accuracy in critical areas.. ..

-

‘The Crank- Nlcholson method (a central f1n1te dszerence
-3scheme) was ut1lzzed to determlne the trans1ent' temperature
' varlathn beneath “the heated foundat1on.i Myefs ‘(1@715;

provides an ~in- depth dlscu551on'$o§' the ‘Efank Nxcholson
sehéme.° The - trans1ent tempeéature var1at1on was calculated
using FEHT2-1 based on ‘a time 1ncrement of 12. hoursifor ‘the
tf1rst ‘year Tand a%tlme,encrement ofmﬁo_hours for“years 1 to
o30;;The‘thermalhptppertiestusedﬁ'in the thermal ‘numerieal
'_analysis'uefe;takeh from Boga et al. kiaQO) and(ate given‘in_-
"Table 6.1, o | ' | |
| ’The tran51ent temperatufe var1atton “Masn ‘detérmined 1:-

dbased ‘on the follow1ng assumptlons.

(i) 'the‘ thermal propertles g1Ven 1n Table 6.1 d1d né& vary

,'.fgslgnlfzcantly w1th t1me &
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Table 6.1 Thermal Properties Usedfin_Numérféai-Analysis,
‘Thermai ' .Density'»“ Specific Heat
Conductivity L ' . C
k) T () (c)
~kJ/hem *K ~ - kg/m?° kJ/kg °K
(Btu/hr ft °R) (lbs/ft?) (Btu/1lb °R)
. Crushed -~ - = - .7'289 2162.4 . 0.838
Rock/Sand o (1.17) : (135.0) .(0.20)
N ' : N '
}.J
Overburden 6:230 . 2082.3 1,173
(Till), = “(1.00) . 1130.0) . (0.28) 3
0oil Sand - . . 6.230 2162.4 t.131

(1.00) - (135.0) (0.27)
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(ii) the thermal propertfes were independent' of the

direotion of heat flow%

(iii) the ambient air temperature was constant at 10 °C

4 (iQ)-the ambient o0il send température was constant at 5 °C

(v) fluidﬁ flow in the strata did not influence the flow of

" heat

The resultsrof-the,thermel analysis are shown in Figures 6.2
thrgugh 6.11. The .figures are representative of the'
tehperature distribption into the depth  of the strata
underlying the heated foundatlon at tlmes 0.25, - 0. 5 O 75,

1, 5, 10, 15, 20, 25.and 30 years as predicted by FEHT2-1.

6.3 Drainage

The state of drainage in the oilvsaod strata below the'
heated foundation was calculated  using computer‘ programs:
VARTESTS .(Appehd}x E), developed “by_lthé author for this
study; and ADINAT, developed by K. J. Bathe at M.I.T. in
1977, R _ e _ | o
VARTESTS calculates the increase. 1n pore flu1d pressure

‘due to temperature change from the formulatlons developed in

sectlon 3.1.3 for each . node. in_ theA f1n1te element- mesh

: fiemproyedl- 1hif}th "'thetﬁEi analy51s. Th1s program also

Qﬂﬁcalculates the:.coeff1c1ent of hydrau11c é conduct1v1ty,

-i,thermal generatron rate and the Specif1c storage coeff1c1ent

‘f:}fon‘each elemenbvrequrred as lnput to the f1u1d flow program

;ADINAT . The vmaterlal propert1es requlred in‘ the above
U S , o o
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formulations include: - - - -
. - . - : -

. ® ooefflcfehfs of thermal volumeJ change for - .eachf‘of5~thef ;

. coeff1c1ents of compress1b111ty of the components o{-;the{‘”

. “ b -
o . &oa
" s, O R

components ofs the o1l sand S T e

3 B . ) -
ot > @ ) " » i .- ol -~

o11 sand s I

B ’V ) o ‘
. dynam1c v1scos1ty of the- b1tumen and water LT -
. »unlt _weight (den51ty) the‘ b1tumen, water and sand
gra;ns

"These ‘values“~have. been determlned experlmentally or taken

from the lzterature and are dlscussed in detail in Appendix

A, The step by- step- operat;on of VAEIESTS is sum?arlzed

jh.graphlcally in Flgure 6.12. The method. which VARTEST5

\

couples the - heat transfer program (FEHT2 1) and the fluld

_‘-flow program (ADINAT) is also shown in the figure.

The flu1d flow vanalysxs“ ‘was performed with a finite
Ly

tf}element mesh con51st1ng o£ 209 four-node .elements. The mesh

»_]fpropertles f the :1teratlon

:}assumed to. be llnear, that 1'

(total of 1240 nodes) differs from the heat transfer analy51s

*mesh 1n that 'ther elements compr151ng the crushed rockl"

hfoundatlon pad are neglected (the foundatlon pad 1s assumed-h“

_to-be free-dra1n1ng) In the analy51s -th elements wereffﬁ

hav1ng constant permeabxlltyx

cess.' Two- po1nt Gaussa:”

-

-
e t

"numer1cal 1ntegrat1on' nast‘employed for the elements._The

Euler backward meciod was the . numerlcal ~time -1ntegratlon_

.hﬁscheme employed i

the transxent fluzd flow analysxs.‘Bathe*’
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'Two natural boundary COndltIOnS were-- assumed: -In - the - -

©

"frrst,” fluid flow . was not permitted‘normal,to-the<surface
represented by the arismof-syhmetry (center of tank). In the-
dsecond ground surface was taken as a surface of free-

seépage. Thitial conditions were assumed hydrostatIC‘ w1th'

the water table coinciding with the ground SUrface.

Under actual field conditions the oil sand mass beneath

the heated foundation-is'experiencing simultaneous heating-

and'drainage.,To 1deally 51mulate these conditlons the hea;"

P R

transfer  and flu1d “flow program should be “excecuted

frequently using a very small time increment. To accomplish

this, however ,requires an, extremely large computationalﬂ

effort at unrealistic expense. To provide an optimal balance'
'between computational cost _and analy51s accuracy, the oil

Sand‘strata below the~héated foundation was permitted ‘tc.
heat and drain in one month: cycles up to the first year and
in one.year cycles from one year to 30 years.

A heat and drain cycle begins with. the coupling programw

. (VARTESTS) reading the elevation heads for each. node in the

finite ele@ent mesh. HTheA program - then receives the new

temperature distribution 'in -the '0il  .sand foundation

kiﬁ?])?deri&ed;the,governing equations used with :the,;Euler’y

> v e T . o :

PIN

reflecting the propagation ofi’heat ‘from the -overlying

R4

structure for the time increment'used for that particular

cycle. The :‘program : subsequently' reads . the p;evious

temperature and total head.for each node. representing’ the

2oen’



jdistributions‘at-thé-end of the prior heat and drain cycle.*

f;Forwthe First cycle the prev1ous tenperature of all nodes Ais

.

5 o and the pressure d15tr1butlon is hydrostatlc. The ‘neu

temperature dlstrlbutlon is then stored for use in the next

.

heat and drain cycle.

,The, coupl1ng program ~ then makés a series of-

el

calculations which include ‘calculating for each . node: the

. change in, temperature; incremental coefficients|of thermal

N

expansion for water, bitumen, soil structure and sand

4

grains; coefficient of compressibility of water, bitumen_and
4 . . ' :
.5011 structure, ~cummulative volume change of ~ water. and

bltumen at new. and previous' temperature' unlt weléht of
water and b1tumen at new and previous temperature; change 1n
‘unatswemght.due to temperature'cngnge for-water.and bitumen;
Ain situ_visgosity of bitumen, water and fluid; in situ
hydraulic conductivity (permeability); change in pOre'fluid'

pressure; chanéelin pressure head; neu total -head;v thermal
generation rate‘ andc‘specificﬂ'storaée‘ coefficient: The
program then calculates the hydraullc conduct1v1ty, thermai
generatlon ‘rate 'and vspec1f1c storage coefficient for eacn

element in ‘the mesh. - 5 )

The total head, hydraulic _conductivit§, thermal
gene;ation rate = and :specific storagen ”coefficient
;distributionéd areu fed' into the _fluid-fiow program uhichi
determinesp.the:'total' headm distribution after_lthe time
fncrementl.rof  the | cycle. The - resulting' total " head

. dlstr1but1on is converted to excess pore pressure.

.-
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The results of the ana1§§1s are shown‘\h' Figures: 6.13

through<,6 22, expressed- in terms of excess pore pressure‘

¢

(pressure,exceeding'original hydrostatlc conditions) WIth

depth at -times 0.25, 0.5, 0.75, 1, 5, 10, 15, 20, 25 and 30

years Figures 6 13 .through 6.22 show a band of excesﬁ poreﬂ'

k:tpressure propagatlng 1nto the 011 sand strata beneath the

£

heated foundatlon ‘"The shape of these pore pressurel bands»

roughly mimick the shape of: the 1sotherms shown in Flgures

6.2 through 6.11. The bands of excess vpore pressure in‘

~figures 6.13 through g 22 appear to be symetr1cal beneath

*.the tankrjdiaméter ‘of. 40. meters3 with a'reglonhof“hlgh pore

pressure in the center bounded by closely spaced llnes of

equal pore pressure The center of the excess pore pressure

:'bands represent zoaes’of '0il .sand where dralnage is slow and

the temperature increase 1is cau51ng pore flu1d pressure

1ncreases. Above_ the center of the bands the v1scos1ty of .

- the bltumen is suff1c1ently low enough to make 1t moblle and

;fto permlt drainage to occur. U

. LA
e i

" The” presence\vf two thin reglons in whlch the pressure

gradlents are extremely high may be accounted for in the

- following manner. The high pressure gradlent above the”bands

is due in 'part to. the 1n1t1al rapid. change of hydraulic

conductivity'ot oil sand - w1th temperature. Referrlng to

Ficureé A.8 in Appendix A, 1t is observed that the hydraulic

conductivity of oil 'sand changes by _over '3' orders of

-

magnltude over the temperature range of 5 °C to 25 °C Belowf

the center of the bands of. hlgh pore vpressure the hlgh
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pressure grad&ents refiect,the sensitivity of the_ thermal
pore pressure generation term withftemperature. | |

The excess pore pressure dlstrlbut1on w1th t1me shou
51gn1f1cant dralnage of the 011 sand mass 1s occurrlng Even
idpr1ng the time 1nterval~of one to 30 years when the length
.of the heat* and drain' cyclesl are large (resultlng in

's1gn1f1cant amounts of pore pressure be1ng generated due to

heating) large porport1on of the oil sand strata beneath _f

the tank 1s almost fully dralned After 5 years the 011 sandi
beneath the heated foundat1on is fully dralned to a depth of
~over 20 meters .and after 30 years to a -depth Aexceedlng 50
,meters (tank center) If ther time of the heat and draln'
“cycles were reduced ‘to the one'- month lncrement used for :the<
first year, the porportlon of the oil sand mass - which 1s
dralned would be expected to be even greater. The rfsults of;;~
'huthé lanalys1s 1nd1cate that although the rate of ‘pore f1u1d_-’
;flow is slpwer than that of heat flow, it 1s sufflc1ent’.to: ;
prov1de a 51gn1£1cant amount of dra1nage.“ - Y
Flgures 6.13 throuqh 6 22 also" show that the bands of
excess ‘pore pressure f1n the 0il sand strata are generallj
’whor1zontal w1th respect to the base of the tank (dlameter of
*-40 meters) ThlS would appear to 1nd1cate the heav1ng due to;'
texcess pore f1u1d pressure is‘ fa1rly unzform and severe'

d1fferent1al heave 1s not occurr1ng
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.'6.4 Voluln‘eﬁ,_Change o S e o
Volume¥changes.occurring~in the‘_ollv.sand strata was - -
uassumed to‘”pfoduce‘ only vert1cal movement (heave) beneath
the heated structure (Chapter 4) The magnltude of heave was
calculated by con51der1ng volume changes -result1ng from :
tfg"volume change of pore flu1d 1n response to rellef-- of poreﬁ
N fluid pressure whzch exceeds the total vertlcal confznxng,f
streSs~(weight-of structure and overlying sedlment) ‘and
thermal volume change ‘of the sand gralns and 5011 structure.i~
The pore - flu1d ,%ressure‘ dlstrlbutlon was calculatedgaw
“tvice for .each 1ncrement of t1me, after the heatlng cycleJ
' and after the dra1n1ng cycle. Durlng the heatlng cycle the'
pore fluld " pressure aresponse, was. determ1ned_tassuming
undralned cond1t10ns w1th no volume change u51ng equation
3.24. ' The pore flu1d pressure dlstrlbutlon durlng the
drainage"cycle;was pred;cted-by-the gluldvflow analy51s, In
elther ,¢as§; if;the pore fluid pressure exceeded thé total’
vert1cal conf1n1ng pressure the strata _wasA permftted “to_,
‘expand such that the pore fluid pressure balanced the total
stress. Th;s volumetrlc eXpan51on was converted to Leave: byg
assum;ng no;vlateral straln. CIf durlngv subsequent .time
increments, aonesvof3pore'fluid;pressure»ekceeding the totalf
T;n_;;cons:st;;c;_ls apparent"51n6e calculatlon of pore
fluid pressure from equatxon 3.24- 1gnores the .velume change
due tp the thermal expansion of sand grains and soil
structure. This error, - however, is slight since the thermal
volume. change of sand grains and soil structure is -
.relatively small (less than 1% at 175 °C, JFigure 5.11) and
» thus .the bitumen and water porosities (ratzo of volume of"

v~ bitumen or water ‘to volume of oil sand. mass) 1n equatlon o
.3.24 would change only sllghtly..,“_ , SRR A Y ~:1(;~

o« .,
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I

oy

o

.vert1cal conf1n1ng stress became suff1c1ently permeabr‘ :tb'J

,perm1t full dralnage of pore flu1d the. heave aSSOCIated

'wzth ‘this zone. of pore pressure was neglected (i, e., the

b

soil structure was allowed to collapse) In other. words, the

_heave associated w;thr.pore,wflu1d- pressure 'rellef ., was °

-

determined ﬁncrementallyt.with each" heatlng and dra1n1ng
cycie. A plot.of.heavelbeneath the' heated tank result1ng

from pore flu1d pressure re11ef is. shown in Flgure 6.23.

, F1gure 6. 23 1nd1cates that heave nesultlng from pore‘»”

(L

fluld pressure ;rellef »is sen51t1ve to the the 1ncrement :

'employed in the analy51s. For the flrst year when tHe heat

and drain cycles were llmlted to one month a. max1mum heave .

~in the order of 0 7 em (tank center)‘.was ,observed at 3

M
v

'months, and steadlly decreased }Wlth time tq -one ' year. - |

%

[% Lo . *
However, when the heat -and dra1n cycles were 1ncreased to .

3

one year a heave of about 3 cm (tank center) was found after

)

-5 years and decreased with tlme @to‘ approxlmately 0.1 ‘cm,w

after 30 years. ThlS dependence on the tlme 1ncrement 1s due

‘

almost entlrely toj the amount ;ofl pore‘ fluld pressure :

calculated durlme the heatlng portlon of the heat and draxn

cycle. Examlnatlon of equatlon 3. 24 1nd1cates that .the: pore

‘ fluid pressure change,_Au,-xs dependent on_ the temperature .

»

change,. AT, Durxhg the;;one year time 1ncrement ”the"

temperature change 1s much greater than for a one month tlme

’*mlncrementsand as~a result 51gn1f1cantly more pore flu1d

[
Vs
’ i

pressurer is generated o One ‘would expect -ii ‘the (time &

1ncrement was held constant throughout the analys;s :;t,‘oné;-

\ . < . 'l-.‘. ' o . 3
. . ,
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month,-“the amoUnt’ of heave resultiﬁé from' pore fluid
.pressure relief would ﬁdeclinef steadily' throughout {the_
analysisr:Theumaximumldifferential»heave resulting from pore
fiuld pressure relief was found to’_be:,ahoutv 1.4‘.cu and f
‘.occurrediafter 5 vears of heating T ’
| The heave associated w1th thermal volume change of ttheij
'sand gra1ns and 5011 structure w1th time is. shown 1n Flgure
6.24. A maximum heave of about 35 ‘cm (tank center) was -
observed after “30 jyears of heating. 'ﬁnllke the heave -
‘assocfated with pore -fluid pre55ure' melief, the- heave
1fncreases “at any',point under_the tank progressively with
"time and appears far less dependent on the time increment.
This is because the thermal volume cﬁange’of sand gralns and
soil sqﬂhcture depends -only ’on .the volume of oil sandh
exper;encrng a temperature‘ increase and. is independent of
the‘amount of pore”fluidldrainage occurringt It is apparent
‘that' the heave associated with’thermal‘volume<change of the
sand grains and SOil}structure.iSv'one order of.hmagnitude
-greater' than that duev to pore fluid pressure relief. The
maximum dlfferentlal heave resultlng from. thermal volume
change of the sand gralns and 5011 structure was found to be’
about 14 cm and occurred after 30 years of heatzng _ H
Figure 6.25 shows the total heave beneath the heatedx'
'foundatlon w1th tlme. Comparison. of thhs plot with Flgures
-~ 6.23 and 6. 24 shows the vast major1ty of heave is due to the
"thermal volume change of the sand gra1ns and 5011 structure. :

.

A maxlmum d1fferent1al heave of 14 cm was observed after 30

-

. I
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years of 'heating.'.This‘.indicates pore fluid pressure

developed during “heating : the - oil. sand strata dralns

_suff1c1ent1y qulckly enough to negate large. volume changes

»

aq

assoc1ated w1th the undrained condltxon..

6.5 Conclusions

The analytlcal modffd:;presented Cin this‘_study

. 1nvestlgated "ghe effect‘%ﬁ heat flow from an 80 m dia‘me’ter

i

_jpuhdation pad, - 2 m in thlékgess;ﬁ'nd held at a constant.
LT L ' s G
%)

'exceeding original hydrostatlc condltlons) propagatlng 1nto‘

storage tank On'”underlying' 011 ‘sand strata. The tank was -

assumed to rest on a conventi' j crushed rock and ~sand

— N

,_.,-,

temperature of 175 °C. .The' resu¥®s. of the theorétxc&!“-

. . . “&‘ ) = ‘
v - .
analysis showed a  band of. excess pore, pressure (pressure

the -oil sand, strata beneath ~the heated foundatiyn The‘

’center of the excess pore pressure bands represent .zones of

‘ After 5 years of _heating the oxl sand ‘héueath the“‘heated_

Hfoundatlon-.is’ fully dralned to a depth of over 20 meters,d

011 sand where dralnage is slow and the temperature 1ncrease_h

is cau51ng pore flu1d pressure 1ncreases. Above the center'

of_ the -bandsd-the v1sc051ty of the bitumen is suf%iéiently
low enough to make it mobile and to permit drainage to
occur. - - _ ' o ST o

The excess pore pressure d1str1butlon with time shoy
a )

51gn1fscant drainage of"the 0il - sand mass is occurring, -

*‘

and after 30 years téa depth _exceedlng 50_ meters (tank_

centeL)



145
 The bands vof"excess pore~ pressure in $he 011 sand
Astrata are generally horlzontal w1th respect to the base of
the tank 1nd1cat1ng the= heav1ng due to excess po e flu1d
u‘pressure is falrly unlform and severe défferentlal heave is
~'not; occurrlng. N - ‘

The results.of ‘the analys1s 1nd1cate that although the
rate of pore fluid flow 1s slower than that of heat flow, it
is suff1c1ent to prov1de a 51gn1f1cant amounE of dralnage.

Volume chaqges occurring in the ©°il s;nd strata was
assumed to produce vertlcal moJement (heave) " beneath the
heated structure. The magnltude of heave was'calculaSed by
.con51der1ng volume changes resultlng from volume 'change of -
po?e Iflu1d 'inv response. to: relief of pore fluid pressure
Whlch exceeds the total vertlcal conflnlng stress (welght of
structure 'and over1y1ng sedlment) and thermal volume change

of the sand grains and so;l structure. d
a The.heave_resulting from-pore'fluid pressure relief was
foUnd'sensitiVe. to thev time increment employed in the -
'.anal§§&s. For the f1rst year when the heat a@a draln cycles
_ were- 11m1ted £o one month a heave in the order' of 0.7. cm
(tank «'center) was observed at q months and steadily
'*decreased with t1me to one year. When the heat and ‘drain
cycles “were' 1ncreased 't?' one year, a heave of about 3 cm
',Gtank center) was foundHafteriS }vears_ and decreased WIth
Jtlme to approxlmately 0. 1 cm after 30 years. Th1s dependence'

- on- the time increment is. due ‘almost entlrely to the‘ amount .

of pore fluld pressure generated during the heat1ng port1on ’
I
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oﬁj the heat and. draln cycle. If the time increment was held
constant throughout the analy51s at one month the amount of
heave result1ng from pore fluld pressure relief .would
decline steadily throughout the analysis. The max imum
d1fferent1al heave result1ng from pore. flu1d pressure rellef
was found to be about 1.4.cii and occurred after 5 years of
heatlng. o | . p -
Theiheave,aésoclatedeith thermal volume change of the -
sand gralnslhand soil structure w1th time showed a maxlmum
heaveiof about 35 cm (tank center) occurred after 30 years’
@%‘of heating. ‘Unlike the heave ‘associated with pore fluid
‘pressure rellef uthe heave 1ncreases at any p01nt under - the'
tank' progre551vely with time and is far less dependent_on

the time 1ncrement,,Thé,heave assaciated with thermal volume -

change of sand grains and soil structure 'is one order of

’

nagnitude*greater than that due to pore ‘fluid‘ pressure
vrelief The maxlmum dlfferentlal ~heave resulting from
thermal volume change of the sand gralns and 5011 structure
was found to be approximately 14 cm and occurred after 30
years of he¥ting. ~ |

' WhenvIConsidering the total heave beneath the heated
foundatlon with time, the vast majority of heave 1s due to‘
the thermal .volume change. c:’ the sand gral’s and 5011

structure. A maximum d1fferent1al heave of 14 cm- found

afteL +30 . years of heat1ng- This’ 1nd1cates porJ fluid

pressure generated during heat1ng of the 011 sand ~strata

rd

drains fast enough to negate large volume changes assoc;ated-h'

@
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~with the undrained conditiona _ ’ _ o

The theoretical analyses used in this study did not:

'include ~the 1nfluence of gas exsolutaonq The amount of gas

driven out. of solution from the flu1d phase of oil sand is’

i
“5( > ""“

dependent on the kind* and amount of gas in solut1on, the
. s,f‘

1ncrease in, temperature and the pore flu1d pressure. . The

amount .of gas 1n1t1al%¥.1n solutlon in the fluld phase of.

the 011 sand is dependent on ‘the initial pore pressure.

Since _hydrostatlc pofe pressure7cOnditions initially exist

Ay

in the surface mineéable. area 11ttle gas 1s expected to be 1n'

~solution near the ground surface but the amount increases
progre551vely wlth depth 'The"increase in total stress

exeﬂéfd by the. welght_of the structure and foundation pad

reduces the pore volume increase from an increase’ in
. ) - &

temperature and therefore has a significant effect on the

amount of gas_driven from solution. Since the propagation of.
‘heat ‘from the structure is extremely slow when compared to

that exper1enced in the’ laboratory, it would be dlfflcult to

experlmentally assess the amount of gas dralnage which would

occur under actual f1eld conditions. The permeablll y of 01l

sand to gas ~would also be d1ff1cult to assess but may be

signifieant. It would appear that - some amount fof volume.-

change due to gas exsolutlon could be: expected to contribute

to heav1ng beneath the heated structure, the amount of whlch

would be difficult to determlne. Slnce the‘;sotherms,beneath

the tank - were shown to be somewhat horizontal;x'the

‘contribution to differéﬁt@al heave may not,prove'to be of

o
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major concern. For the above. reasons, it was dec1ded to not-

include gas exsolution in th1s -first analyszs of the

performance of heated foUndations on oil sand.

)

Variations in stratigraphy beneath the heated structure

may . have a signifiéant _influence on the amount of heave
which occurs. A s1mpl1£1ed strat1graphy consisting of a th1n

t1ll layer overlyang rich oil sand was assumed for thls

study This stratlgraphy was selected because r1ch 011 sand

. ] : _
‘whlch contains a large percentage of vb1tumenv.has an

ektremely low permeability under formation temperatures and

therefore when subjected to an increase 1n temperature would

generate . large: amounts bof pore_ pressures and p0551bly,

represent a worse case. It was of concern to assess the rate
at which these high pore pressures wou%d d1551pate. The
results of the analyses shows a- 51gn1f1cant portion of - thlS
.pore fluigd preSSure was d1551pat1ng and the heave assoc1ated
with pore flu1d volume 1ncrease was: not 51gn1f1cant

ShOuld clay shale’ layers be present in the oil sand,
dralnage would .lnitially be vimpeded ' howeﬁer the

‘permeablllty of the clay shaleylayer would possibly 1ngrease

dramatlcally ' through fractu\}ﬁg';dUe to thermal volume

e | 148

changes of the. underlying oilﬁysahd In contrast the

presence Qf"lean or bltumen free sand would sqgn1f1cant1y

1mprove the hydraullc co%ggct§w1ty the strata 51nce .the
| F Q‘_- :

dynam1c 'v1scos1ty~ of gater is. much. lower ‘than that of
b1tumen. In- addltlon, the amount of pore* flu1d pressure
generated in Jean oil spnd would be less than for rich oil

w

B, . -~ Sl LTS
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'saﬁd,:
' Complex .sttat;gtaphy such 'as dxscont1nuous 1ayen€_ .

’adversely affect the amount of dlfferental heave which woufd‘
0ccur and would have. to be modelledvlﬁér “the specific

condat1ons.



o | 7sumar AND CONCLUSIONS
L '7 1 Summary . ) L
S ‘ The extractlon and upgrading~dof\‘hitumen :éé' surfaceh“
mtnzng proleCts may requ1re the“construction ‘bf' heat i
ﬂ, generat1ng structures above 0il sand strata. To da/g, ‘the
des:gn procedure adopted 1nvolves 11m1t1ng the temperature
~in the 011 Sand beneath the structure to 45" *C.‘ The des1gn"

' cr1ter1a QﬁwaS“ based on’ undralned tr1ax1al testrng<fof
d1sturbed 011 sand over ;the; temperature range of: room
temperature to 90 °C For ﬁstructures generatlng‘ large
amounts of heat, such as heated b1tumen storage_,tanks,vdthe
deS;gn~'cr1ter1a ﬁresults“ {n very complex andnfeXperive';

i foundatlon pads ut111z1ng ventllatzon systems. “ A
ldgv;:} The purpose - of th1s study 5s’ to provzde a better »
B understandzng of the geotechn1cal behav1or _of o11 sands
under condltzons that develcp after the placement of heated
structures on 011 sand and to provxde a: rat1ona1 bas1s lorféq

® .
‘ des1gn for foundatlon pads for these Structures..

: S ,6_3’,‘
The analytxcal concepts pnesented 1n thas study prov1de

‘ 'the ratlonale to assess the 1nfluence of heat on 011 sand

kv;ffb'(thermal volume/:;ange and pore ‘fluzd pressuref response)

Lo rate of heat f]:ow‘ and rate and extent of led flow (or

draxnage) These concepts gzve the basxs for the theoretlcal

:'fana1y51s of the geotechnxcal behavior of 011 sand underlylng.

. ¢

fﬂ'¥heated foundatxons. The

R

,-heoret1cal analy51s serves to_u,tff.

chuple heat flow 'theory to:'the flu;d?‘iow express:on to fff
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determlne whether the o1l sand mass w1ll be fully.:drained

fully undrazned or part1a11y dra;ned If part1a1 dra1nage‘

ziZgoccurs, the pore flu1d pressure change and volume change canif,‘“

;be calculated. The theoret1cal analy51s ) " be further'.‘
ref1ned by cons;derxng the 1nf1uence of gas exsolution Vand
)"pore f1u1d vapor1zt1on‘ or. dxstxllat1on and by cons1der1ng
the three d1men51onal case. - h o hh o ‘Ql
The materzal propert1es requlred for the analyses are
’coeff1c1ean of thermal volume change and he» coeff1c1ents
"of compre551b111ty for eaéh of the components of orl Sand _:l'
\heat flow parameters, as well as. the dynamlc vzscos1ty fi‘
:ith bltumen and water and the denSxty of bltumen, water and

.-

'sand : gralns TheSe 'vvalues have - been ' determ;ned,"
. N i ‘ -

exper1mentally .or. taken from the llterature,

X <

"?h e analytxcal model presented thzs' study

N

'1nvestlgated the effect of heat f}ow from an 80 m dlameter'

.l:storage tank on underly1ng Oll sand strata.-,rh tank fwasf[‘

1fassumed to ~rest "on conventxonal\grushed rock and sand;:’jlf

foundatlon pad, 2 m in thlckness, and held at fat constantk'”

}'temperature {bf 175 The general stratlgraphy chosen{.;,‘

¥
cons1sted of the granular pad von top : 3 ‘m of t1l14
S . . B R ENTR R

overlylng Oll sand .n:f.h: ;UA-ﬁ‘ f ' : | ‘ =

The results found 1n thls study are based on a. spec1f1ch;
- stratlgraphy and measured propertles for one o1l sand
l dlfferent stratzgraphy and propert1es of 011 sand such
151gnif1cant 'gas exsolutlon, exlst then 'those part1cularlﬁf:

conditlons would haVe to be modelled
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"7;2'Conc1usions .
. The results"of th1s study showed that when exam1n1ng, .
the foundatlon performance beneath a heated structure, beaVe .

and d1fferentaal heave is the"sole factor affectlng the

foundation performance of the o1l ‘sand, The poss1b111ty of

) shear failure and lateral movement .of” the o11'sand and L

"‘ﬁhstructure are extremely remote. Settlement of . the structure

does not» take -place. even under success1ve heating and .
cqol1ng cycles. |

A ‘An. expre551on was developed to calculate the net volume.
G change -of an. 011 sandﬁ mass subjectedfnto_ a change rih;_ff
.temperature under ’f.ul‘ly* 'dr.ain'edﬂ- condi_'t.'ion-"s‘." : "I‘heb vol’ume__"“
.»change of ’the 'oil sand mass. ar1ses from the thermal
_expan51on of \theu individual sand gralns and structural
h'changes 1n the ‘sand skeleton. | . | | -

-An equatlon whlch allows the volume change of 0il sand:

i

. subjected to ‘1ncreases ,in_ temperatures under completely:*"

.undra1ned condltxons 'tol be' calculated was presented The
volume change of the o1l sand mass is due gto expanslon of
‘Efthe 1nd1v1dual sand gralns andepore~ fluids as‘well aS»
structural changes in: the sand skeleton.,.ffi7*75ﬁ‘“}_
An expre531on was derlved wh1ch expresses the volume of'
_pore fluid wh1ch would draln from a fully saturated 011 sandfh
,.mass exper1enc1ng a change in temperature. The amount of

:flu1d expelled from ‘an. 011 sand mass dur1ng ‘a dra1ned o

'j' thermal‘,expans;on test is the sum offtheﬂvolume change of_f?

7:the'npore‘ffluidsj;.essf the change ni vo;d volume Aandgff

. . oL : . C S e , LT N o S s .
. - » b N N L N . " . . . o
L. o . : . I R e 3
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the  heat equation for two dlmen51onal trans1ent heat flowe

beneath a heated foundat1on util1z1ng ‘the f1n1te dlfferencef“;

method to analyze the rate mt wh1ch heat flows through an’_

oil sands mass, the rate at whlch excess pore fluid pressure_.-

. Structural volume changes.'

An expressxon was deVeloped to calculate the 1ncrease

‘l in pore flu1d pressure in a fully saturated o1l sand mass

subjected toa temperature change\»under fully1undra1nedi

,cond1t1ons;_?

'The theoret1cal ”eXpressions to evaluatefthexrate\oi\g'

flu:d from heat1ng were derlved and are presented The

pmethod ut111zed to. solve the govern1ng d1fferent1al flu1d'

‘ flow equat1on for . two dlmenslonal tran51ent flu1d flow_'

beneath a heated ufoundation;-using_-thed'finite element

technique is described. o _.“ R 3 o e

The_.theoretical formulatlons to determlne the rate ofrf‘

heat flow.were der1ved and ave presented The solutlon to

technique is 1llustrated ' e

The express1ons developed in this study' pfoviée..é.;

resultlng from an »1ncrease in temperature d1551pates, and -

the amount of volume change whzch occurs.'

| Equ1pment was successfully des1gned and constructedd

w1th the capab111ty &p explore the “one d1men51onal thermalw

;expans1on of oil sands and 1ts constltuent components to-

temperatures approachlng 200 °C and pressures in excess uof

,equzpment 1s)presented

3. 5 MPa.. A br1ef 'summary<¢ of  each const1tuent '.o:f’i..t_he.~

T . : . . . . el
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‘The test procedures Wthh were developed for use in the.;
laboratory program--worked successfully and are descrlbed
The method utllxzed to ' prepare oil sand samples from frozen
‘;core resulted in 'very h1gh quallty test,speclmensrrrhev
procedure adopted is 1llustrateq: | o
Thermal expan51on tests pegﬁormed oﬁ\water resulted in
-volume 1ncreases of about 15 per cent at 200 °C. The thermal
volume change of water d1d not.vary 51gn1f1cantlvhfor'theh

.o "».- \ + ) .
.pressure,"levels employed. Excellent agreement - -between

experlmental ~and publlshed data 1nd1cates ‘the pressure cell,T“

employed was cal1brated and operatlng pﬁ'perly

Thermal. expan51on experlments carrled out on hot water
extracted b1tumen resulted in volume 1ncreases of about 15
per cent -at' ZOO.n‘C.' The test results indlcate that the
;fcummulatlve volume’ change of bltumen _over the temperature :

ﬁrange con51dered ‘no Apressure -dependent;,'The volume

v
.

.change of thls dead bltumen 1s more llnear with temperature
ithan that of water. | o | |

For each thermal expan51on test conducted on compacted"
ta111ng sand a negatlve volume change was’ observed for- the
fflrst heatlng 1ncrement (room temperature ﬁto; 50 ,°C), The.

loosest sand sample (1n1t1al denszty of 1.46 Mg/m"at room;

temperature) gave the greatest volume.d

flase (0.36%) . over
“this temperature range. The sample rn; : ';compacted to a
dens1ty of 1.62 Mg/m’ at noom temperature shoved . volume :
decrease ..of ‘ O 08% over the Lemperature range from room
temperature tp 50 °C After heatlng to 200 C;' th?S; sample

ug'
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" was cooled to room temperature- and a volume ‘decrease’ of -
0’10% was measuredfindicating'that thewvolume«decrease waS»

L

due to a compactlon of the soil structure. Relatlve movement

- f
4

or reor1entat1on‘,of sand grains must have occurred dur1ng'
the temperature 1ncrease to 50 'tho allow an overall volume
sdecrease. Over thea.temperature range of 50 to 200"C allJ
samples tested dlsplayed a volume 1ncrease roughly pararllng
‘that of Aa‘ quartz crystal,f<1nd1cat1ng the soil strueture
achieved.a tight -packing }arrangement'fat 56 ;C and the
'subsequent‘ volume"lncrease with temperature results only‘
strom the thermal expan51on‘of the - 1nd1v1dual gralns. '
| Undralned heatlng of oxl sand to 200 °C w1ll result 1n'i
a volume increase of about -6 percent. Most of this 1ncrease,
.over 5 percent, iis duep'to' the = pore_ fluxds, water and
b1tumen, w1th the bitumen ‘expandzng- sllghtly more than'(
w%ter.& The _remalnder of the volume 1ncrease is: due to the
thermal'.expansloh of . the sand gralns. 1The. dense,
impenetrative structure ~of in situ .oil sand will show a
negl1glble amount of thermal volume change by 1tse1f

From the tests performed: on 011 sand the thermal volume -

'1ncrea5e 'appears to be' 1ndependent vOEfgvthefg effectlve

conflnlng pressure for the pressure range considered in th1s |

.study For the 011 sand tested here,, srgn1f1cant. thermal‘

'volume 1ncreases would be expected under back pressures,.

below 2000 kPa bécause of gas exsolutlon at. temperatures.

above 180 °C
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Results obta:ned from the undralned and dralned thermal:

expan51on tests performed on 011 sand ‘were used to generate ‘

plot representat1ve of the thermal expansxon of in s1tu‘"
rb1tumen. The results 1nd1cate that in- 51tu gas saturated'
Jbltumen» may show temperature volume Jncreases 50% greater -
:than the extracted gas free hltumen. | | ‘
The results of the theoret1ca1 analy51s showed a band
of - erdess pore pressure (pressure exceedlng | orxgznalf
,hydrostatlc condltlons) propagat1ng into the oil sand strata

beneath the heated foundat1on. ‘The center of the excess pore

",pressure bands represent zones of oil sand where dralnage is

slow and the temperature 1ncrease ‘is~ cau51ngv_pore' f1u1d-i
'”.pressure -1ncreases.. Abbve 'theh center 0fi the, bands the
' v1sc051ty of the b1tumen is. suff1c1ently low enough to make
it mobile and to perm1t dralnage to occur. | |

. The excess. pore pressure d15tr1butlon with t1me show

'signlflcant dralnage of_ theg oil ‘sand mass is occurrlng

'After 5 years of heatxng the Oll sand beneath the' heated.' |

foundation 'is fully dralnegyto a depth of over 20 meters,

and after 30 years to a depth exceed1ng- 50 meters, (tank .

‘center). ‘ _
‘The bands of excess. pore'Apre55ure in the ‘911 sand»-'
strata. are generally horlzontal wlth respect to the base of.
'pthe tank 1nd1cat1ng the heavzng due rto excess pore flu;d -
pressure is falrly unlform and severe dlfferentlal heave 15“.

Ty

not ‘occurring,



The results of the analys1s 1nd1cate that although the“.
rate of‘bore f1u1d flow 1s slower than that of heat flow 1t.

g: suff1c1ent to. prov1de a 51gn121cant amount of dra1nage._

Volume changes occurr1ng in ‘the oil sand'strata,was»”‘

”passumed to produce vertical movement (heave)' beneath"the
heated: structure. The magnltude of heave was’ calculated by
con51der1ng volume changes resultlng from volume .change of
' pore: fluid in response to 'relxef of pore fluid pressure
wh1ch exceeds the total vertﬂcal conf1n1ng stress (we1ght of
structure and OVerly1ng sedlment) and thermal volume change
“of the sand gra1ns and soil structure.v |

,The heave reSultlng from pore fluld pressure relief was
found sen51t1ve -to 'the txme( increment employed in*zthe
'analy51s. For the first<year'vhen the heat and drain”cycles“
were - 11m1ted to one month, avheave in‘the'order “of 0;7"cm”
'Xtank ”‘center) as observed at 3 months'land'-steadilyf

| .decreased with tlme to one year. When the"heat and draln

cycles were increased to ‘one year, a heave of about 3 cm' .

- (tank center) vas'found‘afterjsh.years, angd- decreased with’

?time-tO'approximatelv 0.1 cm°afte£ 30 Years.'This dependence-.ﬁ
‘on the tume 1ncrement is due almost ent1rely to theﬁ'amount'

of pore flu1d pressure generated dur1ng the heatlng portlonvi
of the heat and dra1n cycle.‘If the tlme 1ncrement was{ held_“

‘pconstant throughout the analy51s at one month, the amount of"f
heave resultzngv from' pore fluld pressure relaef would‘h
"'decllne 'steadlly throughout H ' analy51s. The maxzmum.,

’

_'dxfferent1al heave result1ng from pore fluld pressure relxef~t
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was found to be about 1 4 cm and occurred after 5 years ofh
'heatzng a | - | | o
The ‘heave assoc1ated W1th thermal volume change of the.J'
sand gra1ns and 5011 structure w1th t1me showed a maxlmum
’7heave of about 35 ‘cm (tank center) occurred after 30 yearsi

of heat1ng. Unl1ke the. heave assoc1ated with pore f101d‘

oressure'rellef~ ‘the heave ingreases at any point under the

tank progre551vely with and is far less dependent on:
. the tlme 1ncrement. The hea e as oc1ated with thermal v01umev
"change of sand 'gra1ns' and\soi structure is one order ofo “
magnitude~greater than' that ‘due»-to pore fluld pressure_
‘relief ..Thei maxlmum differential heave"resultlng froml
A‘thermal volume,change of the sand gra1ns and so1l structdreh
wa found to be approxlmately 14 cm and occurred after 30
years of heatlng N o _‘ _\73ﬁ£
> When cons1dering - the total. heave beneath the heated’e
foundat'on w1th t1me, the‘vast majorlﬂy of heave 1s due ito

-

the th rmal volume, change of !the sand gra1ns and soil -

Ystructure. A maxlmum d1fferent1a1 heave of 14 cm .was -'found'
B atter 30 years {of: heatlng Thls 1nd1cates pore- fluid
'pressure generated durxng heatlng of e 011 sand stratadd
d_dralns fast enough to negate large volume changes assoc1atedh
"wlth the undralne? cond1t1on._u:.7=v., ‘ A

-' , The results of the study showed 51gn1f1cant draxnage ofvv'

‘the oil sand mass was OCCurrlng and that the vast‘ majorrtyjl:@ff

of vert1ca1 surface movement or heave was due to the therma11”7“7‘

~;expan51on of the sand gra1ns and so1l structure The amount -

¢ -



159 -

of. differential heave . predicted,'irom‘"lthef theoretlcal’ﬁh

analysis appears manageable . when incorporated 1nto

'strUCtural design of a stOrage tank.

7.3 Recommendatzons for Future Work
The 011 sand used 4in"the' experlmental testlng was
obtalned from core samples taken from an- oil sand outcrop at
Sa11ne Creek approxlmately 1 ke south of Fort McMurnay. It
::is apparent- that the stresses in this outcropiof oil sand
~have been reduced at a very slow Fate during 'geologic tiﬁe
and’ therefore, S1gn1f1cant portion ot the gas 1n1t1ally
present in the 011 sand has - dra1ned When con51der1ng ‘the .
de51gn of a heated structure on oil sand testlng of the o1y

“sand should be conducted on“*a; site spec1f1c ‘basis ;qf

: determlne 1f s1m11ar amount of gas dralnage has occurred ft?f:

is p0551ble w1th the apparatus used in thzs testlng programf

.,A to monitor and sample gases_from oil sandptestedﬂat hlgh;

‘temperatures. .' | o

Experimental testlng should be undertaken to prov1de a.

better understandlng of the heat flow propertles of oil sand
and “to measure the change in hydraullc conduct1v1ty of oil

. sand with" temperature. ; - ﬁ_ IR

C foundatlon beneath the heated structure, s1m11ar test1ng \on
these 50115 should be conducted BN - .7?‘ E

The theoretlcal ana1y51s'used in this"study"canﬁfbel“

Should strata- other- than 011 sand be present 1n thetii»n

further - refzned by con51der;ng;ithe, infldéﬁce'foff;ggg;,yc



"exso}ufion ‘and pore flu1d vapourxzat1on or dlstbllatlon andfﬁj:<'

‘f:by cons1der1ng the three d1mens1onal case. The 1nfluence*f§£

‘ closely | spaced ‘heated structurgs; fsrould..4alsp ; bef

"7t4nVestlgated.

3 -0

o
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“APPENDIX A - THEORETICAL DEVELOPMENT o
. : e | ‘ i
:] Introductxon § .-v‘,'”,7¢jﬁﬂ~;.'ﬂ fw;-f“lr 'x;_.w | ff:’dt

The eng1neer1ng propertzes of the oil sand _const1tuent.
‘coﬁponents; whxch were, requ1red as 1nput for the numerzcalv .
| analyses. vere. determlned e1ther from the . experxmental"
testlng torff from }pub11shed 1nformat1on.4 Thzs append1x
out11nes br1efly the source .of. the data used to der1ve eachfp“”
property and how each property varles w1th temperature and'"

. r

pressure.‘ f»{j;T’f}_‘tT7_fj;,

'_1pé£aﬁen£A1,cqéftieian;paf'rhermaitgiﬁaﬁggoh’
v (1) waten | O
~The5 1ncrementa1 coeff1c1ent of thermal expanslon for.
water was der;ved from both exper1mental and publlshed data.?!i'

‘The. coeffzclent alculated based on 10 "C temperature;f,ff'
1ncrements, dxd not very 51gn1f1cantly over the presenreff{r?
range ot 0. to 3500 kPa. (temperature range of 5 to 200 *C).

As a resnlt 1t was poss1ble to derlve a unique relat:onshxp#

betweeﬂ the 1ncremental coeff1c%ent‘o_ftherma1 expan31on andi“

e

temperature.= Th;s relatlonsh1p31i§{€shown graphlcally;

Flgure A. 1 o
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The i-ncreme'ntai“c.o’effi.'ci'ent of 'thérmal expansion for in
.s1tu bltumen was derzved solelyjon data collected dur1ng theﬁpﬂ?
-exper1mental testlng.. The coeffzclent, calculated based one“
10: ‘C temperature 1ncrements, 1s, assumed to be pressuresVd5
'1ndependent pover vthe temperature range con51dered 1n thzsf
.‘iStUdY (5 to - 200 'C) A plot of the 1ncremental coefflc%gnt”-

.of thermal expan81on w1th 1ncrea51ng temperature is shown 1n.

T,Figure Ail.

(Iif) In Sltu Soil Structure :

‘

The relatlonshlp betueen the 1n¢rementa1 coeffxczent of.ff

vfthermal expansmon »for-fthe 1n sltu 011 sand 5011 structure'ﬁ"”

"ﬁ'and temperature is . g1ven in. Flguve A1, The coeff1c1ent‘VWas'j'

nfd’lrv) Sand Grains

,:'~fthe 011 sand gralns was calculated based On

':3,.from thd 1966 edltlon of the Handbook of Physica7 ConstaNT_.

.Jcalculated ons;derrng data obta;ned from dralned thermalfif
r,expan51on tests performed on h1gh quallty 'und;sturbed 01lkfdfl
1sand samples and adapt1ng these results to approx1mate 1”\\;4l.
'51tu condltlons through density extrapolatlon (Chapter 5) ;
jﬁfﬁe 1ncremental coeff1c1ent oﬁ thermal expanszon tor thep ﬁ"‘
j'so11 structure fﬁas- »calculated based te perature”:;thn

- 1ncrements of 12 5 C.},_“

wﬁne_ 1ncremental coeffrcxent of thermal expansxon forsgﬁELF

l

;fdata ’xtractedz"

1“&;‘jpub11shed by the Geolog1cal¢Soc1ety of Amer1ca, lnc"nejplotﬁafﬁcf

i“fﬂﬁof the 1ncremental coeff1c1ent of theumalfexpansaon,w1thf,}ls¢




v

increasing temperature.is shown in Figure A.1.

'ff;ncrementaldCoetfieient.ef.cdnpressiﬁiiftfyv
(I) Water | | | o . .
The coe£f1c1ent 6f compre551b111ty "f. water'flwas;e
decalculated based on data taken from the 1968 ed1t1on of theud
. dapanese Soc!ety of Mbchanical Engineers Steam Tables.; Overpv |
‘”thef pressure range of” 0 to 3500 kPa the coeff1c1ent d1d notdi‘f'
(hvary for tenperature leu?ls up to and 1nc1ud1ng 200 _'C
LTherefore,.,ig‘ was p0551ble to der1ve a unxque rel 1onsh1phf
"rbetween the 1ncremental coeff1c1ent of compress1b111ty andv‘.
”ﬂdtemperature._ ?n}s relat10nsh1g ‘is .shonn graphxcally ‘on]
’ﬂF1gure A 2 PR e DU ' LT

' .uz) In Situ Bitumen B

The 1ncremental coeff1c1ent of compre551b111ty f r;finftd;fﬁ
81tu b1tumen' was calculated based on 1nformat10n extractedf"V

°ifrom the work done by 5vrcek and Méhrotra (198¥ I_ 51tu;7 el

".

_ fb1tumen"nas assumed "t be j_s saturated w1th 80 percent

-7,methane and 20 percent carbon"10x1de..As thh theA case of

'Llwater,. over the pressure range under conSzderatlon the p

.-coeff1c1ent,i_ not?pressure se051t1ve and as a. result 1t wa""'

;j fun1que relatxonshmp between the

;5ﬂfposszble tq‘fder1ve

tY

-fff1ncremental coefflcxent of compress;bzlz 3 and_ temperature '\:_a
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"j(m) Soil Structure o
'“;The 1ncremental coeff1c1ent of compress1b111ty for the
'*1n s1tu 011 sand 5011 structure was assumed tod be both
hpressureA and temperature“1ndependent for the pressure and
qtemperature ranges utxllzed ‘for thxs study. The 'value used
“f&n thel analyszs fwasv selected from the range suggested by
f Dusseault (1980) for 1n 51tu 011 sand (Flgure A, 2) .
f”’f'V» ' ‘ -

‘Dynamic Viscosity -

(1) In: Situ. Bltumen"7 \ | |
‘In 51tu bltumen, in thrs study, is assumed to: obta1n 80

- percent Mmethane and 20° percent carbon d1ox1de ‘fnf solut1on.;.
g"Dynam1c 'v1sc051ty température relat1onsh1ps for methane and

7ﬂcarbon d1oxlde fsaturated bltumens, ;for‘ varlousw.pressure’

.levels, have been reported by Svrcek (1979) S ,7§¢j
- Plots of the dynamzc v1scosity of methane‘ saturated
' -

~=b1tumen overv the pressure_ range of atmospherlc (gas free'pV

:o11) to 2.5 MPa is’ shown in F1gure A 3. 0ver thxs pressure PR

mrange the dynamlc v1sc051ty of methane saturated b:tumen 1s
. relatlvely 1nsenszt1ve to pressure changes,_As a result ':1t

['ﬁ' possxble *to’ derlve a un1que relatxonshxp between the

'ifdynam1c :vascosity of methane saturated | bltumen'f‘andﬁf;j7

;litemperature (Fxgure A, 3) w1thout 1ntroduC1ng any apprec1ab1e

Plots of the- dynamlc v1sc051ty of carbon:'dxoxzde

"»ti;,,turated b:tumen?over the pressuref'range ‘f atmospherit
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'fgas free o1l) to 2. 34 MPa is shown 1n F1gure A 4 Over thls:_
,t”pressure range the dynamlcv'v1scos1ty. of carbon d1ox1deu
.;saturated bztumen 1s sxgh1f1cantly pressure dependent over
:the temperature interval, of 5 to 75 'C ance‘ the majorzty

f pressure dependency occurs in the//gom temperature range‘:'

(where the b1tumen ad known to be v1rtua11y 1mmob11e) ,and’p“

cons1der1ng that in S1tu bltumen is assumed to centaxn onlyt‘"

“‘20 percent carbon d1ox1de, 1t is: reasonable , assume a'
lilunaque relatxonshlp between the dynamlc vzsc051ty of carbon.

dlox1de saturated bltumen and temperature as shown 1n F1§ure'
‘1A 4 - h;v - v'_ L :; o u:l o
| Fidure A 5 glves .the- dynamic v1scoslty temperatureb
’:relationship for in 51tu bltumen based on. the assumpt1on"
,that 1n 51tu b1tumen contaxns 80 percent methane and1‘20f

"_\percent carbon d1ox1de in solutlon. | |
jffi) water ﬂ;";:;:"_,_‘ |
"zrhem dynamlc - Qiscosity"{oi‘fwater"with‘“increasingr'

]temperature ~was ‘obtalned Lrom' the‘ 1980 "editlon - of

| -'_’_Thermodynamics and Tr-anspor't Pnoper'tfes of 'F Iuids by Rogers"l-’_’;

L -/ - -
V"#and Mayhew A plot FOf the dxnamlc ‘vxscosxéy—temperature_

'ff'?relatxonsh1p for water 1s glven 1n Flgure A 6 (IS
B A o T i R T

Qi]:}(iiv) Fluid (Bitumen and waten)

- )‘v_.

;:: bztumen (31~.volume ;
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"&olume percent) . ThisfreIationship'is'shownjgrapniCaliy in

—

Flgure A 6 , ‘ ":"; ‘.f' Coee - 1\*:.x {f ,’“~“

'Unit'Weight-(Density)

li) In Situ Bitumen | N
The room temperature un1t wezght for bztumen contalnlng
>80 percent methane and 20 percent carbon dlox1de was assumed
to be 10. 104 kN/m’ (1 03 g/cm ) (Svrcek and Mehrotra,‘1981)
Ut1l1zlng the volume change temperature relatxonsh1p der1ved
the laboratory testlng (Chapter 5) a ourve representlng
“the change in un1t welght w1th temperature for; in' 51tu
b1tumen -was calcu}ated Thzs relatlonshlp 1s presented in"

F1gure A 7

Based on the data'

bltumen does not vary

v

used 1n thzs s

o

rep 'ted by Svrcek and Mehrotra ft

;the pressure rangezg_;“

-

1981) . Therefore,lfdfx:
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pressure range of 0 to 3&00 kPa (temperature range of 5 to

LSRN

200 'C) it was poss1b1e to dérlve ‘a{ uhlque relatlonshlp ;

betueen unit. we1ght and temperature. Th1s relat1onsh1p 151H

f shown graphlcally 1n Fzgure A. 7 e .

. . . -

o (lii) Fluid (Bitumen and waten)

[ The un1t welght temperature relatlonshlp for the ,flu1d

. was based on an oil sand hav1ng a: T5 we1ght percent bltumen
(31 volume percent) and 2 welght percent water (4 -volume
percent). ThlSA relatlonsh1p is shown graph1cally 1n Flgure'\

A.7. \. . ‘ . ' l S : '

.*Hydraulic Conduotivity o B '
. i . . » L
. The hYdraulic conduct1v1ty~’/gemperature relationship

~

for the f1u1d (bltumen and water) was derlzed from the unltv,'

welght temperature ‘\and dynamlc . v1sc051ty-temperature.h

LIS

relat1onsh1ps and aﬁsumIng an absolute permeab111ty of 3 x

10“2 (Chapter 3). A plot of ‘the hydraullc hydraullc-

t\ .

. conductlvaty' w1th 1ncrea51ng temperature is shown in Flgure_
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(i) Sampze dacket _”'*5[9;jf_.?, L;-;'

Congolidometer . . "Il T Lot

e

on' ,L.Apym'i'ﬁs o

W

Y

v ol N

The conso11dometer sample Jacket ‘is composed of ”4205‘

'1ser1es stain}ess steel w1th a coeff1c1ent of 11near the:mai;‘

.9 >

'exp§251on of 10 8 mlcrometers per meter per degreés cels1usnff

‘(Mefalsl Handbook Vol '3 9th Ed1tlon) .ThehgacketcyaSﬁy

4

‘tempered to/‘;ncrease- its ‘ha:dness “in Aorder to . prevent

scratching | of"the.'metai,¢b§“ the ‘sand _grainstiglaofnadeﬂ,

smooth. -~ . o -.v", -  § . '/) :" .t

The sample . jacket has an 1ns1de dlameter of 7 63 cm and.’

a wall thickness of 0. 635 cm. The Jacket wa des1gned to”

accommodate spec1mens ranglng 1n %elght from 2 0 to- 4 0 em.

Y

po:ts are,g;ven in Append;x'D, o

(II) Consolidometen Piston  :__?;.& oo

©
LN

The consolmdometer plston-,coﬁ51sts ,off’304J'sefie§

'stainless. steel w1th a - coe£f1c1ent of lxnear>' thermal'

expansion of 17 8 mlcrometers per mete‘-per degrees celsms

(Metals Handbook vol. 3, 9th Edltloh)

" The cl arance between the p1ston and samp;e jacket 15
app?ﬁximately 0. 025 cm, The» overall : welght fofwlrthe
consolldoneter p1ston (1nc1ud1ng concrete cylzndé?% 1s 38 84Td

N. Locatlon and d1men51ons of thermocouple_ and ~d:a1nage N

N . ;. B . . .

S | -4 0 : "‘1_31

/- N o " L C T Y
N )
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ra
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1Y

-fﬁf'mh“‘d:"r There are two closely spaﬁ d seal1ng 0 rings located on;;f
| .fth‘ lower port1on of the pzston an

:fon the upper port1on. The purpose of the latter 1s to ensure~
.fvertxcal movement of the p1ston ahd to reduce fr1ctlonal,ﬁ
.‘_res1stange between the plston and samplé jacket.mrp | :
. 0 and Rider Rlngs B

B “-,"' All 0 r1ngs used w1th the apparatus are composed fhga_;
?‘chemlcal compound commerc1ally referred to as Vfton. V1ton,”'

‘ unlike' conventlonal . o= r1ng mater1al s_7 re51stant . to

. ' A .
e degradatzon over the operat1onal tempeqatqre range-of the

apparatus and in addition is compatible with petroleum
) ’}, . ’ ;u ' . et -~ !~‘ Y ¥ -

produCts;i | 3 SR
Teflon, a chem1cally 'stable, heat. resistant plastfc
polymer, ~was selected as the materlal for the r1der r1ng{f

"Teflon proved to be an . 1deal 'materral ow1ng. to' its low

- _coeff1C1ent ;off frlction, good_commercial,availability and‘

: z‘ea se of—machln 1ng . .. . o PO ,,,_A,‘r_,,_,___;_;_,,;_,,_4___:___'__ R | S
N - ) -
(iv) Pedestal , ;
hr{ . o The pedestal is: composed of the- same materlal as the

L -piston ' and . conta1ns -é' dralnage ports, locatlon and
-/ . o i . . R

d1menszons of " wh1ch are. glven in Appehdlx 4L¥

-
%

o c . , »' . ‘ »;‘:‘ o h_
_(v% Porous Stones.. ”
\ .; - The consolldometer contalns threef porous stones.flTwo

’ . =,

! t 0 32 cm thlck porous stones are 1mbedded w1th1n the plston:””

e

a riden r1ng pos1t16ned.r



4

B T Y DT - - T

) .
‘o - NI

:vas shown 1n Flgure 2 f and one 0 64 cm thzck porous stone 1n

. f

.

the pedestal 7e}';u,&-j zﬂff“ffi ,_:p':“}f;.v'?

(vl’) Fllter' Paper'

‘

The £11ter paper used 1n the consolldometer conszsts pf;v

VerY ‘P“el? wooven glass flbers. Unl1ke convent1ona1 fllter “n

* paper, glass f1ber pJEEr is heat res1stant. The fllter paper\'

mhas'3the f1nest mesh (effectlve retent1on, 1 2 X 10" m) of

those commerc1ally avaxlable ng1ng the greatest amount @ o

. L R R

flow res1stance.'vt T e -A.’~‘y‘ ,52_ » Lv_<§;=~-

‘Measuring Devicasi'

(i) Pressure Tnahsddoehs | AP

“.The transducers used £ measure the back and - air

' cyllnder. dzaphram- pressures ’wereagommerc1ally produced by

\
r

f1the Vlatran Corporat1on. Br1efly,. the transducers' have

4

’

dtaphrams wh1ch-defiect"—when~*subjected“'to' qurd* under_“—;'
pressure Thls deflectlon 1s measured by f_1I stra "“gaugé?"
mounted ,on. the dlaphram and convertbd to output voltagej

a’

s1gnals. The de51gn is such thaglthe output .szgnal yar1es
linearly w1th with applued pressure.s | o

o The air cyllnder pressure transducer (Model 222) ‘has an;"
operatlonal ‘range. !of- 0 through 2. 0 MPa. The back pressure.'
transducer (Modelv408) has an operatlonal range of 0 to 7 0“,

,Mpa. Detalled spec1f1cat1ons are readlLy avallable from thed'

manufacturer.”~'
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‘ (fl); Llneanly V&yrng Dlsplacement Tr'ansducer' -

.'|

Th LVDT used 1n the\apparatus was manufactured by the f

'~~'; Hewlett Packard Company. , | ‘ » A
]/ igf The LVDT performs on the following theory the dzrect

f-currént 1nput 1s transformed 1nto alternat1ng curre?{/bf‘ an
”losc1llator.p The alternatxng current exc1tes the primary
'ag/w1nd1ngs 1nduc1ng voltage 1n the secondary w1nd1ngs,' the'
l/amount of wh1ch ;s determ1ned by the locatlon of the ax1al
'fj;ticore..Secondary c1rcu1ts enable the output to be read as .DC

P

voltage 4wh1ch is 11nearly proportﬁonal to the ax1al édre

"

dﬁsplacement..-_"" f’;;f 1r'j*,“h -

The .model used ;tnr thg} appara us was the HP 24DCDT.;
Deta1led spec1f1cat10ns are, readlly ava1lable, from _the‘

manufacturerr

(il))Therocouples e "
[Thé'7 thermocouples | usedl"inh' the : apparatus were,
“““*"mmanufactured by ‘the Barber Colman Company The thermocouples
‘ are Type "d, (1ron.constantan' element) w;th .flberglass
1nsulat10n. ‘The element is housed in 0}3)75 cm stalnless
stéel -protect1ve tube which is dlosed:)at the end The d
operatlonal temperature range of the thermocouple 15 from 0.
to approx1mate1y 400 °C. Detailed spec1f1cat10ns are readlly
“ .‘avallable from: the manufacturer.‘ S -
'Band Heater | . | L |

T



The band heater u5ed 1n the apparatus ‘was obta1ned from

d?Thermel Incorporated. The Thermastrip heater band (Model
*CD-25350) conta1w two elements and ;s rated at 650 watts._-

D

o The band has an 1n51de dlameter of 8. 9 cm, 1s 6 35 cm w1de

'p a/d operates on ‘115 volts.,The‘heater also has a 6 35 cm

‘termlnal bok.- o vd et
' D1aphram Axr Cyl:nder : ‘ ,
. Th d1aphram, a1r éyllnder 'wa"f obtalned from ;;the‘*

f

Bellofram Cd@poratxon. Its theory og operatlon was dlscussed
.y in Chapter 4. The followlng is a br1ef. summary .of. the7

pertlnent spec1f1catlonsi

T,YPEVSV . . | \ % S /x RN " . 5 L
SIZE: - B S ' 24,
- . ’ ; . » - L . N N ' B - ,. v
‘ROD: .~ . S a L . . BP-
‘ . N . \J ) . . :, » ’ l\
~BORE: - R | - . 13,97 cm
STRORE: ~  “ =~ . T . 6.60-cm-
MAXIMUM APPLIED AIR' PRESSURE: .. 1260 kPa.
| LV » St i . | » ,

Purther specifications are available from the manufacturer,

o, - . -

.
Temperature Controlleri ‘ L ‘ v

“ -fhe temperature‘b controller (Model“ , 580) Cis
'm1croprocessor -based and manufactured by ‘the_ Barber- Colman
Companyn The operatlonal use of*the- 1nstrument is d1scu55ed

AY B

in Chapter 4 . o ' o T



. tee
b Alfhsé

l"'

The controller. has a’,rated accuracy of i(O 5%

readlng ha 2 ‘C) and a temperature range of o to. 400 ‘C The |
,”controller has a temperature §§E§11ng t1me of 3 per second

‘Detalled specif1catlons are avallable from the manufacturer.ﬂ

)

(.
4Insul.:a.'{t ‘Ji,An’q"S‘heII . N |
. ) ?he- mater1a1 J compos1nglfther 1nsulat1ng ,shell ,
manufactured by the Carborundum cOmpany Insulatlon D1V1szon.hf
The Fibrefrax Mbist-Pack D ‘used to cohstruct tha\shell 1s
“made of ceram1c flber fand ‘an 1norgan1c blnder -whlch is",f
easily workable but' cures  to a r&gld structure The:‘
Aninsulat1on is composed prlmarlly of Alum;na Slllca w1th. an
toperatlonal 11m1t of 1260 °C. The materlal has good thermal,
reflectance, low heat storage and low thermal conduct1v1ty _
" . The 1nsulat1ng shell 1tself is 1.27 cm thick and fully |
,encompasses the consolldometer. Detalled specxflcatlons are
available from the manufacturer. . K

<

“ 'Data Aqu1s1t1on Un1t .

N The data aqu151tlon‘ unit was»”manufacturéd by‘ the'

) Hewlett Packard Company The unit consists of the HP—SSF[

Desktop Computer and - the HP~34974 Data Aqurs:tron Contnol'

unit. = i‘ . o ‘ ’
The data logger ‘is programmable to prznt measurements )

on paper‘as well. .as record on magnetlc tape During testlng"

up to 3 channels can be monltored on the CRT dlsplay The

data recorded by the unft on the. magnetlc tape-~,is,

B



A“lffftransferable d1rectly\ to ﬁhef;ﬁnivefsity | computer .

. proce851n9 T

'*,fflnvolved“

LA,

| Thg fperatlonal use although nat complex, 1s :

':‘?Wlll not be dlscussed here.,‘Ptoceduril‘ﬂ

,1 1nstruct1ons and unxt spec1f1cat10ns are avaxlable n,ﬂthe”*

t*'OpePator ) Handbook accompanylng the equ1pment _55"  f}&f*



w'jnvolved callbratlng the applled airf pressure to 'the

" rand is shon in Figure C. 3,

.- _( ’," ), vlCaI ibration of. Pness)re‘TPansducer's

Ya

" APPENDIX C. < LABORATORY CALIBRATIONS .
0 ‘ L . N\
’ : |

C:}hbrat1on of Measurxng Devxces.

\,J, 3L

To process the data collected by thef data acqu131t10n4‘

un1t it fwan necessary to callbrate each of the’measurlng‘;

dev1ces 1ndependent of ‘the apparatus. Each of the measurlnga
devxces had an opqratlonal range far exceedlng that utlllzed

by the apparatus ‘but, to prec1sely define ‘the callbratlon

gunctlons for each 1nstrument, each’ was taken to capac1ty.

. »

”Each pressure transducer ,was calibrated usmng the

Barnet Instruments Ltd. Calibﬂator. Documentatlon concernlng'

,its use is‘ avallable w1th the 1nstrument and wlll not be

.dlscussed here. Flgure C.1 shows the c&llbratlon‘ curve’ for _-

the 7. 0 MPa mpressure transducer (usSed to monltor the back:“'

pressure w1th1n the apparatus) wh11e-F1gure C.2 1llustrates{»v

~ the curve for h 2. 0 Mpa transducer. Slnce the 2.0 Mpa

‘ pressure but only the applled air pressure. to the dlaphramhfvx

transducer cannot d1rectly measure the consol1dometer plston7

'u a1r cyllnder, an add1t1onal callbratlon was regulred It

-

'y

.r_dlaphram air cyllnder w1th the load exerted on the plston.

‘This callbratlon was performed u51ng a standard prov1ng rlng

188
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'
s

w‘the data pbxnts. The pert1nent detalls of the analy51s are

...,"w ‘, ., ' k3 . -‘:H' -A;' I“.vv 1-. : 1 92|

~ : 4 . " ) . .

h'f( Each of the above curves was plotted lznearly and yss;.,

subjected to a reg:esszon analy51s to proved good flt to

conta1ned within the- fzgures.. - S

- all linear regre551on - analyses  gave correlatiOn \

coefficients - of 1.0 . indigating excellent 11near.“"7

Y

relat10nsh1ps.,Th1s 1mp11es data electron1cally collected by

the data acqu1$it1on tnrt can be converted with an extremely

“d}high level of confidence,(negligibleferror): s -

. 'v‘

RS

(ii) Calibnation of Linear Vanylng Displacement Tnansducer e

(LVDTJ

;The-'LVDT waéw calibrated ‘with the use of a precision

micrometer, the results of whlch are shown in Figure C.4.

The" regre551on' anaiy51e results are also conta1ned Wlthlniy_

the flgure._ T 1”.'~ . 'fx‘t 1 .
P ® . '. ‘It’l

Ar«gThé' llnear regre351on analy51s gave a ‘eorrelation’

o coefficient ‘of?,t1 b 1nd1cat1ng an  excellent  linear

‘”“qgar operatlonT

-relationship ‘ ThlS 1mp11es data electronlcally collected by

the data acqu151tlon unit - can be converted w1th an extremely
high level of confldence (negllglble error)
Cal;bratzon Apparatus . T

The apparatus' is’ Qubjéth to.-significant 'error in

measurement 1n four spec1f1c areas- vert1cal compre551on due

R

LR
,. &

oadlng, vert1cal expan51on due to operatlonalff?v

= heat1ng, hor1zonta1 expan51on due to operatronal_ heatrng}sﬁ‘
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and piston friction. To‘eliminate the-influence of each of

these<:£actors .from the qxperlmental data a series of tests -

were. performed to prov&de as set of dorrectlon curves."

-

(1) Cbmpnession of Apparatus by Applled Loads for, Drfferent‘

\ =

Temperatures o - o

L
“\

A pserigs IOf tests - were performed to thest1gate ther
degree of oompression the; apparatus experleﬁces dur1ng'
loading at dlfferent temperature levels..The specimen used
in these experlments was composed of alum1num machlned to

the approxlmate d1mens1ons cf an actual 0il sands sample. To

o

_ellmlnate any influence of '1nduced pressure within . the.

i

'}Vsample- chamber,f water was excluded from .the test’and the

o

bottom drainage ports were kept ’open _ to3 'atmospherlc'

pressure. The temperature range for .the testlng ‘Was. vi r1ed"

from room temperature to;_200-‘°p” and the consolxdometer.,

plston pressure }frqm the 100 kPa seatlng pressure to a

maximum of 3500 kPa.

- fhe followiug:test procedure.was employed:

o

s

n

N P

e The 100 kPa. seating pressure: was applied at room
Coae Y A “he Prs e v . ,
temperature

e The consolldometer was heated to the des1red ‘temperature .

_ level and allowed to stablllze

‘. The LVDT readlng was redorded L

el &
~.

. The COnsol1dometer ?plston.preSSure was increased at SQO_

kPa 1ncrements~to 3500kaa'
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The ' -results _derived ‘from this series -of testing are

presented in FigureAC.S;

To aécdunt'for coﬁpreSsioh -Qf the apparatus durzng

'actual testlng the vert1ca1 d1splacement as measured by the'

tes&s at room temperature, 100 °C and 200 KTe vere averaged |

I

_s1m1lar1ty Wlth respect to the other tests. From Fzgure C;S]
it - is . ev1dentn that ’1nfluence of. temperaturellon.'the”

compressxon of the apparatus by the applied loads was not ‘a o

91gn1f1cant factor.' P - v . - .‘ o

4 N
N\

(:r) Ventlcal Expans:on\of Appanatus with Temperatune

The'“ degree of vertlcal thermal expan51on of - the

& L s

apparatus was determlned for two seat1ng pressures (100 ‘kPa |
and 3500 kPa) As w1nb the compre551on tests, the alum1num .

;spec1men was USed and the sample chamber was held open. to

atmospherlc pressureu‘ The fbllow1ng. test procedure Wwas

utilized: - o o -

a'aThe 'seating pressure was'applied«at'room'temperature_aod
the LVDT reading recorded |

ovHeat uas applied'to the- consolidometer

° Aftﬁrltemperatuse'stabiiizationroccurred at the desired

level ~the -LVDT . readlng wab recorded -

. Steps 2 and 3 were repeated in 10 °C 1ncrements ‘to 200 “C

k3

The test performed at- 50 °C vas - dlscarded due to.. lack of

«
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The curves resultlng from these tests ‘are shown . in
Flgure C 6 along with the theoretlcal vertlcal therma1~

expans1on curve £or7’the 'alum1num sample. The vert1oa1 '

thermal expans1on of éheaapparatus 1s the dafﬁerence between'

'the expans1on measured durlng the ‘tests and the theoetical

expans1on of the alumlnum sample.

9

Dur1ng exper1mental testlng to account for the vertical

.expans1on of apparagys w1th temperature the results of the

two tests were expressed by a l1near relat1on5h1p (Appendlx

D). Since the expansxon of the alumlnum sample is -also

linear, the vertical thermal expansfon of the apparatus was.

taken as " the dlfference' between'.these _two‘ equations

(Appendix’b);
.L.‘. T
(Pii) Hor izorital Expansion ofmApparatus with Tempenature
| The horlzontal expan51on of ‘the sample chamber with -
temperature was taken into account by con51der1ng the sample‘
chamber as an 1sotrop1c solld When an 1sotrop1c solld

subjected to Qa temperature change . it expands w1th the

‘distance between any tWO p01nts 1ncrea51ng.1n the ratlo & (a

4

belng the coeff1c1ent of llnear expan51on) This means the -

) 1n51de dlameter of the sample Jacket enlarges in the same

ratlo as the external d1men51on.
N _

It can be- proven theoretlcally that the coefflc1ent ~of

L

gﬁ-area : expansxon - of an ‘1sotrop1c solld is tw1ce the

-4

:acoefii’zent of; llnear expan51on (e g., Halliday and Resn1ck

‘2[197¢T§§ Therefore, the change in area of the sample chamber.

. ( Ve - (2
' : : e
. k . B - . -
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1s 2 t1mes the l1near coeff1c1ent of llnear expan51on tlmes'

. the or1g1na1 area (at room temperature) t1mes the change in

1

_temperature.u'\'*e ) S . "

= r'-The thermal volume change of . the apparatus was taken.
rnto account in the measurements by multlplylng 4the‘ change
in area of the sample chamber by the sample helght ‘Details
o£ the calcu}atlons involved are g1ven‘Pn;Append1x.D,
S o | | v ,
fﬁv; Plsth Friction for Diffenent Pﬁessune Level and'

n Different Tempenatures

_Th,tJOedometer piston and sample jacket are composed oi
steel alloys dlfferlng sllghtly in material propertles
'(Appendlx B). As a result differential the mal expans1on in

'fthe radial d1r2ctlon was of concern dur1ng operatlonal use

‘because of its dlrect eff;”t on piston frlctlon Also of

s

.concern is the frlctlonal re51stance between the o r1ng ~and_
sample chamber wall. It was therefore necessary to examlne
‘;iston frlctlon,kﬁor both dlfferent pressure_uleVels andj
different'temperatures. | u |
* The, test procedure‘ adopted involved holdlng Athe'
temperature constant and varylng the pressure app11ed to the-
" piston (Flgure C 7). Durlng the test the sample chamber _was
filled w1th water and the system totally deaired. The p1stoni.
.frlctxon was taken as the dlfference between the - pressure.

'applled ~to thée’ plston~ and the pressure in the water as
: measured by the back pressure transducer. o ",(;.

-
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" The results (?igufer c. 7) .in&iéife' ‘that .the pistoh

(fr1ct1on ;noreaseSVr with both temperature and plstonf

pressure. ,The"“ maxlmum plston frlctxoni" pressurek?-’

‘(approxlmately 230 kPa) was me35ured for the p1ston pressure

. of 3500 kPa at approxxmate%f 200 *C.. S
| Plston £r1ctlon as accounted for “in experimenfal
' L ..

test1ng by UtlllZlng the plston fr1ct1on versus temperatnre.

>
curve for the approprlate applled load



* APPENDIZ D - DATA REDUCTION CALCULATIONS

P . . s R *

: Vblume of Extraneous Water

Extraneous water refers to water not 1n sample chamber,ﬂ

‘fe. water in porous stones, passages and ports. e
(i) Porous Stoneés - . ,
a ' BN, . e I T <
Top - Top . .- Top™ : o _—
Stone : " (Inside) (Outside) . (OQutside)  Bottom
.~ Weight wet - 37.20 - 36.98 32.25 . 95,31
We;ght dry 32.54. - 32.29 ' 37.25 85.56 ;
(g , ' i - .
Welght of . 4.66 © Gt 4,69 0 5,125 - 9.75
water (g) . ' o . L ,
Volume of $.66 . . 4.69 5.125 90180 -
water (cm?) v - B o
_ *Stone replaced afterﬁbeing damaged S ST
Total Volume of Extraneous Water in Porous Stones-‘ T
- (a) 1nit1ally~.‘ ' ‘ t | o
‘ X . 4.66 + 4:69 +9.75 = 19,10 cm=j7f
(b) after top out51de stone was replaced' . |
| | 4.66. +5.125 +9,75 = - 19.53 cm®

202



" (F1) Piston

T

Thermocouple_porti‘

Thermocouple: - .° . length

P

_dxameter

Port: o o - S 1en9th

- diameter.

b}

o

¢

, ‘»Volume"of extraneous water_ge Volume of port - Volume
thermocouple |

VOE" = w(9 955)(0 25)[(0 397)’f- (0 318) =0, . 443 cm?

:Portroow of\ThermocoupleA(viewingAdoanard):

“length - - . = 8.250
diameter ¢ ”fvfl." h | = 0.318

3leegth less plug length

dlameter of. plug '

e - i
Fooe
-

VOE = u(o;ésiiajzso)(d;31a);.¢~w(o.zs)(7.85)(o.890)¥ =1

emr L
o . Ny

Port cw of Thermocouple (V1ewing downward)
/ . .

length o S

~d1ameter

L'length less plug length; 0.860

.o

dlameter of plug “ B ._y—g: T N ; . ’Q;BSOi

9.955
0.318
'9.955
0.397

0.98%

0.890 ém .- .

8.250
. = 0.318

203

cm
Ch:.

Of-

cm
.cm

cm

;142,v'

cm.
cm

cm-

em -



~ VOE = %(0.25)(1.085)(0.955)* = 0.777 cm®

(111) Pedestal =~ T

\The:mocouplé_pbfﬁ=' ? e : _\\\'

- Thermocouple: - . = " .. & . ““.leng;h}f 7.835 cm

cmi

Total volume, of extraneous water in piston

= 0.443°+ 1,142 + 1.188 = 2.773 em?

. S . o
o P AN
SR
«

Y
diameter é,O.Bfocm

o R dlameter = v01°"39’7* cm

-

thermocouple -

VOE = #(7.835)(0.25)[(0.397)* = (0.318)*] = 0.349 cm®

208 o

© VOB '%(0.25)(8.250)(0.318)* + £(0.25)(8.60)(0.890)% =1,188 -

CPort: s . length': 7.835 cm

"Volume of. extraneous ‘water = Volume of port % Volume of
ume o : . > ot.port = Ve , :

Back pressure drainage port including tubing to.first valve: .

Port to plug: - . length

. diameter

VOE. =:7(0.25)(3.195)(0.315)* = 0.253 cm®

%

. diameter

0,318 .Cm

N+ .. length = 1.085 cm ¢



. i e +

s

CBlugr o engen e i, a3s m
Lo | B )  diameter -'O 238 cm”t*

©VOB'= #(0.25) (1.438)(0.238) = 0.064 cm®

U . o . ° . K - . ) R - N N
a SR AN . . . 1 PR % P S o R L. .o . -
. | . . . . e . ; - ; B . Y o 2 .1 - A
! . L . e . . X R ' R

_.;&;yVThpihgi.v o o T ‘ o flength = 8;905‘gﬁ7

L | | | | d1ameter 5.0.159'cm>r”
vom - 1(0 25)(8 905)(0 159)= = 0. 176 cm‘ |

v
. ﬁ:.»_--

W

e PR . "a,._. R 4 k.;A.b'

*-g;AainihgfagaiAage,gsgtgf..‘ e
,..:ffféi";- | ‘ 1 o '?5 :Tej ‘i' ‘-:[ dlametere= Q;31?‘¢me
t’.ii“ VOE = ﬂ(O 25)(3 195)(0 318)"- 0. 253 cm"‘

g :":«l" R ‘fﬁ s =

.'A

\

’;o.&QS-ém o

i\JV'e: e fee,ﬂf;.; length less plug depth

. '””-ﬁﬁJ,Tﬂ;T',7.ng~-f e TR dlameter = 0. 955 em
R ' R P '
A P,e:VOEf?_tK0{251(Q,825)(O;955)3'f 0}59ﬂ{cm‘

Total volume §7 extrageous wate:ijih,'pedesték;inc;uding;

tublng to flrst valve- f.*ﬁﬂ

_-f 0. 349 7} 0.253 + o 777 + 0, 054 + 0. 176 +. 0. ;53 +0.591 = N
2.463 cm=‘, e B | | o

.

“”? ;§§0§§3;Volume;éiﬁsitreQQOUS‘Waten: R

" Initially’ - After Top Outside.




' Stone was Replaced

.1*3Porous Stones (cm ). e]gQ(u'f§ 10 E “.;‘_ fjﬁ19 535
o _Plstbn (cm). - fﬂ,,;113'}'“2 7730 SRR e T SR
Pedestal and Tub1ng :e k | z,ﬁggﬁt AR 2;463\ _3‘.' .

Total (cm ) 'j"v ; 1 24.336 240771

T . s N Co ’-
o - T

Change in~$em§1e'due thHeatinﬁ. o

‘ftAA “Change in sample area

R -

A = area of sample ' tivﬁe_ : A S
"a = thermal coeff1c1ent of 11near expan51on:f
”ATJé change in temperature ‘ B

S,
L .
R Sy

For the séﬁpie.jacketiK420istaihieéelsteeiy".

"&_é 10 8 x 10" l/ c (Appendlx B) - . :
h=21sxw‘ﬂc”~ fﬂ'e ﬁ;.f;ffﬁﬂtxﬁ

3;;¥Aﬁ_ room temperature (22 fC) thefineide a;é@;oftﬁhecsqmplé

. ﬂf}chamber 1s.._

[




oAt any temperature (T,) the area (A,) is as follows: .
A7 = A(1 + 2alT, - 22]) - D

RN

-fTHérefore, the volume (V,) Va;eadyftemperetu;ee(i1)“isfhs_
- "foIiows-' - | A ST

i . CRERN

Vio=AH(1+ 2alT, - 22])

)

i.e., Vi = 4560.37-H (1 + 2,16 x 10°5[T, - 22]) [mm®]

or, V, = 4560.37 H + 0,085 H(T, - 22) [mm®]

4 -

where: H = height"of' sample  (corrected for vertical

‘expan51on with tempenature)

\

. -

. TherefOre, the*topai.volume of system” at any temperature,
4T1 - 15' B N . ‘\"‘ g o | .v)1UA .' ) _“_A

;‘,>‘_.‘0’-A._ AL
RN

: . . ) s - .- ., N Lo . T : , . .' .r, ) _.‘_ :‘ .
N ‘ . N - . ) ] . . N » .b . .
- \_ Where: - ' - U AL A

v . .

R S by S o
VOE = volume of extraneous watEY'“' R R T
. T‘ temperature “ . '_."‘ . ";, e - -;' 7"'_‘_. . . ‘...-A f e emce. coa

W ‘hEIth 6f sample L

-------------



- where: -

208 -

Vertical Expansion of Apparatﬁa"with]?eqperture

Fer llnear regressxon ana1y31s performed on cal1bratlon

‘fdata ‘the follow1ng results were obtained:. e

y =0.00448 x - 0.1324

where: - ot
M

1

y = vertlcal expan51on of apparatus and alumlnum sample (mm)‘

X o= temperature (eC

Considering expansion of aluminum sample:

y' =0.00079 x' -'0.0173 . o

‘where: _

y' = vertlcal expan51on of alumznum sample (mm)
x' = temperature (*C) ..
- - -therefore, - - - oI T T T T
Y =Y T Y i e e e T
. - P . -..—14.-‘ v-'rnAL-d.- : ~
e T e e e e e g T T



209

¥+ = net expansion of apparatus due to temperature

L e

- y. = 0.0048-x - 0.1324 - 0.00079 x' + 0.0173

or, i . P .
Y= 0.0048 x - 0. 00079 X' -;o<1f51;_

but x = x' therefore, : L . ‘ ‘
'y, = 0.00801 x - 0.1151 =

‘Volume in Sample Chaﬁber.ﬁrbm‘LVDT_Reaﬂing

To caléulate the volume*in the'sémple chamber from»the LVDT.

'readlng an alumlnum sample was placed in the chamber at room

_temperature and at the desired ram pressure.
‘From the_LVbT-calibration curve (Appendix C)
y =mx + b

where: -

a4
"

data aquisition unit reading: (volts)
m = slope from linear regression analysis o »
# y intercept from linear regression analysis ‘

o
18

.- Since the helght of the alumlnum sample is known as well es

-~

" the correspond1ng LVDT readlng, the new y 1ntercept can be

calculated.-



~i.e. H= x'=25.25mm T A

!

y
N

LVDT'ReadingforAluminumTémplegy
‘Therefore: . - | o

3

L t

b";fLVDT Reading e‘m‘(35.25)f£6r*§iuﬁinnﬁ samplé:-

I N
*

" As a‘reSQIt;'the héight'of thé_Sampie'during,testihg ist
H = (LVDT Reading - b")/m

‘ CoerCting‘“for vertiéa;~ expansion  of apparatus -~with

- temperature:

.

_H =(LVDT Reading - b!)/m - 0.0040°T + 0.1151
and as before:

Ve = VOE +4650.37 H + 0.0985 H (T - 22.0) .

Caiculationwof Appliedvﬁém Btessune

From calibration curve for 2.0 MPa transducer: -

‘y‘=mx +b

where:



. npr--)v . '. S . . A

iy Pplaga‘pressune.sza) ffi; *J:<§5{j1r~

| khaydata aqu151t1oﬂ un1t output (mV) | o
m = slope o lrne LkPq/me“' J ‘ ? I e T
b=y 1nter€epb (kPa) | T

| biaphreuueff’¢YfthEfE""“jj:':“'m1.’_~;i~- )
y' = m'x' + b’ .
where: :} L . .

PR

-Y = loadpproduced'ﬁy'gi} éylihdért(kN)~~-'
X' = applled pressure to a1r cyllnder (kPa) ‘ f; :

=m1.= slope of llne (kN/kPa) 4?¢”

e o

‘bf:; y 1ntercept (kN).
‘ 2‘Sin;e'yifpx':
.y'-.‘zl m"(»mx“ +~'bf)‘» +t’bi' 'A o o '. ‘v
Thefefore:

The applled rOOm pressure =y H(1000) /Vt + We1ght of p1ston

and concrete cy11nﬁer (kpa)
R o . ':1 .‘ SR f"“;.} 7,~$ »
vy o . e ‘ o ,

where:



A T T e e e e o e

- y|~A’ 4( ‘.’.‘— .

.V. = volume of sample chamber corrected for extraneous water

e

and radxal’expan51on of sample jacket

'_H = he1ght of sample corrected Verticélf’eXpanéion: of

LGS

apparatus w1th temperature - f f_ U

»



'APPENDIX E - COMPUTER PROGRAMS .

. -: - v

c E
CQA N
C
c '
o . -
c . . , R . ‘
[} ] ) S ",‘_t't:t“i-t‘_t"tt‘t#‘Q"tij"ﬁ.‘tﬂtﬁf"‘ttt' .
< 3 S b - , L
C - . T FEHT2 -] .
~C * ‘ : o * ‘
— c * VERSION 1.1. MAY 1§72 * -
c . * . .. B * .
. c * TWO-DIMENSIONAL HEAT CONDUCTION ~*
c N T, : *
¢ .. . USING - . -
c - .. o , .
T - FINITE'ELEMENT ANALYSIS 'y
_ . C * . 3 .. -
& (.C . 'il!#lttti"fﬁ.“.#‘.tn.’lit.ﬁ‘t't*"
3 , )
c . .
.’a . C_ ‘OQttiitt‘ttttt)‘itt-t!'*ﬁ.tt".ttﬁtttti“tttt‘i"t\t‘tti‘t‘tttli'
C FEHT2 (FINITE ELEMENT HEAT TRANSFER-2 DIMENSIONS) 1S A PROGRAM
C..: . FOR THE ANALYS51S .OF. TWO-DIMENSIONAL HEAT CONDUCTIQN PROBLEMS.BY. A
UC T L FINYTES ELEMENT TECHN!QUE USING LINEAR TRIANGULAR ELEMENTS. .~
e ' R B
c THE. PROGRAM WILL HANDLE THE FOLLOWING’ PROBLEMS AT '
C +1) STEADY STATE, PROBLEMS. o o
S C. . 2) TRANSIENT PROBLEMS BY THE FOLLOWING METHODS. ~~~ ~~ "~ 7 7%
RS T . ;. .A) EULERS METHOD-. L . R
- Y YT B) THE CRANK- NICHOL $ON METHOD

¢7 a'PURE: IMPLIG&T'MEIHOD\:‘ -*{:_ T

. .'."'

‘THE FOLLOWING BOUNDARV CONDITIONS CAN BE CONSIDERED
- . 1) -TIME INDEPENDENT CONVECTION.
<*7 ) TIME INDEPENDENT .HEAT FLUX:. .

CTUIY TIME INQEPENDENT TEMPERATURE

.

00000000006000OOOOOOOO".OOOOO'OH
.. B N N .

<
.

“ THE FOLLOWING PROPERTIES MAY BE GEOMETRICALL‘ VARIEDL
© 1) THERMAL QONDUCTIVITY . oL o o
“2’) "DENSTTY. o o , S _,- L coL

3) SPECIFIC HEAT. * ‘ B : .
4)_RATE OF HEAT GENERATION PER UNLT VQLUME :

o

IT 1s ASSUMED THAT THE MATERIAL ‘IS ISOTRORIC. ANISDTROPY CAN BY
CONSIDFRED 8y MAKING AN APPROPRIATE GEOMETRIC CHANGE UF'SCALE

THE PROGRAM IS DIMENSIONED TO ACCOMMODATE 500 NODAL POINTS
ﬂ'IDED THAT THEY ARE NUMBERED TO RESULT IN A BAND WIDTH OF 30

OR LESS. THE BAND WIDTH IS EQUAL TO. 1 PLUS. TWICE THE MAXIMUM

DIFFERENCE BETWEEN NODAL POINT NUMBERS OF AN'tLEMENT

ooy

ANY co~sxsrz~r SET OF UNITS MAY BE ‘usen’.~ - ';, L
‘nzranence- o S N

Y

MYERS G.E., (1971), ANALYTICAL METHODS IN. CONDUCTION HEAT -
TRANSFER, MCGRAV HILL BOOK COMPANY, NEW YORK, N.Y..

i“iﬁ‘t‘ﬁ“‘lﬁ‘i'*‘ti-t-.t.‘i‘*’tt*ﬁik".thtiﬂ#i""'i.*t-Q.t‘t‘t\’t .

.
.
»



O LoE R « v
2 ', e ~r -~ i ’ v
. .& R ’ - -
- . \ . Co e
c *“."*¥‘.‘*‘tt"i“‘#tdii“*.i".*ﬁ“ﬁ"tt*tt.‘tni"t“d.t'“*ittt\.
. €. . DIMENSIONS. L e .
Cv "t#ttttﬁt‘t.‘ttlt#ttt.‘t‘ttt#dt..t‘gttttti-N‘tntﬁﬂttttt‘tttti‘ttt
- IMPLICIT ‘REAL*B(A-H,0:2Z)
R - 'COMMON BN(500,30),CN(500, 30) ,SN(500, 30) SP(SOO) V(SOOJ x(500)
ER . *T{500) ,GN(500) , RN(500), GEN(SO) CEE(5Q). RHO(50) CAY(50) . TIMAX,
_ o “*DTIME, Tme NTOUT(500), MN(SOO) NRL(500) KNt 500", IN(500), INlSOO) Je,
L ETT ICOUNT NTIME NT, No NH NC, NG NE NN, Isw 1auT, IIN -
e , : O T e o 'J»-a.
. . C N X b R J'.n»(/-'.° e 0" ."'- 'Ae.b ’ s b e
‘ 2 c hi‘ttt“t.ktti‘t‘ttit‘tt“‘t&tt‘h“\t‘*t‘t‘t“t-“ttﬂtf.ttvtttt.‘n‘
c SET INPUT/QUTRUT. FILE NUMBERS AND INITIALIZE =~
C ‘Itttitttttttt‘tttt‘tt‘lt"‘*tt!tilttti*.tt'&tt.f’r"‘ltttttw.‘tttno..t‘
e IIN = 5 . W e e B -
L : I0UT = 6 - - B RN - -
1. «LABEL=O ' T T TR O AR PR .
1 IFLAG = O - 5. T T
] ‘ ’ .
[ ; g . S
. . c . ﬁ"."“t‘i"t‘.““i.it.“tt&tt'tlt*“*‘iilt.iiti’t.‘.tt‘*n"t'tt'
c MAIN PROGRAM -
C t‘.*.““*.&‘t"-ﬁ““‘l““t‘t‘ttt..i“.‘t‘**q’t"tt‘.tii.t##ttn‘.
CALL DATA(LABEL) . .-
. “If (LABEL.EQ.'1) ‘G0 7O 15, - R C )
S e ia.... CALL FORM . T L A e R
TR IR ANA) 2,2,3. 0 ;JiA‘,,.-; el TeTem e b e T
C 2 UUIF (NG). 4gan3e LT : . .
I RN CALL BINT i e
~4 IF (NC) 6.6,8° ° T T
"5 CALL INIT .- : . )
S oo CALL TRANS ';1;‘ . : N e e s e e
6 IE(NTT B8,8.7 ' L L T T e e .
° s Y ST cALc'MoDSN ‘ S e b e T : :
8 ' CALL DBAND(NN., IBW, SN LABQ}) - _
IF (LABEL.EQ.1) GO TO 14 * ' . N
9 CALL RHS - - N e : - : -
IF (NT) 11,11,10 “, e Qe :
10 _ CALL MDDRN. .. .« : A
11 CALL 3BAND(NN., IBW,SN,RN, T)
CALL RESUL(IFLAG) =~ - , '
- IF (NC) 1.1,12 - i S
12 C IFT(TIME - TIMAX) 43,11 : o
13 IF (IFLAG) 16,9,16
14 WRITE (lour 601)
15 sTop ) »
16 * WRITE (IaquT, 602) .7
GO TO 15 o
c
G : - .
: . C,. w ‘.llttT*ttt.tt‘tq.lt'.tt."ittttttt"t#l‘tt#“‘lttatitttrti.t-nvt".‘
JU 7 € - FORMAT STATEMENTS [ 0 S R A C
. "."’.'_“C' FRC I arwmaotntt-a;a»ttﬁintntttnt-tttoﬁiaott:vt&t-ta-so:«-:anop-umtf’t.-a.
RS S 601u"eFORMAT (//'0’, 15X, *DECOMPOSLTEON. FATLS" // )" T Lo
e . 602 ' FORMAT ('o' 15x “ourpuw TIME’SPECIfICATION ERRDR R P A
R END o _ s i S

- . R N
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" ...DD & K=1,NN - o e

-
-

| SUBROUTINE ‘DATA(LABEL) _ . .
IMPLICIT REAL‘S(A’? 0-2) .o L - ot

AR A AR S A A LS LS Y "—,/1’ - . . N

* READ” INPUT DATA * . 3
PR D A - e 0

‘"i.*.‘f““(}‘ﬁ“lf"ﬂ#.‘.‘."‘.l'li‘lt“t&a}'*.t.ttt."‘t..‘tﬁt‘

ARGUMENT -, " L : e TR

_LABEL -"END GF-FILE INDICATOR - . e T

=0 IF EXECUTION"IS VO~ CDNTINUE o b
s e Tmo g IF EXECUTION IS TO TERMINATE : T

P s X . R
<, ;
B P I

““tl.““.“l“t“‘.,"‘t..“ﬁ.“?‘t.l‘*tf#"‘tii‘t‘%“‘.t‘t“"

DIMENSTONS i

..'i“.‘t“‘t."‘ﬁ‘ttﬁ.“t‘&““#‘V‘O“i".'th‘i.’litit‘ii‘ﬁt‘wttt

COMMON BN(500,30) ,CN(500.30), SN(500,30) .SP(500), Y(500),Xx(500),
*1(500),GN{500),RN(500) ,GEN(50), CEE(50) ,RHO(50),CAY(50). TIMAX,

NG NE NN IBN IOUT IdN

' "DTIME TIME, NTOUT(SOO) MN"K) .NRL(500), KN(500), \JN(SOO) IN(500),JC,

* ICOUNT NTIME NT NO NH

ERNOREY . R

DIMENSION. TITLE{20) a o , C e

“

\
't'#l".t...."."'t“*"‘ﬁ""#.4‘.‘““I“Q"ﬁ”‘i.“""t.'t‘.*.‘.’g

PROBLEM IDENT.IFFCATION C
-ttttttttttnt.-ttgoqqta‘muﬂv‘hia%tﬂav»vivtttftnc.t--f‘n-ttttnwn-'vt
READ (IIN,501,END=89) -(TITLE(1),1=1,20) )

WRITE (IDUT‘601) (TITLE(T), 1%1,20)

. . C, . . . b - v
R AR LE LA LA A AR R R L R R R B R I G

PROBLEM INDICATORS' '

l“t“.“.#'*ﬁ'it.t‘ﬁtl.t-'ﬂ.ﬁtii.l‘l..“t‘li’i"ﬁ.t-‘vlQn"vt.'.‘tt
- WRITE (10UT.602) o

READ (I1IN,502):NG.NC,NH,NQ,NT.NN, NE NM -

WRITE (I0UT,603) NG,NC, NH NQ.,NT NN NE, NM

.

215

u»tttgt,t&;gttttt-t‘taatttnttwitwvmt.watpnitr-tntt-0vn*.v«00¢.€.n-'

-

aotvto:tpttttvttt.t‘-.;;:c;-ttn-too.¢¢t‘t-twtc‘cc‘o:;t..c--tn‘tttt
MATERIAL PROPERTJES, ... .o %% ° 7 Ce e T
otoitt.‘qtthitvtotottt--\tqtaozt:oo.otﬁt‘t'-tu‘vtiqt-ont-:aloa.ﬁlnl’
" WRITE (10UT, 604) - : 2 .
DO t K=1,NM . - S
READ (IIN 503) M, CAY(M),RHO(M).CEE(M), GEN(M) T

. WR!TE (IDUT 605) M CAY(M)’RHO(M)‘CEE{M) "‘GEN(M) :
tut-tqut“.“tott.‘-on.* N :ﬂ;:: 'Q.‘;.;:t;i";-t.ﬁ.-‘t‘.t:t‘bt.f“.“tt"ﬁ‘]
" NODAL COORDINAFES S o o o

Q*t.‘ﬁi..".“%.‘t‘&"."q‘ltii"'."‘i‘“‘.‘t."."Q‘ﬁt""ﬁ"-t‘t

-WRITE (10UT,606)-

- e T

" READ (I1IN.504) d: XU VIaY
wnxTE’(xour §07) d. x (), v(u)



R4
. /

c . ’ .

. C' LA E E R 2 R R R Y X S A R ] tq-ttdtc’hut-t*thtt‘t-tntttttnnitt-*tut-nt.*
R c . ELEMENT IN!ORMATION Xk .

- : . C . ‘ttt.‘ttt‘xt‘tt‘t'tltt‘t.tu.t‘tl‘tt‘t“!‘!"t.tttfittﬁ“'tt‘ktt.'t

e e e WRITED (IOUT §0B) T e T e T .
. P I8W = : . .

_ < ... -DO 11 K-1,NE. - : - _ e = .
LT .0, . READ; (1IN,505) 1.1 NCI);JN(x).KNoIr.MN(I);g Coe o . T
B VR If (IN(I) JN(1)) 6, .s . : .

ol L8 T e U ITEM = INCTY -
DA - : IN(I) = UN(1) - _— :
- ’ , JUN(I) = ITEM , L !
" 65 .-« . IF (JNC(I)-KN(1))-9.,9,7 , B
7 ITEM = UNCI) - . . .~
JIN(1) = KN(I) . o
© KN(1) = ITEM S LI
1F (1N(L),JN(I)) 9,9,8 . ’ -t
-8 ' ITEM = IN(I) . : :
: oy et U NGEY ENCDYL L s g T e
e 1‘”5.~'Téfzﬁffv?'n = JIN(T19) RIITEM . 7 e ST ey s L e R e LT e T
A © ICMAX ®:KN(I) - IN(I) + K » .
IF (ICMAX-IBW) 11, 11,10 :
10 . . 1BW = ICMAX ° ‘
. 11 . WRITE (10UT; 609) I IN(I) dN(I) KN(I) MN(T)
‘ ‘ LABEL = O
RETURN
99 LABEL = 1 .
‘RE TURN -

i

"Q"tﬁ‘t“‘i‘ﬁ“tl"‘t"""t‘t‘.‘ﬁ*.tt‘iittﬁvit‘?"‘tt‘t‘twi‘ﬁ.ttt

[sNeNoNoNe]

. FORMAT STATEMENTS _ : . - -
“"‘t‘t“““.tt"ﬁ"""“tti"'-ttt'Vi‘.t*i't"'*\'ﬁﬁ"*..iQttll‘
> : 501 - FORMAT (20A4)

.502  FORMAT (8I1%) ,
503 FORMAT (I15,4fF1D.0)

504 FORMAT (15,2F10.0) o : o . . -
. 505  FORMATY 4515) - I : ; . e e -
: . .. 60t FORMAT-¢ 4", 5% aon4) R P S O
Ul i ™ 8027 ¢ 'FORMAT 'o' 1SX,'NG  NC " NM  NQ _NT NN NE NM’)
v, T ¢ 603 " FORMAT .(/ <, 15X, 12] 9158) : Co S
. nr”eoiﬁ FDRMAT ( o' 45X, "MATERIAL PROPERTIES"/ ‘ .
o 1. © 18X, "MATL., . CAY _ RHO " CEE GEN')
605  FORMAT (' .',15x,13,4F9.2) B e

- 606 FORMAT (' o"tsx “COORDINATES -OF ‘NODES: / oL i
- N ,o'-' <ASX INDDE* ;A% Ry "“w'q Sl B R
R e BO7%C FORMAT (' 4. {5X.13,2F9. <} I , . S .
_ o ' GOB‘V ‘FORMAT - (* o, 15X,/ ELEMENT INFORMATIONJ/ R T PV T S
e 0;‘ A Lm0 T ASXCTELML ST K2 MATL R .
Jeemo T T T g09 . FORMATS (" 15X, 13, 16, 214, 15)
. END . . .
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H

SUBROUTINE FORM
IMPLICIT REAL*8(A-H,0- Z)

.. ""t'tﬁ‘t‘#‘t"“‘t#itﬁ“t“!‘it’t*tt‘t &
@

*  FORM ELEMENT CONDUCTION; GENERATION, *

L AND ‘CAPACITANGCE MATRICES . * ‘ . .
t#tittttt‘tt*t‘t't‘l#ttlﬁt#tttttttattt‘t : L BT

- Lo ) o . . . .
tnwt‘tt-.atta:-tw.tttttnt-mtvt-t-t-‘twt‘*:t-towt*-.-w--‘ot-itttntt
DIMENSIONS - . ) N ) »

*‘*“.I.ﬁi’*"“ilt"ﬁt"‘t‘tii‘*iﬁl‘..“*ﬁ*-i.‘t‘.li‘#‘i’!v‘ittt‘

' COMMON BN(500, 30):, CN(500,30) , SN(500, 30),SP(500),Y{500).X(500),

'vT(soo) GN(500) ,RN{500) ,GEN(50) ,CEE(S0) ,RHO(50),CAY(50), TIMAX, ,
' *DTIME, TIME ,NTOUT(500) ,MN(500) ,NRL(500), KN(500), JN(SOO) IN(500).uC,

. ICOUNT NTIME NT,NQ,NH,NC,NG,NE,NN, IBW IOUT IlN

- .

DIMENSION 1D(3), SE(3.3)

‘t““"t“lﬁ.’t‘t‘t.tgmqittntt-“t“‘ttt‘ti‘ﬁn-‘t"tt.tt.“."i‘l

INITIALIZE : . -

".t‘“"'ﬁ‘..'."'ﬁi*'#“.‘!i'.’.-.tlt‘tttl‘t“-'l'tt".l“"‘ttt.v

DO 1 J=1{,NN L ' .
GN(J) = 0.0 : :
"SP(Y) = 0.0
DO 1 Ka'1,IBW
CN(J.K) = 0.0
SN(JU.K)} =.0.0

ttttt“"ttt‘ttt-tttttotttlvtttt‘tn'itotatttttnoyvtnt‘to-'ttvnt‘tt

ELEMENT CONDUCTION MATRICES .
ottwtnttt‘tpt't‘nttttttttt#.‘tt‘ua-t-ttottttvwowvatto.-tnt'tnwtttt
I =0

I =1+ 1 . o
FF-(1-NE) 5.5 §9 e
INN=TNCT)

UNN=UN(1)

KNN=KN(1)

MNN=MN(T) o : o :
X1J=X(JUNN) =X ( INN) e s
XIK=X(KNN)-X{INN). . v e leelhl e T
XUK=X(GNNY =X (UNN). .« o - - o @

“¥IJ=Y (UNN) =Y (INN) L

YIK=Y(KNN)-Y(INN)

—— R -
N N R il

. YUKsY (KNN) <Y (ONN)

ATUK: = DABS(XIU*YIK - xxx*vxu)/z o
E2=(CAY(MNN)) /(4. O‘AIUK) -
“SE(1,1) = E2'(Xdk"2 + YdK*‘2)
© SE(4,2) = -E2*(XIK*XJK + XTIRTYIK)®
. 55(1 3) = E2*(XTU*XIK # YII*YUK) -
‘SE(2,2) = E2*(XIK**2 + er'-z)
SE(2,3) = ~E2+%(XIJ%WXIK '+" vxu'vxk) L
" SE(3,3). =: Ez'(xxu*'z + Vld"2) o Y
L IDCY) = INC(I) o
10(2) = UN(T) - - , 'f?
ID(3) = KN(1) : : : ! 9
DO 6 J=1,3
IR = ID(V)

- 2.15'

e
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11
12
99

DO 6 K=y,3 ' S PR
1€ = .ID(K) - IR+t ‘ :
SN(IR IC) = SN(IR IC) + se(u K)

‘#““*ﬁ”"“&.‘.."ﬁ“"'ittit.“t'ﬁ‘-t‘t‘*‘.t“.tt'.tt"t“'itt

ELEMENT GENERATION -MATRICES

ﬁt"t"t.#“ﬁ"t*“'i“‘ﬁ*‘.il“ﬁ.‘#t'-t-tti“.ﬁ"'ﬁﬁ‘#‘.l.‘tlﬁ‘i.

IF (NG) 9,9.,7

£2'(GEN(MNN)‘AIJK)/3 O

DO 8 J=1,3
IR = ID(J)-
GN(IR) = GN(YR) +° 52
? L ‘
tttt»--tttnottttn«tn.o:-ttottto*---t-ottt-nt-tﬁ:‘tt-nncfttyvyvtttt

EbﬁMENT CAPACITANCE MATRICES. = *

‘.i‘..‘i‘.Ot‘.#tﬁ“tl“‘fi“‘t.lﬂ"t"Qt.ﬁt‘Oittttii(ﬂﬂﬂiiiﬁtttq"

*IF (NC) 12,12,10.

EZ=((RHD(MNN))‘(CEE(MNN))‘AIUK)/12 o]
SE(1.1) = 2.0%E2
"~ SE(H, 2; = E2
SE(1,3) =~ g2 |
SE(2,2) = 2.0%E2
SE(2,3) = E2
-SE(3,3) = 2.0%E2
DO 11 u=1,3°
IR = 1D(Y)
DO 11 K=y, 3
1C = ID(K) - IR + 1,
_ _CN(IR, IC) = CN(IR 1c) +‘5£(u K)
GO TO 4 .
. RETURN ‘
LEND . oo

218 .
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SRR R , . 1 Co .
n' , . . T e e o e VT
b, o e

«»-suBnuurr~E érnr e e
IMPLICIT -REAL*8(A-H,0-2) '
‘: ht#t.#t#**it‘#‘tt"tt#“t.#'i‘.*#bt“#i’tttti&t
. * 'SET UP- MATRICES FOR CONVECTION AND NON- ZERO- *
* . . HEAT FLUX BOUNDARY.CONDITIONS. - i ; &

"-tgﬁa‘t-#tttwtﬁtti*w.#t-‘ttt*‘tt-.‘ttcat‘-*t-t

N "
. - ‘. v . : cos e .
LEA TR L '!'t'tl-'tttt*“ttiitlt‘tttttt‘tit‘.&t'ﬁttttttt‘t-tt’tt‘tt S (R

DIMENSIONS : : o
t*ntﬁi'.ttuntl#itttiint*t‘tt‘&tt..‘itttrwtt‘tttn‘nt'.t.‘tttt.-ntit
. COMMON BN(500.30),CN(500,30).SN(500,30).SP(500),Y(500). X(500),

. *T(800) ; GN(500)-.RN(500) ", GEN(50) , ‘CEE(50) .RHO(50) , CAY(50).. TIMAX,

. *DTIME, TIME,NTOUT(500),MN(500),NRL(500) ,KN(500), UN{500)-, IN(SOO) Je.
,1r¢" lcouur NTIME NT. No NH NC, Ng, NE NN IBW.IOUT TIN -

bt R V.' s . m

: *tttttnt*‘t.-t-ttt#tta‘.tu‘tnct*;‘\ut‘.‘t-th-.ttttnitttt-.u‘tiittb.-v
" CONVECTION 'BOUNDARY. LINES

-ttt-kitii'ttit“.0.’."0&‘!**&.-tt'.ﬁi.t‘tttﬁtﬁttit'*tthwtoitiiw*t

"IF (NH) 5,8,1"

N WRITE (TOuT, soa)

2 U ITEM = Is e "\

R R RN I S

D04 Jm I NH
T UREAD ¢ (IIN §02) IS.JS"H. TAMB
IF (IS -:us) 3.3, 2

1S # JS_ =~~v Coe f“.”w-qf o
. _-” ds - ITEM s i Sl
3 ~WRITE (IOUT 604) d IS dS H TAMB i

“IC = J§ - 5.+ 4
XIv = X(US) - X(IS)
YIJ: = Y(JUS) = Y(IS) . =~- .-
Sy = DSQRr(qu*'z + Ylu"z)
- EQ = (H*SIU)/S o
L SN(IS, A) = SN(IS 1) 42, 0'52
< SN(IS,IC) = SN(1S.1C) + .E2 -~

C o, SNtJS,1) -~ SNUUJS, 1)+ 2.0%E2. S Lo C
¥ CE2 = (HASIUsTAMB)/2 7 ’ R LR |
0. BN(1S). = GN(IS) + E2 n,vv. : R R T
T GN(US) .= GN(JS) + Ez
: courxnus L :

'.Jpatthttt't‘ntt#ttt.t‘t'tttqn*ntt‘n.‘tnttt\t‘t&tn‘tt.a».w‘vctt.-vttN;" . E PR
. NON-ZERO HEAT- FLUX BOUNDARY LINES. = : : e L
o t‘.‘ﬁ*‘t‘i.‘t*"ti“‘t'.tt"‘ﬁ#*‘lt““ﬁ"tﬁ‘*i't‘thi‘*tt*i'ivttlt S o
. .IF _(NQ). Y0,10.6 .~ . '
© WRITE' (10UT.605) o
Wsunuo . S R C RLERTE e
READ (TIN,503) 1S.Js.0 ce B
AR (1S - us) 8.8,7 Lo o ' I
. ITEM = 15 . . ' ) » R
1S = US
dS = ITEM

3ﬂGN(iS) - (xs)
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.- L. - - - v - . . - - Siene T I
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. . .o e - g & oo PRI T !
oy e ¢ T g o a7 - . ~ . - - .
: . 41 K3 P -8 0w -
R T S S Lo R
D : . . . .. ,
'»& A .* "GN(\’S))’ "“GN(JJ-S) + Ez o e e wr s o ke e P I L T - S
LT - g v CQNT{NUE R e - T T P . Sl e, e ws e
2 L e 10 RETURN d S~ T R PR o AR R e R . . .
Mew, b Rt : .
T R R .

- * . “ . . . . .
I ) K ‘g " ,ﬁ‘ . ‘m‘ ! . N‘W“ : ‘Q‘* y w - '{f‘ P ogn © -Tfilh ‘~ " 'd"': Tt - .
: ‘D‘ N R 3 ‘t#R,tittti,tvmqtlttti‘t“tmt#}ttly‘m’!tt.a,ni-tgy_!t!tqttttttq,tttt‘, e 0 e e _‘; . .
o .C 'FORMAT STATEMENTS B N A P
B Q M x*t*).'t‘)“‘lﬁ“t“t*tl‘tttttlttittittttttttt‘tttttlt-ttttitt‘i‘t“

e s 4.80R  JFORMAT,.(2185, 2F10. 0). T i
c 503  EORMAT (215,F10.0) ' ‘ o . ' :
603 -FORMAT (- O’.15)( ’CDNVECTION BOUNDARY LINES /. L .

R #ASXTLINE- - F - 'J - HCON - ‘TAMB') T T e
. 604 " 'FORMAT ('"' 15X, 13.16,147F8,2 no 3 A o
605 . FDRMAT K& Q;‘ 48X, NON- ZERO, HEAT. FLUX BOUNDARY LINES /
) 7 ¥BX, L LINE™ VR rr.ux ) :
606 FDRMAT " L 18X, 13,716, u Fh 2‘) , sl

END
Y "~ : A - -
o :
i t - ,
M « . v, : : ceow v
2 #&\', . A . . . . L . o -«
I RS T ® R w R e e oy
Q . . .
L4 o
: Sl , .
. ¥
‘:ﬁi -~
.
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SUBBOUTJNE ANIT e

" “IMPLICIT REAL*B(A-H.0-2) ' )
C .*‘ﬁﬁ*"“t“‘**t“#‘tt‘"V" ’ "
<, ¥ READ INITIAL CONDITIONS * S . s
: C.,'l **"tit#t(t**t*tl“ti‘#tttt ot Tt e Tt
:C - R
' g‘ . “#l‘“iht““;“;;t;‘ttnO#t‘*.tt.t‘i“.ttttt..‘ttttht.‘.n‘tttwitt
c DIMENSIONS C
c ) t‘.-tt-t»tttttttvtttt--.tntttt-t#ittdt-#.tn-;tttt.tt-tt-n--.t‘vy-i
. COMMON" BN(500, 30) ,CN(500,30), SN(500,30),SP(500),Y(500).X(500),
*T(500).GN(500), RN(SOO) GEN(50) ,CEE(50) .RHO(50), CAV(SO) TIMAX,
*DTIME, TIME ,NTOUT(500) ,MN(500) ,NRL(S00) .KN(500) . dN(SOO) IN(500),JC,
. . ICOUNT NTIME NT, NQ NH, NC NG, NE NN, IBW, IOUT. IIN
c - .
G . !
C ,.“**ti‘Q‘#.“‘#“‘*.“#.'#t‘."“"t..“t‘ti‘ﬁ".ti’.‘ﬁt‘tt"“tt
c. FNITIAL AND MAXIMUM TIME :
C ‘i.it‘#*‘#.i‘#‘ititt‘it'titttittttti"‘!“‘ttt'tt‘tittt.t."ttv.’.
. . _READ (IIN,501] TIME,TIMAX ~ - -~ S - S
- “WRITE FIOUT ‘6 1) TlME PIMER ST v T m e st m L e
Cc
Cc
o] tttttt't'ht.ttt*"t‘t'tﬁﬁiittt!.‘t.i'i‘lttt‘t"i*.‘!n‘.tiot"t.i"
c INITIAL CONDITIONS . -
C tt‘tttt#‘ﬁi#ttttttttvtt:tﬁn-#-gaa-.g.g.ogtt-tt'ptttOtt*&nvt‘ttt»t{
o DO 1 U=1 NN .
: ‘READ" (I1IN,502) *K,T(K)" =~ ) A
1 WRITE (1out, 602) K,T(K) )
‘RETURN '
C ;
C
c ot'vvtttﬂt-tt"‘titttbtvi.tttlltttt“‘tttt't'r‘tw'Otttt-'l'tttt‘ﬁn
Cc FORMAT STATEMENTS '
c } -nnﬁnvttta‘tnnttt--.c*;a-tt:tr‘gttttt-‘*-.ﬁino'-vq«-.y*-nttw-«cn-o
501 - FORMAT (2F10.0) -
502  FORMAT (15,F10.0) ‘
601 FORMAT ('0’, 15X, INITIAL TIME-' £13.6, 4X 'MAXIMUM TIME" £13.6/

1 . ‘O, 15X, INITIAL - TEMPERATURES /
2 .

‘' ,15X, *NODE ‘TEMP . ")
15X,13,F10.3)

e
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SUBROUTINE TRANS
IMPLICIT REAL*8(A-H,0-2)

i"'ﬁ“.‘.“.“-.t.t.&"‘*"ﬁ‘.

* SET UP TRANSIENT ALGORITHMS *

t.“‘-it“#.*‘t**i‘tt‘*t'ﬁIgt‘ttﬂt‘tt'ii“"ltdmtt‘l;‘#t‘tn't‘ltt.t*‘

‘DIMENSIONS *~ °~ : ) >
itt.t&.ttt#‘dt.‘t&qtt‘n!t!.tt.t#t“ttl“ntltt#t“‘otttn.tt-tttttif
COMMON BN(500,30) .CN(500, 30)., SN(800, 30), SP(500), Y(500),x(500),
*T(500),.GN{500) ,RN(500) ,GEN(50),CEE(50)" RHO(SO) CAY(50)., TIMAX,

*DTIME, TIME ,NTOUT(500)..MN{500) ,NRL (500) ,KN(500), UN(500). 1N(500) Jc,

*  ICOUNT, NTIME NT, NQ NH NC . NG. NE NN, IBW,10UT, IIN \

?“‘.'.t“.‘.“t"‘-“.“."."‘l.ﬁ.“l“."..!*“"0."‘!'0".0.'

~ TIME INCREMENT

‘tt".tti“tt‘it*"t'ﬁtﬂ*‘lt""‘.‘.“‘.tt.it.t'tnw“.'tv‘tttl.t't N
READ (IIN,501) DTIME T . _—

WRITE (IOUT 601) DFIME . P ’ : - e -

N T R PR E G " . . . N I

.“‘ﬁ".*ﬁtﬁ".ﬁ““‘ﬁﬁﬂi.tﬁ"t‘".‘i."‘..t".v..tt-t.ti-i'w"..‘

PRINTOUT TIMES
"ﬁ.“'t“i‘tﬁ‘tl.'tt‘.ti*‘.uﬁl‘#‘ttt'ﬂti.l"ttttv‘ii‘t.!.v‘...‘--t
READ (IIN,S502) NTIME )
WRITE (IOUT 602) NTIME

READ (IIN,.503) (NTOUT(I1)\I=4, NTIME)
WRITE .(IQUT,603) . :
WRLITE (IOUT 604) (NTOUT(I) I=1, NT!ME)

. '

‘."'.*lﬁ“!‘tt..‘t“..’Qn“t.‘*."ttt.tt‘.ilto.tﬁht-i.A*‘l'!t..t-at

TRANSIENT COMPUTATIONAL METHOD
t“'-.0‘0.“"“".0.’*!.##0ﬁ‘t'.‘t'qtt‘t'#i't't'ttvtti'*it..'ob.'v
ICOUNT = O . ’

JC = 1 : N

GO TO (1,3, s) NC

'ttti.tttt;tt!ll'vitltnt;#‘ttttt‘q‘t.O-;OQQOQttltl'tt"'t""t‘*'t
EULERS METHOD - NC=1 ’ N -
tttatttt‘t#t‘ntt'tt-tttt-Otttvtnttttovottnrcttitthvt-towtt-‘tut"t
B0 2 Jet RN - e : oo
DO 2 K=1{,1BW ' ' o
BN(J.K) = CN(J,K) - DTIME* SN(d Kot o
, ~SN(J,K) "= CN(J,K) R
WRITE (10UT,605)
.GO TO 7

lﬁ'vtt'#‘t‘i‘.“.""."i“"-i".'i.t"""t*-"tl't'"V’ﬁ""’tt

. CRANK-NICHOLSON METHOD - NC=2 S Yo '

. ‘Q‘Oﬁttt"t..ttti‘t.ttttt“t.tt-t.‘.&‘ﬁttott‘.ottttnnnotovottttttn

‘DT2 = DTIME/2.0 ’ . P ' ’ ' Y
bo a4 gwt,eN. . C -
DO 4" K=1,1BW
BN(J. K) = CN(J.K) - DT2*¢SN(J.K)
SN(J K) = CN(d K) + DT2+SN(J, K)



«
4

WRITE (I10UT;606) S

GO Y07 '
c ‘ -
c - , - oo

i c- rt.ctttltttt-tnttttt‘qttntt-ﬁqttttg.ttn.tthtﬁnnp't‘ny-t-utm-tt.mii-“tu - “» fﬂ'
o TPUREZINPLYCIT METHOD - Nes3- Ce e ce TR

[} 3 »t‘t!ttttti..t‘ttqtttttt‘l‘iiwt‘ttttttt.&tu*nltbﬁO0“‘.‘!‘}'&1“.*'~“ ST
5 D0 & J=i,NN. R T T - '

. DO 6 Kat, }BV . B .
.= TUUBN(ULK) = CN(U.K) '
€. L SN(J,K) = CN(u, K) '+ DTIME*SN(J,K)

© WRITE (1ouT, 607)

7 RETURN
€ .
C .
c . 'i‘i".“ﬁ""'..‘#tiitﬁ“#ﬁtt.iﬁ*titl*t‘.*tt‘,t-.'Aﬁ?:‘-“_ D'iﬁ'l‘* .
c FORMAT. STATEMENTS = . ' ST e e e Tt T
c tt‘t#tt‘ttntnlttntttntttw’tntcuv*tto-nnm-t...-n-t-t.“ot‘v.hvtttn'v . ?" )
501 " FORMAT (FiOO) PR - LB . o a_g‘,,__,m PR N I u-ub-,-.'e,b.'

o, ¢Jomur.ua) ojgfe,m5»w» R T LR R S R A
' '”563 FORMAT ' (13ﬁ6) g ' ' -
601  FORMAT '(‘0”; 15X, ' TIME 'INCREMENT =’ E13:6) ‘ : :

' 602 FORMAT. (‘0" 15X, 'NUMBER OF OUTPUT TIMES=‘,I5)

603 .. FORMAT (’0’.15X, MULTIPLES OF TIME INCREMENT AT WHICH RESULTS

. 1 ' ’ARE BEING PRINTED') - ) !
604 FORMAT Y REIRT- 1616) - . . B
605 - FORMAT (’b 15X, "EULERS METHOD IS BEING USED )- — ARSI S

#8606 - FORMAT (- 0’ , 156X, 'CRANK~-NICHOL SON METHDD IS BEING USED )',w
607 FORMAT 0", t5X, 'PURE IMPLICIT METHOD 1S BEING USED‘) '
. END | . ) . L

PR TR



SUBROUTINE MODSN - - . T

- IMPLICIT, REAL*8(A-H,0-Z) R T el
t*"‘ﬂ.i.*".‘t‘.*‘.“‘*ﬁ"“.“" . . . _ T - . . . LN .

. * READ SPECIFIED TEMPERATURES & - T R P I G
* . AND MODIFY MATRICES: = * S U D B

~--“~a-h-tttttrtob)tt#yqt¢w~t:oott~ B R R

. i*‘ttit-v‘.ltt..."t"‘tttﬁ.tt"l*ttitttl;t‘tti—ttt)tl‘ttt;n.‘t;ttnttt‘*t’!.,t.‘-
DIMENSIONS =~ : c . R g
ti—t*tt‘iatttttxtuti#tt‘ttt'tttmﬁtﬁ'!Attit*ttttktttn*tnittttttﬁttnt o

© COMMON BN(S50Q,30), CN(SOO 30),5N(500,30), SP(SOO) v{500).x{500). - - ~N

*T(S00),GN(500),RN(500), GEN(SO) CEE(50) RHO(SO) CAV(SG) . TIMaX, - )

*DTIME, TIME.NTOUT(500)-, MN{500) ,NRL(500), KN(500), "UNUSO0)", IN(SOO) Jc.,- IR

*. . ICOUNT, NTIME NT, NQ NH, NC NG NE NN XBW IDUT IIN

. e e . . e

oopansoao

.

‘.“ﬁi."i.'*‘.‘i"."l.“-.tt.i"l""""*‘Q‘t‘“l"v.“‘ﬁ‘l,“..
.

- . SPECIFIED NODAL TEMPERATURES -

ﬁtt‘ztttvtt"i‘tttt.t‘ttttttt.i-t'tt--"ntt“"‘ttt.ncttltit'qn.ttt k
- o \
* Ced

D000 0

. WRITE  €104T, eos) Teheama e n® Ll . i, T :
DO 12 J=1,NN " T A
12 NRL(J) = O Lo o

o DO 13 J=1,NT :

READ (IIN,504) K,T(K) .

NRL(K) = 1 Do o :
13 WRITE (10UT,606) K; T(K) o o ' - .
c - S .
s 3-..'. o e _:‘4. o e N ‘._. e o . .

C ‘ﬁ'.t“‘.t'.'t‘ttt‘tt‘ﬁtlt.Qt“i‘vt"‘t..'!‘!t't'tlt.'.“*'.ttitt‘V

c

c

-'-~"-.,v.-~...,.,.‘tv

. MODIFY SN AND SP MATRICES FOR SPECIFIED NODAL TEMPERATURES . ™ ° i ..
‘.’“‘i‘t“.‘*t"‘t..i't‘.‘Qﬂ‘t"‘ti‘i‘t'l'tt"'iti'.“.-‘."".tt‘ e -
DO 14 Y=1,NN T Lo LT e e o
- IF (NRL(d)) 14,142 o . Lo . - o R .
IF (U-1)"7.7.3 S - R o \
IL = 1_ :_‘ -ﬁ"..":i-o.' ] LA o “'."~;.1 “ on . - N . .
Lo WEu- e e ome L
.- ‘ 1F. (u 1BW) 5.5,4° St EE R e e G e e w oo o
4 - S = J - IBW + 1 e . ) PP, . ,\ T T v
5. ' " . Do é r*qt 1] S e T oot o ’
. ' K=y -1+ 1 o s ‘ ER ‘ "
SP(I) = SP(I)-SN(I. K)*T(J) ' N L
SN(1,K) = 0.0 .
(NN-U ), 15,15, 8 -

Lo L N 'Kﬁl.‘ 2 . ‘ v N

W
1

@~
[
-

,-

o

by
1]

- oy . E ot sl . e A - v
KU = 18W ’ i . ”. o : S # . P A
. - ~1F -(U-NN+IBW=1) 10,10,9 - e _ ‘ : P

- s . . KU.= NN - Jg'+ 1 : S ﬁ ‘
10 ' DO 11 K=KL /KU o o S e . -
e S SR L . . .

« ‘ #SP(1) = SP(I)-SN(J. x)~r(u) )

L PN N SN,( \J r‘t) - 0}}& L. k ) R PO Vi RN . ,', 5 .

15 * SN(J iy=1.0 ° ‘ o S o
: 14 CONTINUE' " - L, S

’ o / ' o : N . ’ h -

L SR

. ) T
.‘tli‘t‘.““'.““..“tt‘.“““.l‘tt“‘t...ﬁ.s")"“t."‘.nt".

. . P S
2~ FORMAT STATEMENTS ® S - : e

/ #.t"ttt..ttt‘tt"tntt#ott‘ttvt‘ttt‘v“vtctvtto*t-tmnt'w.ct.t'tnt' "

noooon

- h



_FORMAT (1s; Fﬂ) y ooy . L o S
‘fonnn (o

15‘X<. ’SPE,CIFIED NODAL TEMPERATUQES /
‘1, 15X, “NODE - TEHP- ")-- e
15X I3 F1O 3) v T

' w
fo JLp . .
R Wl . L
) ¥
5 . - -
yoe . .
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’ N . Trarias - ‘.
v A o .
«
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C
e
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c
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C:
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Cc
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(o}
.C.
C
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c
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0OOOB0OD 000

11

12

'.l"‘tﬁtt‘t“l‘l**ﬁﬁ..“i.ti“t"‘t.“ti‘ttﬁ"d'titntlntttv't‘.‘.‘

. DO 13.9s1, 1P

3 . ) ; - *
SUBROUTINE DBAND(N 18w, 0. LABEL) ST L e
- IMRLICIT REALYS8{ATH,Q-Z) . . D SRS S
'lOtfttt.tti#t#ttntttttt.ttt#t‘.niif e e C .
*<DECOMPOSE - SYMMETRIC -BANDED. MALR!X LR f-f.: ~ .
- tttvattitttt.tvt*tttttituttt*r&-tt‘t‘h =l “' . N -
:.';Wi“&".i.‘*“‘k““t"*it‘tit*;tt'..ﬁt‘.#ﬁﬂ:t;&ittﬁttttﬂ;t“.t;
ARGUMENTS- ' ’ ’ ’
B o - T N E
N. . - NUMBER OF NODAL POINTS. . e
IBW ., - UPPER BAND WIDTH ’ B T
U .- - RESULT OF DECOMPOSITION ALGORITHM : . R
LABEL - END OF FILE INDICATOR ’ ) ) S

‘= O IF EXECUTION IS 7O CONTINUE -
= {.1F EXECUTION I$ TO TERMINATE

ttttatttt‘.tttt'Uttah..ttttt'tt.t‘tntﬁ.-‘atnonbotttt‘.‘v\v'ttnawq‘

DIMENSION . =~ o : S -

tntit‘&tttttt‘tttttt'iitttttt.tt'tttt‘tnttnt--‘tﬁtit»ﬂ't.ittottt‘t a

DIMENSION U(500 30)

@t

[ T . .-

t'.#*‘-‘t"-tf“-""*"""'*f""..""‘t‘.“‘@'iﬁ'#‘?'i*.?‘fﬁt.

DOUBLE PRECISION DSUM, D1,.D2, D3, DSQRT =~ = -~ = - o A

#‘.‘7'*““""“‘ﬁ"'tl!““Q‘ttﬂ“"‘..l.“*‘t""l"t‘v't'.".v.

‘

"'V‘4.‘ﬁ""'i.t“*i‘t.-.'t.ﬁ.t‘ii“"‘.‘t"t"*i‘t't"i..“lt"‘

" DECOMPOSE BAND“(MAY REQUIRE_DOUBLE.PRECISION ACCUMULATORS. CHANGE

SQRT' TO DSQRT ON CARD. FHT20649 AND ACTIVATE DOUBLE PRECISION
DECLARATION ON CARD FHT20619. } .
l"r.'t""‘-.“"t-'ﬂ."."i‘ih"t-"&"h""'.’\'l""‘,.D“’."‘.-‘.
DO 13 I=3,N o . !
1P =N - I + 1 ) .
IF . (IBwW - 1IP) 2, 3 3 :
IP = IBW - o U

10 = IBW - J° ..
“IF (17- 1Q@.- 1) 4.5,5

10 =1 -1
DSUM = U(I,uy) . .
IF (10 - 1) 8,6.6 . ‘ : v

DO 7 K=1.10
IMK = T - K' : , .
S KPP = K.+ . -
K : JPK = J 4 K~ ’
Dt = U(IMK,KP1)
D2 = U(IMK,JPRK)
DSUM =.DSUM - D1vD2
’ xr (Vv --1) 12,9,12°
. IF. (DSUM) 10,10, 11
LABEL = 4 - )¢ 3
Go 70 14 S , o
od = 1. o/usonr(osum) ,
u(r,J) = p3 » : :
. Gb TO 13 - ' o St
u(r.v) = osuu-oa
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NDIOOOD
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o600

O M~

F . - - k4
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! . T 2 : . ‘ . . ' » B .
_SUBROUTINE, RHs'“' : o SRR . o
- TIMPLI8YT REAL*B(A-H,0-Z) ° R e :
',.##Ot*%ti‘t#'ﬁ..t“*ttt.#n» . B A AL e S e

K

END

" * UPDATE RIGHT HAND SIDE =+ "~ fﬁslfﬁ -

L R N

L) . . R

“ . . ) e

.‘.ttii*.;“‘.i-‘#‘.#*"iﬁ“ﬁ‘%“ﬁ“'it**'.‘i“ﬁttii‘itt'*t.t.ﬁ#tb'_

_DIMENSIONS Rt : . .

..“tﬁ“““..."‘.-ﬁitﬁ“".““.t“.l“*t‘"i'..ﬁt"."\'“‘.t‘.i

‘ COMMON BN(500, 30),CN(S00, 30).5N(500, '30) ., SP€500),Y.(500). X(500),,
. *T(500),GN(500), RN£500) GEN(SO) CEE(50).RHO(50), CAY(50),TIMAX,

*DTIME, TIME ; NTOUT(SD0) ,MN(500) , NRL{500) ;KN(500),JN(500), IN(SOO) dC
*.  ICOUNT, NTIME NT.,NQ,.NH,NC,NG.NE NN; IBW, IOUT IIN e ”

e
Cow .

R . . “ . . - N

'.t“.0."‘ﬁ‘.“"'."‘t..t.t“'.""’““l (B AR EA A AR A E A AN L RN Y

- »

STEADY STATE PROBLEMS

'ttttitt*"“"ii'.t."ﬁt‘t'.'t.“"“t‘t.t‘"i".'tt'vtlt"tt“tt.

IF (NC) 20,20,22 ) :
‘DO 21 J=1 NN

‘ RN(J), = GN(J) + $P(U)

G0 T0 9 , o

o .

"“‘."‘lﬁt“tiit""““‘-‘i".‘!’"“lttlﬁ*‘tilv"t'.vﬂOiitttt‘#
INQREASE TIME ~ ° o S T
Au'“""'.“‘..‘!‘lttt‘“tr.‘vlt.ﬁ”‘ﬁ*‘l"t‘.tt‘..‘V!ﬁ'ﬂl."tt't.'
TIME -= TIME. + DTIME co !

ICOUNT = ICOUNT +° 1

L - " .v
i

-COMPUTE NEW\RIGHT HAND SIDE e

2L A LRSI -ttowo-'t-..»o.o‘.'¢‘t\*ngrtn-,:.'vﬁtvwort"i“ﬁ'v’tfﬁ"&'.-vvt.t{

. .it.ii““‘-\'ttﬁ't"i‘t’tt.'0-'Ovt“vt'-‘.“i‘ttﬁﬁtit'itvit't‘."‘t

D0 B J={ NN " .. - o
RN(JY = GN(U)*DTIME + SP(y) ;
KL = 4 . - o
"KU = IBW : .

TF (J-NN+IBW- 1) 2.2.1

KU"= NN - J + 1
D0 3 K=KL.KU . ) e e s o

JU = 0 ¥ K - 1

RN(J) = RN(J) + BN(J K)’T(dd) :
IF (J-1) 8,8.4 , ‘ -
KL = 2

KON IBW- .. -

IF (J - 1BW) 5.6.6

KU = U
DO 7 K=KL, Ky ' :
Jd o= J - K+t ’ ES
. RN(J) = RN(d) + BN(dd K)‘T(dd) : .. o
CONT INUE o , o o L e cood



[z EeNeNeNe!

et

0o0NO0ON0cOoOO | .

N

A -

" RETURN .

L4 t'
v E i ; A
-~ SUBROUTINE MODRN -~ t L e
- IMPLICIT REAL*B(A-H,0-2) - -~ = :
“r“'.‘:*“‘*..“*‘.:_ﬁ“.‘t“““." & -

* MODIFY RIGHT. HAND- SIDE FOR ¢
* SPECIFIED TEMPERATURES *

AR e L Y Y T S L Lk 2l

‘Ottt;“t“““’t*‘i‘#..'*t"’tt#t‘ttt#t“t‘."ltt"i."'t‘,ﬁiit_'ﬁ‘C’Q'-i"

DIMENSIONS . o ) .

tt_qtt.ﬁ,-a-‘a-tt':*-ft_rt'--y'tyn_,nno*nfrtt_rt'ititt't*tr\tv.r.no.-»-.nrnvt' R

COMMON “BN(500, 30), CN(500, 30) »SN(500,30),SP(500),Y(500)- X(500) .
‘T(SOO).GN(SOO).RN(SOO).GEN(SQ).CEE(SO)WRHO(SO).CAV(SO).TIMAX,
‘DTIME.TlME}NTOUT(SOOP.MN(SOO).NRL(5OO)EKN(500).dN(SOO);IN(SOO).dG.

. ‘!CDUNTﬁNTIME.NTVNQ.NH,NC.NG.NE.NN{IBWQIOUT(IIN'

) : . : P
""0*“‘."“.""“‘."i'ﬁ“".i‘t‘ﬁ“‘l..".""“I."-"_'"““

MODIFY RN MATRIX FOR SPECIFIED NODAL TEMPERATURES

"t“t_‘.""“""“‘O‘l..."""."l“t."."‘wi“.i"ot‘"t.‘i."_ﬁ'-

DO 2 y=1,NN' -
IF (NRL(U)) 2,2.1 T
RN(U). = T(y) c et

CONTINYE . .\ - ~

END : : v C

¥



000000 On000000BA

000

0OAN0O00

;h'

" DIMENSION U{500, 30).

» ! . oo
. e ” . C ey
S ~ .
. SUBRQUTINE- SBAND(N 18w,U B, x) ST e e e
IMPLICIT. REAL*B(A-H,0- r3}
tttv.tt‘-ntngtxttqaant-.VGttt*tvnfn B v
.* SOLVE SYMMETRIC BANDED MATRIX * _ S
t"i*‘.‘.**l‘.'#'t‘ﬁ.‘.‘Otl"“‘. L ) -
, Heee

.'tﬁi““‘i.ﬁ.ti‘t‘ti#tt“"ﬁ‘i“.ﬂf‘i"t‘i““it‘i“t“*ttt’itt*'

ARGUMENTS~

N- - NUMBER OF NODAL PDINTS ' B S

IBW - UPPER BAND WIDTH ' : )

U’ - VALUE OF CONDUCTION MATRIX ELEMENT , v "
B - VALUE OF RIGHT HAND SIDE ELEMENT ‘ o

X ~ RESULT OF SOLUTION ALGORITHM - &

‘*..t"t‘.l.“.i.t.“tt“‘ﬁ‘t‘ii‘.t.v‘ﬁtttt'ti*t.'miitt‘ﬁ‘itltt‘t\

t‘t“‘t‘lt't*tttﬁt't-ttttnttttivto‘t;l’&‘tt*‘-t‘t‘:iﬁtthuoo\tn‘ﬁ'y

DIMENSIONS

Ottttt*'ttltttattttttt--trﬁtt-:‘w-nttctttt-ttttt-ttt.:a-'-n-'nt.-tt

B(500), X(500)

‘““tﬁt'ﬁ"."'#t“""..'..“"'titt“t‘t'.l““'ti"t'-v"wt'lt‘t

DOUEBLE PRECISION DSUM, D1, D2

Qt*"l'ﬁ“#‘.i“.tﬁ'itﬁ'ttl"i."!"".ﬁ“*""’t"i‘i"l'ﬁ‘-","‘i"‘

Loenn Lt cri o, . R R L
'aot-*avtn.tttntao-t“tittwo:uninﬁtntﬁﬁ»nhvo-,ln-“in¢i-aqat-.«..3‘.-g'

SOLVE BAND '(MAY REQUIRE DOUBLE' PRECISION ACCUMULATORS. ACTIVATE
DOUBLE PRECISION DECLARATION ON CARD FHT20762:)

.t‘#'t‘tt‘tt'tttn.“t-ttttv"t.ttt'totnttvtt."vtvv‘w00.1‘t-v'o--'

DO 5 1%1,N . : T
J =1 - I8W + 1 -
IF (1 + 1-‘~48w4 11,9
J = ‘

DSUM = B(1)
Kt =T - 1

IF (J - K1).3.3.5 - . b
DO 4 K=J.K1 .
IMKP1 = 1 - K + 4
D1 = U(K,IMKP1) , o

DSUM = DSUM - - D1'X(K)

X(1).= osuu'u(x 1)
‘DO 10 I1={,N . -

I =N~ It + 1 o

J= 1+ IBW -. 1, . E

IF (u N) 7.7.6 : e
J = N . o ) ‘

DSUM = X(1) \ '

K2 = L+ 1 Lo

IF (K2 - J) 8,8,10 -
DO 9 K=K2,u P

KMIPY = K - I + 1

D2 = U(I.KMIPY1)
DSUM = DSUM - D2*X(K)

X(1) = DSUM*U(I.1)

" RETURN

END ) —



e Lo e ) . .

'SUBROUTINE RESUL (1FLAG)’
IMPLICIT REAL*8(A-H,0-2)

ok kR

* PRINT RESULTS * -

LEA R AT S EE R T
Al

ti#il#t““"t“t‘ttti..it*‘#"ttttit.fttl;iti;t‘.'itiitittattitnt

ARGUMENT-

k

IFLAG - PRINTOUT TIME FLAG '
= O IF OUTPUT TIME SPEC!FICATIDNS ARE CORRECT
= 1 IF CALCULATIONS EXTEND BEYOND THE RANGE OF THE .QUTPUT
= 2 IF THE -NUMBER ﬁF OUTPUT TIMES DOES NOT MATCH THE

NUMBER OF MULTIPLES OF THE TIME INCREMENT INPUT

QlVlv"tt.‘t“t."‘.i'".‘.'.Q"t."i"ttt'v‘t"tv't'ﬁ‘t.tttﬁt'ttﬁt.
. F J . ’

™
. - ’ e P : ! N . . L
LA AAAEENR R S A Z S AR R Y R N Y N Y 22 R RS AR
DIMENSIONS

‘tttt.ttt‘t;tttt‘t.n't.tt-utrntwtn“tlc“.‘tt*i.‘t-ntttvtt-nntt-ttttt-»'

0PBO00000000000B0000

COMMON BN(5008,, 30),CN(500,30).SN(500.30),SP(S500),Y(500) X(500)
*T7(500)..GN(500 X, RN(S00) , GEN(50) . CEE(50),RHD(50),CAY(50).TIMAX, - .
+*DTIME, TIME, NTOUT(SOO) MN(500) ,NRL(500) ,KNT500), JN(500) , IN(500) . JC.-

- ICOUNT,, NTIME NT NQ,NH,NC ,NG,NE NN, IBW, IOUT.I1IN
. . - . o -
'.¢Vttt.€L'ttittttt-t“tv--nttot'Qt‘-tttvnvtw#tvttatou't'«.‘-Otttt .

STEADY STATE OR TRANSIENT PROBLEM Lo

tttnttvtt#ttttttttttitt':tttt"'tt‘iitv»-tntvtvﬁvtttnattto‘t:\.t.n

IF-(NC) 1,§.3 : S —_—

OO0 0

R R s R R R R I I I I T T I s

PRINT NDDAL TEMPERATURES - STEADY STATE PROBLEMS
t"‘ﬁ-t‘lt.#t““‘ttl0“‘tt#‘tttl"'to""'ﬁttt‘"‘Q""-it‘tt"'Oly'!
WRITE (IOUT,601)
DO 2 J=1,NN

WRITE (10UT,.602) J.T(J) "
GO TO 7

“00000 -

N

. . A vt : N
LA A AARAN AR LA A A4 R R AR AR AR A AR RN AN R S R TR T e

N PRINT NODAL TEMPERATURES - TRANSIENT PROBLEMS
t‘nt'tttv-nnt‘astt-t:nttvtrtttttt:.t-tt--tt-:'wttn--"»t-."-:.t:t
IF (TIME - DTIME) 4,4.5 ' ' . ’ )
WRITE (IQUT,.603) B
CONTINUE.
IF (ICOUNT - .NTOUT(JC)) 7,10.9
10 WRITE (IQUT,604) TIME

ABWOHODO

‘DO 6 J=1,NN - .. _ o >
6 WRITE (I0OUT,605) J,T(J) '
JC = JC + 1 o .
IF (UC.- NTIME - 1) 7, 7, 11
7 CONT INUE ’
8 RETURN
C .
c . _ .
C ttttu“mttpqottapt‘attt‘dva‘ttnatttot‘t‘.'tntnttttot-‘t-tboymbott‘
Cc

SET PRINTOUT TIME FLAG

A

s . y



" Xe}

-t

“t‘.“.“..ﬁ“t“*“ti't“‘"i.#t..“t‘..“t!‘*.i.i““t‘i".tl*l
IFLAG .= 1. . o T
GO TO 8 . S .
IFLAG = 2 . . o

. GD 70 8 s ~e T

s

“‘.Vi"'.“K’."‘t‘l‘.ﬁ‘tt‘*.“"‘.“‘i‘t“‘it"l*.i‘l'l‘.tt't"‘

FORMAT STATEMENTS

‘."t.t‘l.“t“t““.itt“"-‘.i""“t“ii-"'t‘il.‘it'tt#"i..'t

" FORMAT (' 0’ 15X, ‘STEADY STATE TEMPERATURE DISTRIBUTION /

E Y 7, 18X, *NODE .. TEMP. ')

FORMAT (' . !, 15X,13,E17.6) i

FORMAT (' 0‘ 15X, ‘TRANSIENT TEMPERATURE VARTATION')
FORMAT ( 0' 16X, ‘TIME =’ E13.6,  NODE TEMP . ')
FORMAT, (’ - 15Xx,125, E17.6) . :
END : -

~

R
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c n . ’ ' e o 3 . . \:‘.1 . 'll.‘ ' @ .
S AL R A WO ) . o . L : l 6. P
e e A S
Cc - L Proqrnn 'VirtlltS' S SERRI L
c by . SRR
(ol EIE Y ‘.. t ¢ 88 t ‘. - t ‘ o
c . ) . y e
€ L e |
- €
c , fThis ptogrim calculates the variablca roquircd :
JC as’input for the finite element- -program’ which . -7 - ‘s
. C couples heat and fluid flow in a heated oil Lot
G ;sand foundation. SR N B o T .
c ! e ~ ' s ‘kﬁ‘ - . ]
ZC The variables calculated by this proqram are-? S S * R
c - ‘ ‘ ' _ - S ‘
. C . '(i) Total" Hond (H) : ;.” - .
LG '(ii)v_Hydraulic conductivity (k) ““" - T L .
€ o (1id) Specific storage coeffxcxcnt (s:) s Co ST e
C. T Aiv) Generation rate (g ) SR S I
- BN A7 I N N R S .
(o L3 MAIN PROGRAM L ’
€ e s s s e e e ss N »
C. , , ‘ N -
T e r'unimensxoning of lrrays L T e : o
B c ___,.___._-- '-‘C-—--b-------...,,.'j‘ . . ‘_ _. ‘_ e ) . . . .' - " ) . .
: c ot : A ) ‘ ! ’
o Rm Nsou),m(soo) AB(SOO) AST(SOO),AS(SOO) S " SR
- REAL: MW {5001 ,MWSPC, MB(500) DT(SOO) ,DU(500) , NV, B E .
. “REAL:, GAMwa(soo).GAMMAB(Sno) GAMMAF (500), .TPREV(500) ~ e T
REALSS{500),6¢500),V1SC02(500) v:scu4(5oo) VS1TU(500) : .

. DIMENSION IT(500),N(500),JPR(500), ID(500 W X(500),¥(500)
. DIMENSION Z(500),KN{500), THEAD(SOO) NEG(500) NGL(SOO)
«.. " DIMENSION’' NTE(SOO).NCUR(SOOP,FACFSOO) STRT(SOO) KNN{(500)
" DIMENSION PERM(500) +HED(20),M{500), NN(SOO) WAT(SOO) BIT(500)
- 'DIMENSTON VOW(500) voa(500),vowW(500) vona(500),vxsw(500)
“.-'REAL. NW,NB uuw(500) +MMB(500); VISP(SOO).PPBRH(SDO) +SSEL(500) "
‘DIMENSION NODE(SOO) DPHBADTSOO) PERMEL (500), GBL(SOO) B

"“r° - REAL-VOBVS(500) BITVS(500),VONVS{500) ,WATVS{500) cAsvs(SOO) e
2 REAL VOBBVS(S00} ,VOWWVS(500) ,DGAMF (500, GAFVE(S00)  GAWVS{500) ST
" REAL'NS,D(500),TSTRES(500), DGAMB (500) ,DGAMN (500). THIN(SDO) SR
- REAL TNOT(500), /NODEN(500). " - S
€ I Set Naterial Constants
R R s ; :
R NW-O 0‘. u:;»‘v)'.' ‘. :
B TR R
| M= SE-6.

ST Ll GAMMAS®1B.0° oo
j_i-4;‘_ﬂf¢}!Wusxn-o.2scn+o7




(e NeNoNol

[2XeNeXeXe]

3000
3001

A

"file #2 - “ELEV. uzanz' and Chlcuxato

Depth to  node

"no 3000 I=1,240

READ(?2, 3001)2(1)
D(1)=100.0-2(1)
ronua?(czo 0)

-

Read ‘New rormatjon Temperatures'

',trom file #3 - 'TEMP IN2'

3002

nnhnn

3003

‘DO 3002 I=t 260

READ(3, 3003)Nonzn(1) +TNUT(1) .
IP(TNUT(I) LT.5 O)TNUT(I)-S 0.
PORHAT(ZGZO 0)

" LSODm=-1

LOG=0

- DO 3411 J=i, 20

3412

L3an

LSOD=LSOD+ 1 S
DO 3412 L=t,%2 =
LOGeLOG+1 . ~ : g
" LSOD=LSOD+1
NODE(LOG)-NODBN(LSOD) u
T(LOG)-TNUT(LSQD) ' R
CONTINUE - '
CONTINUE

) "Read Prevxous Format:on Temperaturzs
:from file #4 b 'TBMP PREV2' -

'no 3004 I=1,240 -

READ(4, 3003 JNODE(1) , TBREV (1) -

'IF(TPREV(I) LT 5 O)TPREV(I)-S 0

"3REVIND 4

n'

'Read New Total Heads rrom“ .

" File #5 - "TOTAL.HEAD2"

Loy
-————\.--—_--——-—-------‘-q-- '

DO 6000 I=1,240 1,‘ PR RS
.READ(5, 6001)THEAD(I) S

'PORMAT(GZO o)

»
cop,

Store New Format1on Temperatures‘

“hin file #4 - 'TEMP PREVZ'

VL e e om0 o s e e e o o e e .-..-..-."-.-—

'bo 3005 1-1 240 - .
- WRITE(4, 3oos)uops(x) T(I) N
-ronuAT(xs A \F10.5, PA0 B

":thrzable Calculat:ons f'

" 'po 1 Tat,240

TBHP-T(I) }" L

230



TEHPVS-TPREV(I)

Calculnte change in temperature at each node

- -

FY 1Y T S

DT(I)-T(I)-TPREV(I)

Calculnte Incrembntal czeffxcient of e -
. Thermal zxpaneion for Water : ~ SRR s

- - - - ’5-- ————— -

nrin%inl

CALL ALPHAW(TBMP,AWSPC)
AW(I)-AWSRC

Calculate !ncremen al Coeffzec;ent of
'Thermal Expansiop or thumen :

nnahca

" CALL ALPHAB(TBMF ABSPC)
AB(I)-ABSPC S

ﬁCalculate Incremental Cngfiecient o£
"Thermal- Bxpansxon for Soil Structnre '

- --—-—-——-_-—_-—-- e o e e e -~

Anaca

CALL ALPHST{(TEMP, ASTSPC) L ey
AST(1)=ASTSPC . o |

Calculate Incremental Coefflcxent of
*Thermal Expansion for Sand Grains- -

O o e 0o e e e o e _--—-—-------—-—---a—

nonahn

© CALL ALPHAS(TENP ASSPC) P
AS(I)-ASSPC o

-

Calculate Coeffxcxent of Compressxb:l:ty.
of Hater _

“annan

-~ e MwATEn(TzuP,uwspc) S T
o MW(I)-Mwspc - e T AT 1

Calculate CUmmulatxve Volume Change of
Bitunmen at hew’ Tempetatuve _ L

—_-—-—-—---—-—-— —————————————— -

na6non -

"CALL mesxwxrzup alwspc)

BIT(I)=BITSPC | .
Calculate Cummulative: Volume Change o£
thumen at Prevxous Tempetatute

nnnan

ALL wzxn:r(rznyvs axrs) o CE
- BITVS(1)=B17S S

Celculate Cummulative VOlume Change af
“Water at new Tempe:atute ' ;

- e e 0 e - o -

aneno




CALL TEIWAT(TEHP WlTSPC)
naw(z)-wxrspc

/Calculate Cummulative valume Change of
‘Water at Previoua Temperature S

‘ananan -

CALL: TE!WAT(T!NPVS wATs)
wATvs(x)-wmrs

Calculate Unit Weight of thumen and » .
Water at New ‘Temperature ' ’

- o = e - - G - . " = - - -

T aN000

vos(x)-loo *BIT(I) . _ .
VOW(I)=100,+WAT(T) - IR L
SAMMAW T ) =981, /VOW(I)" . - K R
-GAMMAB(I)=1010, 43/voB(I1) - o )
VOBB(1)=VOB(I)&0. 886 S e
VOWW(1)=VOW(1)s0.114
,GAMMAF(I)-vonn(x)/(voaa(x)+voww(1))¢cAMMAB(I)+
A voww(x)/(vons(x)+VOHW(I))tGAHMAw(r .

St

' Calculate Un:t wexght of thumen apd Do _
Water at. Prevxous “Pemperature ' . o

——————— .p------—-__-------___----_'—--s. .

(sNeNeNaNeXep]

"VOCVS(I)5100.+BITVS(I). : s R
VOWVS(1)=100.+WATVS(1) = . : ! L
GAWVS(I')=9B1./VOWVS{1) - LU *
GABVS(I)=1010.43/VOBVS(1) " . ST
'voaavs(x)-voavs(x)so ‘886 vt
VOWWVS (1)=VOWVS{1)s0,114
-GAFvs(r)-vonsvs(I)/(voaavs(I)+vowwvs(1))aGABvs(I)+

& vowwvs(:)/(vonavs(x)*vowwvstl))tGvas(x) )

T

. -
P

oo

Calculate: Change in Unit We1ght due to o
Temperature Change o L P

nonnn.

DGAHP(I)-GAHMAF(I)-GAPVS(I)‘
DGAMB(1)=GAMMAB(1)~GABVS(T) . ¢ - ..
DGAMw(I)-fauuaw(l)-cawvs(xlg.- e

»

.,:: Calculate:in

itu Viscosity .for. B1tumen L

e XaXoXp]
]
!
|
)
t
1
3
1
i
t
[
[}
(B
[N
[}
[}
[}
1
[}
[}
t
I~
[}
1
t
1
t
[N
]
t
oA
1
]
4
[}
t
i
1
]

vxscnu(z) (1. 9661227310 .-9 )t(T(I)ta( 4 935313») .
VISCO2(1)=(3.5066118«10.%%7.)#(T(I)ss(~4.107852))
4 VSITU(I) (VISCHG(I)' a)+(vxscoz(1)t 2) R

Calculate ancoszty for‘Water - co

. : B
- —-—.——----,—-_.,-;--—_- - . . 1
Ve . . : :

' CALL visamw(waup vwspc) e )
vxsw(z)nvwspc i ; :

Annnn

Y
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¥

noono o

na00 annn

S IFAI.EQ.144)DU(1)=0.0 .

Ty

)

Calculate szcoaity for rluid (bxtumen & vate()

------—-—----—--------—-—---———————--__- e -

; vLsr(x)-.aBGivsxru(1)+.1‘¢-vzsw(1)

,i‘ Calculate in situ Hydtaulic Conductavity

_i - PBRM(I)-(Ganuar(x)is.nsrtz)/(vxsr(:)/1ooo;)lb

Calculate Coefficxent of Compressxbxl;ty '
“Ror thumen

. e o o e e e o - - - '-_g___-;-i¢-__----;_

MB(I)-( 6 258-90?(1))*2 1SE 6 -

Calculate cheﬁge in ‘pore fluxd pressure

-t o e = i e e e g e ____,__---_,._-____-

»Anu(x) (NB#DT(I)‘(AB(I)-AS(J))+NW .
cDT(I)l(AW(I)-QS(I))-AST(I)‘DT(I)+MV'(NB
. .‘cDGAMB(I)tD(I)+NWtDGAHW(I)tD(I)))/(MV+NB
! "‘(MB(I))¢NW.(MW(I))) :

Set pore’ pressure change at surface nodes
to zero : - . “ : : o

-_----_-------_-;----;,,----_,-;-_-;---___

'%xr(x EQ 12)00(1)-0 0
“IF(1.EQ.24)D0(1)=0.0
IF(I.EQ.36)DO(1)=0.0 '

Y IP(1.2Q.48)DU(1)=0.0
1F(1.EQ.60)DU(I)=0.0

SR -EQ,72)D0(1)=0.0 SR

IF{1.BQ:84)DU(1)=0.0
xr{ JEQ.96)DU(1)=0,0 -
: AR S ao.aos)nu(:)-o 0
Ly IF(1.80,.120)DU(1)=0,0
© T IF(1.BQ.132)DU(I)=0.0

CIF(I.EQ.156)DU(I)=0.0

.~ IP(1.EQ.168)DU(1)=0.0
IF(1.EQ:180)DU(I)=0.0
. IF(I.EQ.192)DU(1)=0.0

+ IF(1;EQ.204)DU(1)=0.0 .

. IF(1.EQ:216)DU(1)=0.0 v
IF(1.EQ.228)DU(1)=0.0 . -
IF(I.EQ 240)nu(1)-o 0 -

' »Calculate change in pressure Head '

-.——---—-——-—-—-—----..- o o > 0 > o

DPHﬁAD(I)-DU(I)/GAMMAF(I)
Cquculate new total Head

———-----_------.-- - o s . e X ¥

THEAD(})iTH!AD(I)fD?HEAD(I) .

. 237



1!"

g b +PAD

238

Check if Pore Fluid Pressure > Total Stress
if 'so, set ‘Pore Fluid Pressire = Total: Stress -
Calculate New Total Head . -

Total Stress due to tank = ‘
‘= 14,63 m s 8,713 KN/mS f 3048 m = 76. 979 KN/m3
- 150.93 KPa, .. ,

Total Stress due to Gravel Pad : o :
=2 m e 21,21 RKN/m3 = 42, 42 KPa- ~ . - T -

I

noNaoNANOANON -

5

TANK=0.0

PAD=0..0

IF(1.LE.96)TANK=150. 93

IP(1.LE.156)PAD=42.82" o ,

NS=1.0-NB-NW v
TSTRESSI)-D(I)t(NBOGAMHAB(I)+NWtGAHHAW(1)+NS:GAMMAS)+TANK

18 (( (THEAD(I )~ 2(1))cGAMMAF(I)) LE. TSTRES(I))GO 10 9000
TREAD(I)-TSTRES(I)/GAMMAF(I)+z(1)

~

0N0on

Calculabe generation rate .

___________________ - : . S0
; T

[ I

9000 T Gll)= (chaw(l)-DT(x)+NB:AB(1):DT(1)
;“'fﬁﬁi *AS(I)QDT(I)C(NB+NW)-AST(I)0DT(I))/TIMEIN

Calculate specitlc storage coeffxczent

-_----—-——--— e e o e e e o e b e i -

nnon

ss(I) ((w:m(l)ncmw(l))+(NB:MB(1)¢GAmAB(I))
N} -(MV:GAMMAF(I)))cGAMMAF(I) »
" 1 CONTINUE . L

N
0y

Set Generatxon.rate ‘for surface nodes equal to
zero - ‘

_--..-——-_--.,-.--_—---——_--—-----—--——--‘--——-——_

(s NeNeNeXe Ke RN

: DO 51 J'12 240 12
51 G(J)=0.0

Calculate hydraulic conduct1v1ty, generatxon rate and I
specif1c storage for each element o , »
WRITE (9,3085) : o

3085 FORMAT(3X 'ELEM',Zx,!NODEf,Zx,fNODB',Zx,fNODE',Zx,-
: *'NODE"' , 2X, PERMEL',10!,5GBL‘,12x,fSSEL',//)' ’

nona

c
DO, 4000 I=1,209 ' ,
READ(? 4001 )MNK 1, MNK2, MNK3 unxc :
, ,PERMEL(I) (pznn(unx1)+pznu(unx2)+pnnn(nnx3)
) ; +PERM(MNK4))/4.
. T GEL(1)w (G(unx1)+c(uwx2)+c(uﬂx3)+c(unx4))/4. C
SSEL(I)= (sstnnxt)+ss(unxz)+ss(unx3)+ss(umx4))4@
wnxwz(s 2298) % ,MNK 1, MNK2,MNK3 ,MNK4 , PERMEL (1), GEL(I) ,SSEL{1)
2298 PORHAT(3X 515, 3: 312 6, 3x,312 6,3x, z12 8
. 4000 conmxnuz . ‘

+



BN

nnonoNnAaN

‘ 4001

"9600

989
9700

8975
9800 .

8977
96

100
101

102

103

104

£105

106

107

108

. 108

FORHAT(&IS)

PRINT OUTPUT

. DATA CHECK

WRITE(9, 960 )

FORMAT( 1" /2%,'1° ,8%;" T',IOX 'TPREV 9x 'DT' 13%,'D', 14X,
¢'AB',12X,"AS", 12X, 'Aw',1ox 'AST',//) 3

DO 8989 1= 240

WRITE(9, 96) T(I) TPREV(I) ,DT(1) D(I),AB(I),AS(I),AV(I)

&AST(1)
conwxuuz '
WRITE(S,9700).

FORMAT('1',2X, 'I' SX 'DGAHB +9X, "DGAMW' , 12X, 'MB',IOX 'MW,
. ®12X,'DU°, 12X 'GAMHAF',//) ’

DO 8976 1-1 240

WRITE(S, 96)1 +DGAMB.1) DGAMW(I) MB(I) JMW(I) DU(I) GAMMAF(I)

WRITE(9, 9800)

FORMAT( 1',2X, ,6X, 'DPHEAD',SX, TSTRES . 8X," THEAD',1OX,

*'G', 12%, 'ss' 12x psRM‘//)
DO 8977 1«1,240

WRITE(S,96)1,DPHEAD(I) .TSTRES (1), THEAD(I ) G(I) {\(1-)',9312”(1).:
FORMAT (G5, 2X E12. 6,2%,E12.6,2X,E12, 6,2X,E12.6,2X, ;

*2X ,E12.6, 2! E12 6, 28 212 6)

READ(1, 100)(HED(I) I=1,16) -
FORMAT(20 Ad)
- WRITE(6, 100)(nzn(1) I=1,16)

E12.6,

“READ(1, 101)NUMNP NEGL NEGNL,MODEX,NPER,TSTA?T,I?RI,ITRSG-

~FORMAT(SIS F10.2,215)

WRITE(6, 101)NUMNP NEGL, NBGNL,MODEX,“PER,TSTART[IPRI,ITPSG

- READ(1, 102)IHBAT IHEATN
FORMAT(215).

WRITE(6,102) IHEAT, IHEATN
READ(1,103)I1EIG . _
FORMAT(I5) -
“WRITE(6,103)1EIG

READ(1, 104)ISREF IEQUIT ITEMAX -RTOL.-

_FORMAT(3I5 E10,

WRITE(6, 104)xsnsr IEQUIT ITEMAX, RTOL

READ(1, 105)1095 ALPHA

FORMAT(110,F10.1).

WRITE(6, 105)10PE, ALPHA

READ(1, 106 )NPB

:FORMAT(IS) :

WRITE(6,106)NPB

READ(1, 1o7npnonz:

FORMAT(15)

WRITE (6, 107)xpnonz

READ(1, 108)NSPER . o

ro 7(15) 2
1TE(6,10B)NSPER

READ(1 109)n'rpznl

PORMAT(FIO 2) -0 )

WRITE(6, 109)DTPER . Y

DO 1000. I1=1,240

. READ(I 110)1?(1) N(I) JPR(I) ID(I)

,x(x),y(r),z(:f,xn(x)"
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Ly o 240

110 ?ORMAT(A1 +I4,A1,14,3F10.1, 15) ‘ '
o WRITE(6, 110):?(1) N(!) JPR(I) ID(I),x(I) Y(I) Z(1),RN(I)
1000 CONTINUE . v
. READ(1,111)ICON, IPRIC o o e .
111 PORMAT(215) :
‘ WRITE(6, 111)xcon IPRIC :
LNNN=Q 4 ' 03
LMNO=-1" - . , - . .
DO 9990 J=1, 19
LMNO=LMNO* 1 .
: DO 9991 I=1,11
. . " .-LNNN=LNNN+1 v : » L
‘ . . LMNO=LMNO+1 e
: THIN(LNNN)-THEAD(LMNO) :
9991 CONTINUE
9990 CONTINUE - .
WRITE(6,112) (THEAD(K) ,K=1, 240) i
112 FORMAT(SE12 6) ¢
- READ(.1, 113)NTTF, NPTM, ILCOV, NTEMP NOCV NORA NLOAD, NIHT, NTOT
\ 113 FORMAT(915)
. . , WRITE(6,113)NTTF,NPT™, ILCOV,NTEMP, NOCV NORA, NLOAD NIHT,NTOT
DO 9944 KK=1,2-
READ(1, 114)NTF NPTS

} 114 FORMAT(215) _. : - : ~ N
. WRITE(6,7114)NTF,NPTS =~ = , L .
Ry READ(1,115)TIMV1,RV1, TIMVZ,BV2 ~ e
‘ 115 FORMAT(4F10.1) S .
9944 WRITE(6,115)TIMV1,RV1, TIMVZ RV2Z '
' DO 4465 IB=1,2. SR

— READ( 1, 4466)Nun NCOR, FUC, BSTRT KNKN v ‘L
4466 PORMAT(ZIS 2F10.1, 15) ‘ :
. WRITE(S6, 4466)Nun NCOR FUC, BSTRT KNKN
4465 CONTINUE
: READ(1, 116)NEG(I) NGL(I) NTE(I)
wn:ws(s 116)NEG(I) NGL(I) NTE(I)
o ‘ DO 1003 J=1,209 " . .
’ . " READ(1, 117)M(J) NCUR(J) FAC(J) STRT(J) KNN(J) o
‘ e IF{(GEL(J): EQ.0. 0)NGUR(J)=2 -
S WRITE(6, 127)M(J) NCUR(J) GEL(J) STRT(J) KNN(J)
_1003'CONTINUE , ,
116 FORMAT(315) . - S S . ‘
117 FORMAT(215,2F10.0,15) o < o ' L N y
127‘rom1'(215 E10.4 mou 15) ' S @
READ(1.1IB)NPAR1 'NPAR2,NPAR3 NPAR4,NPAR5 NPAR? NPARIO,_
: &NPAR1S NPAR16, NPAR17 NPAR18 , , e
" 118 roauaw(sxc 18,112, 120 314) : B N -
LLL=0 . g :
KKK=0' P
-DO 2000 J-1 2 ,
NNNN=209- L <
IF(J.EQ. 2)NPAR2-19 SR ' : S
. IF(J.EQ.2)GO TO 2000 : C :
‘" . oo TP(J.EQ.2)NPAR16=1 o o S
. 250 1P(J3.EQ.2)NPAR3*1.
IF(J.EQ.2)NPAR4=1"
WRITE(6, 118)NPAR1,NPAR2, NPAR3 NPARQ NPARS NPAR? NPAR10,
&NPAR1S, NPARIG NPAR17 NPAR18
RN : o R 1008 lel,NNNN -
FEETE * " LLLsLLL*+1
e IF(LLL.GT 210)60 TO 1008
: )



B

hnnonn

DOONONNONOONO

1008

119
122

- 1007

120
128

ER A

1005
. 2000
10

2
-1

. READ(1, 7777)NUT1 NUT2 NUT3 NUT4,NUTS, NUTG NUT? NUTB NUT9

7777.

7778

7780
7779

2001

READ( 1, 119)NN(LLL)

couw:nuz
DO 1007 L=1 Nnuu

IF (KKK.GT.210)GO - TO. 1007

WRITE(6,119)NN(KKK) -

WRITE(6, 1zz)ptnuzn(xxx) R .
'PORMAT(E10.4) E R

CONTINUE’ £ j.' oL

. DO’ 1005 R-wﬁmm & & ‘
FORMAT(GIS 3G10. o)

WRITE(6, 1za)nz 1EL,MTYP, xc BET, ruxc,zrxus

READ( 1, 121)NOD1 NoD2, NOD3 Nop4~nans N'Ds,Nonv NODB
PORMAT (815)

CONTINUE -

CONT!NUE

KKK=KKK+ 1
FORMAT(15):

WRITE(6, 122)sszL(xxK)

READ( ¥, 120)}M2, IEL (MTYP,KG, BET THIC , ETIME
FORMAT(¢15,3F10.1)

WRITE(6, 121JNOD1,NOD2, NOD3 Nubwannﬁﬂtuons quv NoD8
WRITE(6,10)

FORMAT( 12X, 'T(C)* sx,'ALPHAw"sx ALPHAB‘§§XHX5PHAST'

*8X'ALPHAS' , 9% MWATER )

‘DO 2 1=6, 200 L
WRITE(6, 11)T(I),AH(I),AB(I) AST(I),AS(I) MW(1)
FORHAT(]OX F5.1,4F15.8,F16. 9)

LNUT10
FORMAT(14, IB 414,18,20X%, 14 214)

NRITE(§ 7777)NUT1 NUTZ NUTS NUT4, NUTS NUT6,NUT? ,NUTB,NUT9,

ANUT10 .
READ(1,7778)NICE, CONVN -
VFORMAT(IS E10.4)

. WRITE(S6, 7778)NICE ¢oNvu

Do 7779 111s1,2

"READ( 1, 7780)MUD NODC1, NODCZ NODC3 ICTYP KGLL THUC EATIME

FORMAT(GIS 2F10.1)

WRITE(S6, 7780)MUD NODC1 NODC2 +NODC3, ICTYP,KGLL, THUC, EATIME

CONTINUE . -

"PRINT 2001 T ‘ ) T
FORMAT('STOP') =~ . ... ' T e
STOP : - o L
END

RN R,
L3 SUBROUTINE ALPHAW . ®
terrsEs et

s

':~_Thzs subroutine calculates the 1nctemental
~coefficient of thermal expansion of water

"for a given temperature

SUBROUTINE .ALPHAW (TSPEC,AWSPC)

DIMENSION AW(35),TW(35)
DATA TW(1)/5.5/, TW(z)AB /e TW(S)/S 5/,TW(4)/10.5/,
*TW(5)/11.5/, TW(G)/12 5/, TW(?)/13 5/,TW(8)/14.5/,

B g

P
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17.5/;™W(12)/18.5/,

*TW(9)/15.5/,TW(10)/16.5/,TW(11)/

(11)
*TW(13)/19.5/,™(14)/21./,TW(15) /
*TW(17)/28.5/,™(18)/35./, ™(19) /45./,T™(20)/55. £,
*TW(21)/65./,T™(22)/75./,™(23)/85./,™W(24)/95./,
*TW(25)/105./,TW(26) /115./,TW(27)/125./,TW(28) /135./, .,

' #TW(29)/145,/,T™W(30) /155./,TW(31)/165./,TW(32) /175./,
: sTW(33)/185./,TW(34)/195./,TW(35)/205,1/,AW(1) /3, 34E-5/, ,
—  ®AW(2)/5.E-5/,AW(3)/1,001E-4/,AW(4)/1,001E-4/,AW(5) /1 .E~4/, o
.Aw(s)/1.polte4/,nw(7)/1.oo;z+4/,Aw(e)/2.3-4/,Aw(9)/z,oozn-4/,' '
- sAW(10)/2,003E-4/,AW(11)/1.993E~4/,AW(12)/2.002E-4/, - . ,
sAW(12)/2.002B-4/,AW(13)/2.001E-4/,AW(14)/2.496E-4/,

- ®AW(15)/2.663E-4/,AW(16)/2.493E-4/,AW(17)/2.66E-4/, *
sAW(18)/3.488E-4/,AW(19)/4.27B-4/,AW(20) /4.944E-4/,
$AW(21)/5.609E-4/,AW(22) /6.164E-4/,AW(23) /6. T1E-8/, _
sAW(24)/7.341E-4/,AW(25) /7.768E-4/,AW(26)/8.278E~4/, Lo
*AW(27)/8.872E~4¢,AW(28)/9.355E~4/,AW(29)/1.0009E-3/,
*AW(30)/1,0553E%3/,AW(31) /1.1077E-3/,AW(32) /1. 1B55E-3/,
*AW(33)/1.2603E-3/,AW(34)/1,3323E-3/,AW(35)/1.4274E-3/ ~

AWSPC=~1,0 . ' . :

- IF(TSPEC-TW(1)) .90,90,91

90 AWSPC=AW(1). )

- RETURN :

91 IF(TSPEC-TW(35)) 93,92,92

92 AWSPC=AW(35) :

3 RETURN. :
-~ .,93 DO 100 J=1,35 - ’ -

. IF(TSPEC~TW(J)) .100,94,100 .

94. AWSPC=AW(J) - -

- RETURN - ,
100 CONTINUE . .
MIN=1 :
MAX=35 -
102 CONTINUE . o
- IF((MAX-MIN)-1) 200,200, 104
104 NEXT={MIN+MAX)/2 ’
- TF(TSPEC-TW(NEXT)) 105,105,107
105 MAXsNEXT . S '
. GO TO 102 - , : - - o
107 MIN®NEXT . ‘ _ : : -
_ GO TO 102, | ‘
200 I=MIN | . : :

LS TWEACH (TSPEC-TW(1)) /(TW(I+1)-TW(I)) o kS
AWSPCo=AW(I)}+TWFAC (AW(I+1)~AW(I)) o
RETURN -, = . -

END

.
k“?

!

This -subroutine.calculates the incremental
‘coefficient of thermal expansion of bitumen
for a given temperature -

nnonnonnhno -

SUBROUTINE ALPHAB. (TSPEC,ABSPC)

DIMENSION AB(19),TB(19) - : - Lo
DATA TB(1)/15./,TB(2)/25./,TB(3)/35./,TB(4)/45./,
*«TB(5)/55./,TB(6)/65./,TB(7}/75./, . .



‘100

102

104

fNnaNaAaAnoinoan

105
107

200

.TB(B)/85./,73(9)/95./;13(10)/105./,78(111/115;/;

3

”»

*TB(12)/125./,TB(13)/135./,TB(14)/145./,TB(15)/155;/,
an(16)/\65./,?3(17)/175./,?3(18)/185./,?8(19)/195./,

sAB(1)/1.0225E-3/,AB(2)/1.0185E

~3/,AB(3)/1,0159E-

*AB(4)/1.0143E-3/,AB(5)/1.0142E-3/,AB(6)/1.0153E~

sAB(7)/1.0177E-3/,AB(B)/1.0212E

-3/,AB(9)/1,0263E~

3/,
3/,
3/,

tAB(10)/1.03232'3/,AB(11)/1;03992-3/}AB(12)/1,04862‘3/,
OAB(13)/1.0585!-3/,AB(14)/1.06993-3/,AB(15)/1.08242*
OAB(WG)/1.09623-3/,AB(17)/1w11122-3/,53(18)/1.1277!-3/,

sAB(19)/1.1453E-3/

‘ABSPCs=1,0 S g :
IF(TSPEC-TB()}) 90,90,9%: - .
ABSPC=AB(1)- . B
RETURN.." " " ‘
JIF(TSPEC-TB(19)) 93,92,92

“ABSPC=AB(19)

RETURN '

DO 100 J=1,19
"1F(TSPEC-TB(J)) 100,94, 100
-ABSPC=AB(J)

RETURN

CONTINUE =~

MIN=1

MAX=19

CONTINUE

IF((MAX-MIN)-1) 200,200,104
NEXT= (MIN+MAX) /2 o
IF (TSPEC-TB(NEXT)) 105,105,107
MAX=NEXT- R o

GO TO 102
MIN=NEXT
GO TO 102
1=MIN

/

. TBFAC=(TSPEC-TB(1))/(TB(I+1)-T

ABSPC=AB(I)+TBFAC*(AB(I+1)-AB(
RETURN : ’
END

Y t.; *
L SUBROUTINE. ALPHAST =

et s s s E L EELESE S

This subroutine calculates the
coefficient of thermal expansi
structure for e)given temperat

SUBROUTINE ALPHST {TSPEC,ASTS

- DIMENSION AST(14),TST(14)

DATA TST(1)/29.75/,TST(2)/43.7

B(1))
1))

. <D
incremental

on of soil

ure:

PC)

5/,TST(3)/56.25/,

tTST(l)/68.75/,?5?(5)/81{25/,?8?@6%/93.75/,
*TST(7)/106.25/,TST(8)/118.75/,T8T(9)/131.25/,

*TST(10)/143,.75/,TST(11) /156,25

#TST(13)/181,25/,TST(14)/193,75 ,
SAST(1)/3.28-5/,AST(2)/4.4E-5/,AST(3)/4.BE-5/,
SAST(4)/¥.4E-5/,AST(5) /4. 4E-5/,AST(6)/5.2E-5/,
*AST(7)/4.8E-5/,AST(8) /4 .4E-5/,AST(9)/4 . 4E~5/,
®AST(10) /4,0E-5/,AST(11)/4.0E~5

casw(13)/}.03-5/.»6?(rc)/a.azhs

-

;,rsw(12)/1sa.75/,

3'/ v

?

//AST(12)/4.88°5/,
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91
92

93
94

100

102

104

105
o
107

&

j'-xr(wspsc-rsw(1)) 90, 90 91
90:

RS B 2us

.

ASTSPCe=-1,0.

‘ASTSPC-AST(I) ‘ : ST
RETURN ' 8

IF (TSPEC-TST(14)) 93 92,92 : : B RN

ASTSPC=AST(14) - o
RETURN ' ' oy
DO 100 J=1, 18 L #
IF (TSPEC-TST(J)) 100,94,100 ‘
ASTSPC=AST(J)

RETURN -

CONTINUE : "
MIN=1 o . +.
MXX= 14

CONTINUE - .t

IF ((MAX-MIN)-1) 200, zoo 104

NEXT= (MIN+MAX)/2 _

-IF (TSPEC-TST(NEXT)) 105,105,107

‘MAX=NEXT" / .

GOsTO 102 ' S I . ¢
'MIN=NEXT - :

GO TO 102 o -~ 0 s . _ .

I=MIN . . ' .
TSTFAC~{TSPEC- TST(I))/(TST(I+1) TST(1))
‘ASTSPC-AST(I)+TSTFAC‘(AST(I+1)-AST(I))

RETURN

m LT .

ey

»

* s % Iy
SUBROUTINE- ALPHA! :
s & s 8 s 8 ., : : Q_

»

qu:.
.UIQ
»

L BY 3 J
o,

[ -

This subroutine caléulates theixﬁcremental

" coefticient of thermal expansion of sand

grains for a ngen temperature

" SUBROUTINE ALPHAS (TSPEC ASSPC)

90

91
92

93

94
100

102

DIMENSION 'AS(5),TS(5)

DATA TS(1J/20./.75(2)/75./, TS(3)/125 /s Ts(4)/175 /.
*TS(5)/225./, -

*AS{1)/3:4E-5/,A5(2)/3.8BE- 5/,As(3)/4 B~ 5/‘-

tAS(4ééésﬁE 5/ AS(5)/5.0E-5/

ASSP: 0 -

IF(TSPEC-TS(i)) 90,90,91 ' T : S
ASSPC=AS{1) . . I

RETURN ' o ‘ * : _
IF{TSPEC-TS(5)) 93,92, 92 _ e ﬁ\\
ASSPC=AS(5) . '

RETURN - -

DO 100 J=1,5

1P (TSPEC- TS(J)) 100,94, 100

ASSPC=AS(J])

RETURN _ , :

CONTINUE -~

MIN=1 . . A

m.s . . C .

CONTINUE

TP (AN 1) 200,200, T



E]

>

104.
108"
. 107

200

eanennacoannn

NEXT-(MIN+HAX)/2
IF(TSPEC-TS(NEXT)) 105, 105 107
MAX=NEXT

GO TO 102

MIN=NEXT

GO TO 102

I=MIN
TsrACq(Tspac—TS(I))/(Ts(1+1)-ms(1))
_ASSPC-AS(I)+TSPACO(AS(I*1)-AS(I))
. RETURN o

END ' i

$ & % & % % & &8 &S S E RS

. SUBROUTINE MWATER * g o
NN R R R

This subroutine calculates the ingremental
coefficient of thermal compressibility of
sand graxns for ‘8 g1ven temperature

SUBROUTINE MWATER' (TSPEC uwsvc)

REAL. MW(5), TW(5), MWSPC. ‘

DATA TW(1)/20./, Tw(2)/1oo /,TW(3)/125. /,

¢TW(4)/150./, TW(S)/200./ . S
oMW (1)/4.SE-7/,MW(2)/4.73E-7/, Mw(a)/s 153-7/,
*MW(4)/6.04E-7/,MW(5) /8. 54E-7/

. MWSPC=-1.,0

90

91
92

.93

nnonno.

- 54

100

102
104
105
107

GO TO 102
- 200 "I=MIN:

IF(TSPEC-TW(1)) 90, 90, 91
MWSPC=MW(1)

e R - .

IF(TSPEC-TW(5)) 93, 92 ,92
‘MWSPCsMW (5) .

"RETURN

DO 100 J=1,5" o N
IF (TSPEC-TW(J)) 100,94, 100 ' e
MWSPCaMW (J) R
RETURN " _ _ S oo n
CONTINUE . : '

‘MIN=1

MAX=5 - |

CONTINUE

IF ({MAX-MIN)-1) 200,200,104 -

NEXT= (MIN+MAX)7/2 P
IF(TSPEC-TW(NEXT)) 105,105,107 ‘s -
MAX=NEXT - : ' ~7‘§;,‘,‘
GO TO 102 - T o
MIN=NEXT ' ;

<

TWFAC=('TSPEC- TW(I))/(TW(I+1) TW(I))_'”
MASPC=MW(I)+TWFACS (MW(I+1)-MW(I))
RETURN f‘i§§

I
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00000

e

. This subroutine calculates t

expansion (volume change) of
bitumen for & given temperat

he thermal .
in situ -
ure

SUBROUTINE TEXBIT (TSPEC,BITSPC) .

REAL ‘BIT(9),TB(9),BITSPC

DATA TB(1)/5./,TB(2)/22./,TB
*TB(5)/100./,TB(6%/125./,TB(7
*sTE(8)/175./,TB(9)/200.7,BI7(
sBIT(2)/0.07,BIT(3)/2.851/, 81
*BIT(5)/7,975/,BIT(6)/10.514/

'ﬁnxw(e)/15.971/,31¢(9)/18.737

92
93

e

7100

102

108

105

L 10

nonanocanonn

200

S

~ CTW(16)/170./,TVC17)/180./,TW(18)/190./,TW(19)/200./{

-BITSPC=-2,0

IF{TSPEC-TB(1)) 90,90,91
90 - : N

9

BITSPC=BIT(1)

RETURN = ® g
IF(TSPEC~TB(9)) 93,92,92 -
BITSPC=BIT(9) . . \
RETURN , .
DO 100-J=1,9 o
IF(TSPEC-TB(J)) 100,94, 100
BITSPCsBIT(J) .
RETURN .

CONTINUE

MINs1 -

MAX=S

CONTINUE L
IF( (MAX~MIN)=-1). 200,200, 104
'NEXT= (MIN+MAX) /2

IF (TSPEC-TB(NEXT)) 105, 105, 1
MAX=NEXT . -

GO TO 102 -

MIN=NEXT -

GO T0:102.

IsMIN 0 o0,

TBFAC= (TSPEC-TB(1))/(TB(I+1)
BITSPC=BIT(1)+TBFACH (BIT(I+1
RETURN .
END"
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L SUBROUTINE ,TEXWAT
$ % % ¢ %8s s a'tkq,g-t *

This subroutine calculates t

expansion (volume change) of

for a given temperature

SUBROUTINE TEXWAT (TSPEC,WA
DIMENSION WAT(19),TW(19)

(3)/50./,TB(4)/25./,
1/150./, -
1)/-1.4215/,
T(4)/5.373/, .
731T(7)/l3;158/,

. .

, €

07 <
-TB(1)) ’
)-BIT(1))
; . . :

* R
% s

he thermal
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9
TSPC)

DATA'TW(J)/23./;TW(2)/302/,TW(3)/40./,TW(4)/50./,

- *TW(5)/60./,TW(6)/70./,T™W(7)}/ '

~ *TW(8)/90./,TW(9)/100./,TW(10
*TW(12)/130./,TW(13)/140./, ™

- SWAT(1)/0.0/,WAT(2)/0.182/,WA

-

80./, s
)/110./,™W(11)/120./,
(14)/150./,T™9(15)/160./,

T(3)/0.531/,



--wx'r(c)/o,sso/,mwmll.670/,mus)/2.029/. S
#WAT(7)/2. 668/, WAT(8) 73,357/, WAT(9) /6. 106/, =
SWAT(10)/4.924/,WAT(11)/5.793/,WAT(12) /6. 731/, ST L
SWAT(13)/7.730/, WAT(16)/8.7987 . MAT(18)79.946/, ' = 7T L
WWAT(16)/11.174/, wnz«17)/12.49&/,nn1(as)/13 900/, N
»-rcwuhs)/aﬁ.na/ U R

. 'WATSPCw=1,0"" L e N
- I!(TSPBC-TW(1)) 90,90 91 A S

' ‘no wxrspc-m'rn) R

" RETURN.".
91 :r('rsp:c-'rw(w)) 93 92 92
92 tm'spc-wn!(w)

L RETORN i _-

- *93:D0. 100 g=1,19 -

: IHTSPBC-TH(J)) 100 94 1oo S
9 4 wmspc-wm(a) . o

| '*-_;' 1oo conmm .

""f-'z‘r((m-nxn) 1) zoo zoo 104 : ;
04 NEXT= (MIN+MAX) /2 '
xr(-rspsc-'rw(unxr)) 105' 105 107

L TWEA -Cwsvzc-rw(x))/<rw(z+1rarw(x)) o
L ..)TSPCiﬂA'I‘(I )*MAC'(‘IAT(I.'*; )""WAT(I )) s N

. e e e tit . t‘tt c .
¥ ; suanomma vIswA'r

mmsxow vw(ss) TW(35) ",
“IDNTR TW(1)/5./, ™(2)/10; /.w(s)ﬂs /. 'rwu,)"/zo
-.w(s)/zs .0/, m(s)/;ono//'m(z)/3%0/,';9?(8)/ |

‘-
<¥

™(21) 7105,/ TW(22) /1 (5 /115,
#W(25)/128. 7:TW(36) /1307 10 ( ; 4

#TH(28)/145.7, TH(30) 7150/, TH(3 W /160./ ww(:zyxt /
$TW(33)/180: " 90:/, m}as&{zng ,m‘ -

AW /5 AAE-4/, VW (11)./5,018=47, YR (1
AWM }/t.aoz-u vw(u)/c E-4/, VR( !
‘ 161/3.518-4/,VA( ;)/3 5 3E-4/;VW{(18)




muzz)/z; szx-u/.vw(zsuz 41:-4/ W(zn/z 33 4/, e

eW(25)/2,.2E-4/, W(26) /2. l1lv~4/,W(27)/2 03E-4/,

evw(28) /1., 95:-0/ vw(zs)/l aaz-c/.vmamﬁ 81
T SVR(I1) /1. 698475V (32) 71, 59E-4/, wua)/ucsz-c/, AR
aVW(34)/1 nz-c/.w(asm 342-4/

" VWSPCH= 'l, 0.

7 fa00 _ IR CNE CR
Co U MINeY -u -n,‘- B A
102
a0
"_'.-5"’.-0;5
402
T 6O TO 1027 , I
-.'200 S . . :
T TWEAGs (TSPEC- wu))/(rw(xn)-m(i))

" VHSPC=VW(I )+mac:(wn+1)-vw ’
“ RETURN. IR

' xr('rspsc-'rw(u) sn 90,91
| VHSPC=VW(1).
- RETURN ~

”:r('rspsc-'rw(as)) 93 92,92

 YWSPCaVW(35) . - o
" "RETURN o

DO 100 J=1, 35 v
_-xr(rsnc-'rn( )) 100.94 TOO
vusrc-vww) R . N
counm R AT

cormm TR P
IF ((MAX-MIN)-1) 200 200 104

NEXT= (MIN*MAX) 72 .~
-.1r(rrspzc-1'w(nsx'r)) 105 105 107
MAX=NEXT - ;

GO TO 102
MIN«NEXT -
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