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The specific charac t eri s t i c s of hyd raulic ngin ring con 
struction on perma fros~ f ound a t ions unde r h rsh climatic con
dit ions resul t in a situation i n whi ch the most conomic
type of darn i n t he r e gions is the type m de of l oc 1 t r i 1 .

A distinction can be made between t wo m thods of con truct ing
dams f r om loca l ma t e ria l s on perma fros t founda~ions : t h
"warm" method, us ed when construct ion takes place primari l y
during the summert ime by us ual me~hods, a nd usually encoun
tered in regions with mode rate climates , and "co l d ," whe n
construction takes place i n wint er wi t h st ratified freez ing
of the ent ire darn or i~ s individual elements , or in summ r,
with subsequent freezing o f the str uc t ure. The f rozen p rt
of the dam is intended t o make it impermeable to wa t e r .

Rel iab le operation of part l y or comp l e t e l y f rozen dams is
determined by the tempe rature r egi me o f the constr uc t i o n and
xhe foundation, which mus t be such t ha t the f rozen "c ur t a i n"
in the dam does not thaw out dur ing the l a tter 's operation .

The dissertation is devoted to an ana ytic a l exper i me nt a l
study of the nonstationary ternpera 'ure r egi me o f f rozen da s
made of local materials on permafrost foundations , and consti 
tutes one aspect of the prob lem o f construc t i on of dams on
permafrost foundations, analyzed by t he group of coworke r s o f
the depar~ment under the leadershi p o f Corre s ponding Me mber
of the Academy of Sciences of the USSR, Doctor o f Te c hn ica l
Sciences, Professor N. A. Tsytovich .

The dissertation consists o f four chapters.

The first chapter consists o f a brie f review o f the most char 
acteristic examples of frozen dams that have bee n bui lt f rom
frozen materials (local materials) and the design sol ut i on.
An analysis of the operating conditions of dams current l y in
use makes it possible to draw the following conclus ions.

1. In cases in which it has been poss ible to avoid filt rat ion
through the body of the dam or the foundation during the oper
ation of the dam, the structure has operated success fu l l y ;

2. The overwhelming majority of accidents involving dams made
of local materials have occurred in situations when the dam
is of the thawed or combination type;

3. Reliable methods of building water-impermeable curtai ns
require maintenance of a stable negative temperature in the
body and foundation of the dam.
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One might c ons i de r tha~ thp opti:.lum r yp o f construction
to use under pe rma f r os t condi tions is to bu i l d f rozen am
of l o ca l materia ls. In particular the s truc tur al solution
for such a dam must be ba s ed upon hea t e nginee ring ca l cul a 
t ions.

The most complicated fea ture of the operation of t he structur e
cons ists in e nsuring a s table tempera t ure regime fo r the dam
and it~ f o unda t Lon , Due to t he t ha..... i ag influence of the .'" t er
in the reservoir behind t he dam, there is a s lo..... inc rease i n
temperature which l e ad s to t hawing of t he permafrost . Depend 
i ng on many f a c t ors , the ini t i al l y froz en body of t he dam can
eventually t ha ..... out completely at the foundation a nd t he dam,
desi gned ori ginal l y as a non- fi l t e r i ng type , become s perme 
able to .....ater. I n many ins t ances, this can nav~ ca t as t r ophic
consequences.

R~liablp. functi~ning o f f r o zen dams can be ensured on ly i n
situations i n which, as a result of the t ha..... ing o f the upper
wedge of the dam a f t e r the reservo ir has been filled , there
remains in i t s body (a t least du r ing t he des i gn period of
operation of the structure) a f r ozen zone whi ch prevents fi l 
tration of .....ater through the dam. I n additio n , it is neces
sary to ensure a reliable desree o f preservation of the frozen
zone of the dam by using a water-impermeabl e foundation, o r
to create in the foundation (i f i t i s o f t he t ype .....hich fi l
ters water) a frozen curtain, i n contact wi t h the frozen pa r t
of the dam. Thus, i n the general case, t he f r ozen zones of
the dam and foundat ion muse be conside red jointly .

It is clear from the above how i mportant i t i s t o be able to
determine changes in the temperature f ie ld o f the dam and
foundation as a function of time, and t o determi ne whe t he r
special measures must be adopted for regulating these changes.

A number of papers by Soviet authors have been devoted t o the
development of methods of analytical and experimental inves 
tigation of t empe r a t ur e regimes for frozen dams and f ou ndations .
These dissertations have dealt .....i t h had ha ve analyzed the
principal views relating to the studies o f these authors. It
has been demonstrated that the deve lopment o f solut i ons r e
l a t i ng t o the temperature regime o f fro zen dams and t he i r
foundations has followed the following path:

1. Relatively strict analytical solutions for stationa~' and
nonstationary temperature regimes of f iltering and non
filtering dams (papers by P. A. Bogoslovskiy, V. N. Grandilev
skiy, Yu. N. Stankevich, and in part by I. S. Moiseyev);
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2. Engi neer i ng (approxima t e ) solutions (pape rs by A. A Ts vi d ,
i n part by I. S. Moiseye v an d G. A. Pchelkin);

3. Experimen~al studies (paper s by G. S . Shedrin , V. A.
Kudryavtsev, and V. G. Mel amed, M. D. Golovko, N. N. Truah ,
S. V. Tomirdiaro).

The solutions obtained as a r e sult of these studies a r e ch r
acterized by the following:

1. In view of the complexity of the problem of the non
stationary temperature regime of dams made o f local mate rials
and their foundations, solutions o f the first gr oup cannot be
considered general . In the f i na l analysis , these solutions
should be viewed as speci fic problems rather than as a col
lection of problems re lating to this question as a whole .

Engineering calculation methods are very approximate , as th~

authors themselves point out, and the y a l s o relate only t v
specific problems.

Experimental problems using models a re extremely complex;
they also solve specific pr ob l e ms only. In o ther words , the
development under laboratory conditions o f an opera ting re
gime for a structure which corresponds co mp le t e ly to natural
conditions will be particularly diff i cult to crea t e. Com
puter studies of the temperature re gi mes o f f r o zen dams are
quite promising, but are still in the de ve lopmental stage .

2. Exi s t i n g methods of calculation a r e dpplicable only to
earth dams: specifically, all except cert a in sol ut i ons by V. N.
Grandlevskiy pertain to a situation in which the s oi l in the
darn and foundation has the same therrnophysical character
istics. These solutions fail to take into accoun t ca lcul a
tions of the temperature regime of the darn, which compris e s
several zones with quite different therrnophysical ch aracter 
istics:

3. Known analytical methods and model tests do not provi de
from the possibility of investigating the temperature r egimes
of frozen earth-soil "and rock-soil darns. The temperature
regime of such dams may depend to a large degree upon natural
convection which develops in the speces in the rock f ill .
The problems of natural convection are not re flec ted in any
one of these solutions.

These facts have governed the course of the research de s cribed
in the dissertation. The goal of these studies was t he
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development o f an e ngi ne e r ing (but su f f ic i en t l y p recis )
method for practical app licat ion i n calculat i ng ~he non 
stationary temperature reg imes of frozen da ms made of loc 1
materials (sand, argillaceous s oil , rock f il l , co mbi ned
types of structures) in r egions wi t h ha rsh cl ima t es.

The method to be d eveloped mus t r e f l e c c suffic i ent l y fully
the thermal processes taking pla ce in c he dam a nd t he foun 
dation, taking various thermophys i c a l c haracteris t ics of th
zones of the dam and foundat ion i n co account . At the same
time, however, the calcul ation must be as simple a nd con 
venient as possible, for use by p lann i ng organ iza t i o ns .

During the research, the fcllowing prob lems we r e posed and
solved:

I. Basic positions were established fo r c a l c u La t i ng the noo 
stationary temperature regime of dams mad e of l oca l mate rials
with and without forced cooling.

II. Practical approaches were develope d fo r calcu la t ing non 
stationary temperature regimes in froz e n dams and t heir
foundations made of local materials.

III. The recommended method of ca lcula t ing tempe rature r e
gimes was tested experimentally.

These studies examined only nonfiltering da ms , since , a s a n
analysis of the operatiun of frozen dams ma de o f loc a l ma
terials shows, filtration of water through the body of a dam
or its foundation cannot be allowed. When designing s t r uc
tures and their foundations, it is necessary t o take meas~res

to guarantee zero filtration. The verification calculati ons
carried out when there is filtration may be per formed using
a method developed by P. A. Bogoslovskiy.

In the second chapter, analytical studies of the temperature
regime are discussed.

In a study of thermal regimes in soil and loose rock, on l y
the equation of thermal conductivity i~ usually ~mpJ.oycd : it
seems that convection is not of considerable importance i n
these situations. However, with respect to large-grained,
gravel, and especially riprap dams made of (illegible] mater
ials, heat transport does not result in thermal conducti v i ty
alone. Under certain conditions , it can be expected that the
influence of convection will be considerable. It ~ s particu
larly important to investigate this q uestion in frozen rock
fill dams, where it is desired to employ lumps of very large
size.
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[i llegible) disserca t i on s tudies ch infl u nce of n cr 1 con
vect ion on gene ra l hea t e xc hange du ring che th wi ng of ch
dam, in ocher words, the move ment of t h liqu id s t rmi n d
by the thermal c ondi t ions of t he process nd by ch n t ~re of
the liqui d, the t empera t ur e di ffe rentia l , nd th vo urn o.
space in which t he process occurs.

The mechanism o f natura l conve c tion in porous bod i es has b n
worked out i n pape rs by Soviet sc i ent i s cs . V. G. Go l ' dtm n,
G. V. Porkhayev, a,d R. M. Sa rk i s ya n ttempced to s c dy con
vective heat trans fer i n the ge ne ral p rocess of heat e xcha ng
in thawed soils.

The influence of convecti on i n ge ne r 1 he t exc ha nge in gr n
ular materials was determined in t he disse r tation us ing two
methods . The f irst cons i sts i n a joint so lution o f t he equ 
tions of thermal conductivi t y a nd convec t i ve hea t t rans fe r
as they apply to a s pecific p r obl em; che second consiscs in
dete rmining t he rate o f consumpt i on (a nd t he refor e the heat
flux) with fil tration o f wa t er t hrough granula r mate ria l unde r
the influence of a di ffe r ence i n hyd rostat i c p ressure ca us ed
by the diffe rent de ns i ty o f wat er at di ffe rent t emperature s .

As a result , identical soluti ons (at l east wi ch a n accuracy
up to the c oe f f i c i e nt s ) are obcained:

- 1-. n ""8 (ort-":!)KC,,h
'f - - - , ..;" ).

~ ', , ....0.~50 _.! !! --:{)J(C.h

( 1)

( 2)

,\

whe r e ¢ =~ is the coefficient o f i nc rea s e i n t he r mal con
ductivity due to the presence o f conv ec t i ve
currents;

'\ 3 i s t he coe f f i c i e nt o f effective the rmal conduc
tivity ;

A is the coe f f ic i en t of thermal conduct i vi t y o f
t he material ;

CB is the t herma l ca paci t y of water;
YI Y2 i s the speci f i c gravity o f wat er a t tempe ratures

t 2 and t l, wi th Y2 > YI
K i s the fil t r ation co e f f i c i e nt ;
h i s the depth from the s ur f a ce o f the r e s ervo ir

to t he cross s ec t i on at which t he he at e x
change i s being s tudi e d.

The p roblem of Jo ~nt cons i derat ion of convection and t herma l
condu c t i vity amounts co a dete rmi nation initially of
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the coe f f i c i ent for eonc r e e e cond i c i ons a -id c hen (on he
bas is of the v lue of obt ined) . is de e-rrmi.n d by f r
ther c omp uta tion o f he a t exchange i n g ranullr mac e ri 1 , which
leads t o t he l aws o f the t h e r y of eherm 1 c ond uc c Lv Lcy s ing
in the f o rmulas , ins t e a d of the coe ffic i en c o f cher 1 con
ductivity , t he value of the effect i ve c oefficien t of
thermal c ond uct i vi cy '_ .

~

The nonstationary t e mpe rature r e g i me o f ehe f r o zen d m and
ics foundation mus t be v i ewe d in the general c se s sp 
tial problem. At t he p resent e i me , the p r oblem is one wh ' c h
can hardly be so l ve d i n a c losed form . If we e xc lude f rom
considera t ion ehe area of ~o cace betwe en t he d am and the
edges of t he ca ~yon, the prob em may be vi ewed as a p l a ne one .
It ' s necessar y to d e a l wi ch ehe tempe rature field e x isting
at a g i ve n t ime within the limite d finite dimens i on s o f an
area with di f ferent chermophy s i c a l characcerist ics and dif 
fer en t boundary conditions in d i f f eren t pa rts of t he a rea .
The computa tional schem e fo r such a p roblem ppea r s i n Fig
ure 1.

L"--~-------'-----

~--------f'

-------'r:

Figure 1 . Design Di agram. I - Frozen up pe r we d ge
of dam. II - f rozen or unfrozen l owe r wedge o f
dam . III - foundation with known t e mpera t ure d i s 
tribution.
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The mathem t ica l p rob lem is fo rmul ted s follows :

~_I _ _ II (_~~~ ".!!.:l,.-) ~ . , 0 thawe d zon e
q.; I I)~ I "y:

_~ . I ( _'l:~ . __~~.) :': Q frozen zon e
IX ,. . .. d .,~ Jy: -

1l,1 ~/·nl'l , 11,'11 , l i~1 i .,,,'·..·· ,I .. 1I1

The initial c ondit i on s are :

11 .- . \ " ~ \ • • • ,;:on; t .

1111 or I{ ,~)

The boundary condi t ions are:

at t he bound a ry ABC
\, ' ' ': 0 1' \ ,....0' .

a t t he boundary CDEFG
1 , ~ , on ~\<O > .

cit
a t the bound a r y GIK

_ ",0
rt}' •

(] \

at t he boundary AL _ - - 0IJr t

at t he boundary KL I I ~ const,

at the boundary DN t~ '" " :0 ,:1 -:.:0"

a t t he boundary CMI
ti!\( I u~._ • ~.W ~c

d:"n'
)" -un' -' 1 un do:

t ..(n, :) - I,(n, -:) -s, t. ..... eonsr,

where n is the normal to the boundary CMI,

at the boundary BR

at the boundary RF

at the boundary ER

\ :{:}_:' f lit:).,

d' tl _III
;'1_=1.111"'::~.

dlt 01

tl.l( :) "dll'(~)

0' " ' "tal
).11 _ _~. _ -r- i.1Il -~ - .

<It. CfX .

t'( ~>O)'=I-II(~'>O}:

' \1 ~l"
11~ = lo""::- ,

fly fly
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A strict solution to this problem, du e to t he ambiguity of
the initial and boundary conditions a nd t he complexity of t he
shape of the region in question, is possib l e bu t e xtreme ly
difficult.

The method of calculation proposed in t he dis s e r t a tion is an
apprcximate one and is based upon the follow ing assumptions :

1. The dam and foundation a r e made up o f diffe rent types of
materials with different thermophys ical characteris t i c s, and
the dam can consist of various zones; the dam and t he founda 
tion do not allow filtration.

2. The temperature distribution at a given moment in t i me is
studied by calculating the nonstationary process on t he basis
of a number of stationary processes which alternate with one
another:

3. The general problem amounts to a series of linear pr o blems
and a plane problem, each of which is solved i nde pendently ;

4. The general temperature field at any momen t i n t i me i s
built .up from specific temperature f ields which are produced
in solving specific problems.

The following initial and boundary conditions are e mp loyed:

1. The process of construction is not taken into account and
it is assumed that at a given moment in time, which is de t er
mined to be the beginning of calculation, there is a dam wi t h
e temperature t o, and the water in the pores or cavities of
the material in the frozen zones is in the form of ice, t o
being the freezing point of the material in the various zor es
of the dam;

2. The temperature at the boundary on the reservoir side i s
constantly positive: the temperature at the boundary with t he
air side is constantly negative:

3. The distribution of the temperature in the foundat ion at
the initial moment in time is described analytically.

The method of computation shown in Figure 1 is considered t o
be general for all types of frozen dams and their foundations
made of local materials. Under field conditions, the struc
tural arrangement ~an always be reduced to this computational
scheme, with various changes which have no influence upon the
nature of the calculations.
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The change in the temperature f i e ld i s a function of the com
position of the materials in the zones of the dam and founda
tion, and the i ni t i a l temperature distribucion can be accom
plished without or w~th agqregat e conve rsions of the water in
the pores or cavities of these materia ls. In the first case,
for the calculations of the t emper ature field, t he general
solutions of A. V. Lykov are used as they pe rtain t o che
changes in temperature in semi-organic bod i e s wi t hout lateral
heat losses. In the second case, the ca lcul at ions are per
formed using the Stefan formula or on t he bas is o f an e xpan
~ion of equations representing thermal balance.

In the general form, the temperature regiI.le o f a f r ozen dam
and its foundation is solved on the bas is o f s pec ial prob 
lems which apply to the cross sections shown i n Fi gure 1.

Problem I. Change in temperature in a semi- f i ni t e body with
out lateral temperat~re losses and with a constan t surface
temperature:

a) Heating or thawing of the foundation a t a suf ficient di s 
tance from the upper slope, due to the heat fro m the rese r
voir (cross section I-I). The general solution for heating
has the fo rm

( (Hx)' )]d:-exr- - 4a.o; • ( 3)

where T(x, L ) is the temperature at a point with a coordinate
x at a moment in time T;

ao is the coefficient of thermal conductivity of
the material in the foundation;

if a variable x i s substituted for ~ in the function
f(x), determining the initial temperature
distribution in the foundation , it becomes
f ( t;) •

With a nega~ive temperature in the foundation at the i ni t i a l
mome nc in t~me, approximated by a scraight line, the solution
will have the following form:

(4)
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where: *

b is the initial value of the negative temperature a t
the surface.

b) Cooled or frozen foundations at a sufficien~ distance from
the lower slope, owing to the negative temperature o f the a ir
(cross section II-II). The total solution for cooling wi ll
have the form of (3) with substitution of the variable.

Wi~h a positive temperature in the foundati~n, at the initial
momen~ in time approximated by the straight line, the solution
for freezing will amount to (4), where

m is the initial value of the positive temperature at
the surface.

c) Thawing of the upper slope due to the heat from the reser
voir (cross section III-III). The solution amounts to the
Stefan equation.

d) Cooling of the crest and cooling or freezing of the lower
slope due to the n~gative air temperature (cross sections IV
IV and V-V). The general solution amounts to the following
equation:

(5)

If the lower wedge is made of nonfrozen soil, the problem of
cooling is the same as the problem of freezing and is solved
by the Stefan formula.

Problem II. Change in temperature in adJacent semi-finite
EOd~es w~thou~ lateral temperature losses.

* Here and below, the subscript " 0" will refer to the charac
teristics of the material of the foundation, While "p" will
refer to the characteristics of the material of the dam; "t"
represents the thawed state, and "m" the frozen !' ~a te .
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The solutions to this probl em amoun t t o a c han ge i n tempe r 
ature in the dam on the base side under t h e i nfluence o f the
temperature field of the fo undation (c r o s s s ections VI - VI ,
VII-VII) .

a) Cor.tact of che unfrozen z one of the dam with the f rozen
foundation . The change in temperature i n the foundat ion is
described by the eq~atip~:

(6)

The depth of freezing of the dam is determined by the expres
sion

( e')b 1-----
• 21i'ol . . • - - _. _ -
;, .. -:-;--;:...::- . :!; V\t(:'JlI': •

. p-.: 111, ::.1 ...

(7)

where ~' is the depth to which the temperature changes in
the foundation during time T;

HM is the thickness of the permafrost in the foundat ion.

b) Contact of the frozen zone of the dam with the frozen
foundation. The general solution has the following form:

where

1(x.:) 1\. (' I X) .
- ','- ",. -1.17- I + p- crf --:-, - ...,, =,,- :':;'- Q. \~ foundat.ion)

( r ne ",, ' - I ll ..... :

[IX,:) 1\. . x'_.-- =---_.- eric _.--_. . ._-- I) .x. (dam)
,Ie . J ~ . f\e '2 ,.., ii.·,~;

K. a __i.....s. J :.. K.
K. --,"&~-. 1\'- ' ,,\1. K ~ 1,-1 --'-"'M s . rI ,.,,· I i...'t • H.

( 8 )

(9 )

tK is the temperature at the contact.

c) Contact of the frozen zone of the dam with the thawed
foundation. The change in temperature i n the foundation is
described by (6), with substitution of the variable. The
depth of thawing of the dam is determined by the expression:
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where A is the distance from the contact to the poine in eh e
foundation with temperature [?) which the heat
exchange between the dam and the foundation does
not influence.

d) Contact of the nonfrozen zone of the dam with the thawe d
foundation. The general solution has the form o f equations
(8) and (9), with substitution of the thermophysica l c har
acteristics of the frozen material for the thermop hys ical
characteristics of the thawed part.

Problem III. Calculation of the temperature field of e he
foundation. A plane problem is cons1dered. In order to p lot
tEe nonstationary temperature field in the foundation a t a ny
mo. ent in time, the method recommended by P. A. Bogos l ovs k i y
is employed, involving a graphic analytical so lution o f t he
equation of nonstationary thermal conductivity, e xp r e!sed i n
finite differences.

The construction of a general temperature field for ehc d a m
and foundation for a given moment in time, wieh a temperature
distribueion which is known at a given moment in time on the
basis of the calculated cross sections, amounts to ehe solu
tion of the Dirichlet problem. To solve this problem, the
dissertation employs the method of iteration. With some ex
perience in plotting the general temperature field of the dam
and foundation, there are only two or three approximations in
the iteration process. In other words, it is possible with
a degree of accuracy adequate for practical purposes, to con
struct a temperature field using only curvilinear interpola
tion.

In addition to the basic problems discussed above, the dis
sertation presents solutions to other problems which may be
encountered in the course of calculation:

1. Zero isotherms from an area with certain thermophysical
characteristics to an area with different ones (change in tem
perature in the laminated thickness);

2. Temperature fields calculated on the basis of ("ert.ain
cross sections superimposed on one another.

3. Calculation of forced cooling.

12



The third chapter is devoted to practical applications of the
calculat10n of nonstationary temperature regimes of frozen
dams made of local materials and foundations.

For convenience in using the analytical relationships set
forth in Chapter II, this chapter deals with che following
questions:

a) rules for labeling the design diagrams;
b) the sequence of the calculations;
c) examples of calculation.

The design diagram for a frozen dam and its foundation is pre
pared in the following sequence:

1. In accordance with the structural diagram, the physical
and thermophysical characteristics of various structural zones
of the dam and foundation are determined;

2. The influence of convection on the thawing of the upper
wedge is estimated;

3. The geometric parameters of the design diagram are deter
mined, corresponding to the dimensions of the structure;

4. Boundary conditions are established for the computation.

The temperature field of the dam and foundation is composed
at a given moment in time after the conditional beginning of
the calculation. The calculated moments in time are selected
in accordance with the problems posed prior to the calculation.

In the design diagram, at each moment in time, cross sections
are selected along which temperature calculations are performed.
The cross sections must reflect as fully as possible tempera
ture changes in the areas of the dam and foundation in question.

The chapter presents a detailed set of instructions on the
order of the calculations using the formulas obtained. The
applicability of certain formulas to the characteristics of
certain practical cases is estimated.

The method developed in the dissertation in accordance with the
instructions of the Gidroproyekt Institute imeni S. Ya. Zhuk
calculated the temperature regimes of three types of frozen
dams on the Vitim andTsipa Rivers. For the conditions on the
Vitim River, a frozen rOCk-fill dam 50 meters high was examined
completely; for the conditions on the Tsipa River, there are
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two versions of a partially frozen rock-fill dam 35 meters
high with an ice core, one with forced cooling and one without
forced cooling.

To illustrate the practical applicat ions of calculating the
nonstationary temperature regime of frozen dams with perma
frost foundations, the dissertation provides the example of
calculations of a version of a dam on the Tsipa River without
forced cooling and the final result of the calculation of the
temperature regime of a frozen dam on the Vitim River.

The calculations were performed with the following boundary
conditions:

a) average annual temperature values at the surface of the
dam and foundation on the reservoir side were _6° for both
sides:

b) average annual temperature values at the surface of the
dam and the foundation at the lower slope were as follows:
for a dam on the Vitim River, -6.5°: for the dam on the Tsipa
River, -8.0 0

:

c) in the foundation of both dams, taliks extended through the
entire thickness of the permafrost.

The results of the calculations demonstrated that normal con
ditions existed for operation of the dam on the Vitim River.
In the case of the dam on the Tsipa River, during the initial
years, operation was possible for a thawed foundation made
of an ice core: this was not allowed. If we assume precon
struction freezing of the foundation of this dam for six win
ter months, subsequent normal operation of the structure will
be ensured. This was possible, but only by replacing precon
struction freezing of the structure by forced cooling.

The fourth chapter presents experimental studies of the tem
perature reg1mes of models of frozen dams. The principal prob
lems in the experimental studies consisted in the following:

1. A study of the possibility of modeling nonstationary tem
perature regimes of dams and foundations:

2. Checking the developed method for calculating nonstationary
temperature regimes.

The laws for modelling thermal processes in a homogeneous
medium with boundary conditions of the first · order for a one
dimensional problem were formulated by G. S. Shadrin in the
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form of c e rtai n condit ions o f scale relationships . In the
s imples~ case, these condi t ion s r e s u l t in a situation in which,
by preparing a model from the s a me material s as in nature and
ensuring eq uali ty o f the t ime s ca l es of t h e model and the
actual structure, the t ests must be carr i ed out under t h e tem
perature condi tions e x i s ting i n t he f i e ld. This makes it possi
b le to model the tempe rature r eg im es o f homogeneo us dams and
foundations. For i n ho mo ge ne o us dams, t he model i ng cond i t i ons
are considerably complicated. It turns out in p r a c tice that
it is impossible to model strictly multilayered med ia wi t h
substitution of the ma te r ials in the layers, which i s necess a r y
for example in modeling frozen rock- fill dams. Fo r s uch s t r uc
tures, the following example is us ed i n the dissertati ono

1. The materials of the model were selected so that t he ir
physical and thermophysical characteristics were as c lose as
possible to the characteristics of the materials at the s ite ;

2. On the basis of the materials adopted for the model and
for the real dam, the scales for modeling these characteris
tics were established;

3. The temperature scales were established for the f rozen and
~hawed zones and were equal to unity. From t he conditions of
the scale relat ionships, t h e po s s i b l e limits f o r the changes
in the time scales were calculated. It was assumed that the
time scales were the same in the frozen and thawed zones. As
a result, it turned out that the time scales in the d ifferent
zones of the dam and foundation fe ll within certain limi t s ,
which became more similar as the phys ical and t he r mo p hy s i c al
characteristics of the materials of the model became mo r e a n d
more siMilar to the material at the site;

4. As the scale for modeling the entire sys~em as a function
of time, the average value was taken from time scales calcu
l a t e d for separate zoneso

Experi men cs on models were conducted in an NKR-l refrigerated
chamber unde r approximately the conditions existing 'i n fro zen
dams on the Vi timOand Tsipa Rivers . The following models
were s~udiedo

1. Completely frozen homogeneous dam without forced cooling
(Experiment 1);

2. Pa r t i a l l y frozen inhomogeneous dam with forced cooling
(Exper iment 2);
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3. Partially frozen inhomogeneous dam without f o rced coo ling
(Experiment 3) .

The models of the dams were constructed in a collecting
distrih.lting framework flume. Th e linear modeling scal es
were assumed to be 1:100.

The experiments consisted in the following. Using fine
grained homogeneous sand in the flume, a partially or com
pl~tely frozen dam was built. The stratified foundation at
the site was modeled by a layer of cement solution which waS
0.5 H in the first experiment and 1.3 H in subsequent exper-
iment~. n

To measure the temperature in the body and foundation of the
dam in the first experiment, copper-constantan thermocouples
were used in the first experiment, while in the second ~nd

third experiments chromel-capel thermocouples were used.
There were 35 to 42 such units. The e.m.f. was measured
using an M-198.3 millivolt-microammeter. The unit recorded
temperatures with an accuracy of 0.2°.

The constant boundary conditions in the experiments were as
follows:

a) in the upper p oo l -- as a result of the presence of the
water, whose temperature was kept consta~t by means of a
system of instruments (a heater, a double impeller, a contact
thermometer) .

b) in the lower pool -- by negative air temperature in the
chamber;

c) in the foundation -- by a device in the bottom of the
flume, below the lower limit of the foundation, a system of
instruments (a hlt-air fan or the exhaust from a vacuum cleaner,
a contact thermocouple), simulating the heat flux from the
core of the darn;

d) in the cooling system of the darn (shaft and the gallery),
by connecting the intake from a vacuum cleaner. As a re
sult, a vacuum developed in the ga l l ery. The cold air from
the chamber, drawn through the shaft, passed through the gal
lery and cooled the core.

The model of the dam and foundation, following preparation
and assembly of all of the instrumen~s, was left for five
days to reach a constant temperature. The boundary condi
tions were created at a moment assumed to be the beginning
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o f calculatio n: wa t er was pour e d into the upper p ool , all of
the d evices in the upper and l ower pool s as wel l as the
forced cooling were sw itched on, a nd the f inal temperature
of the body of the dam and found a t ion were meas ured .

The f i r s t experiment l a s t e d 125 ho ur s . A stationary t empera
ture regime was established in the mod el o f t h e dam 75 -100
hours after the start of the e xp er i men t. Subs e que n t thermo
couple readings differed onl y sl i ght l y f ro~\ t he va l ues a t
75-100 hours. During the per iod o f establ ishment o f a s ta
tionary temperature f ield in the model o f the dam and four d d
r.ion, the average air and wate r temperatures were e q ual to
+6.3° and -2° respective ly. Regardless o f such unfavorab l e
boundary conditions, a fro zen zo ne was preserved i n t he body
of the dam, ensuring that it had antifil tration stab il i t y.

The second experiment lasted 60 hours. The stationary tempe r 
ature field was established 38 hours after t he start of the
experiment. The boundary conditions o f this e xperimen t we re
quite stable. The average temperatures were as follows:
water, +5.6°; air, -2.9°; cooling gallery, -1.2° ; lower l i mi t
of foundation, -1.5°. The model of the dam operated norma l l y.

The th ird experiment lasted 40 hours. The boundary condi
tions in this experiment were also stable. With average tem
perature values of +1.9° for the water, - 2. 4° for the air,
and -1 .0° at the lower limit of the foundation, the model
of the dam operated normally.

Experiments with models showed that even un de r r igorous
temperature conditions for operation of the equipment, reli
able operation is ensured . A comparison of the time required
to produce a steady state in the dam , obtained from studies
of models, taking into account the average time scale of the
entire system, showed satisfactory agreement with the time of
development of the steady state in the calculations.

I n addition to the model investigations, the dissertation
also presented some stationary temperature fields constructed
on the EGDA-9/60. The same equipment arrangements were s t ud i e d
as in the calculations a n d experiments on models. A compari
son of the temperature f ields obtained on the EGDA-9/60 with
t he stationary temperature fields of the models o f the da ms
showed good agreemen t. The stationary temperature fields, c a l
culated by the method developed in the dissertation, based upon
the solution o f problems involving nonstationary t he rma l con
ductivity, showed good agreement with the results o f mode ls
using the EGDA-9/60.
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An analys is of t he r es 'l l e s of the experiments and their com
parison with t he r esul : s o f the culc ulations indicates t ha t
the meehod developed i ~ the di ssert a t ion f o r calculating t he
nonstaeionary temperat~re regime of f r o zen dams bui l t from
local materials and of their f ounda tions i s su f f i c i en t l y
accurate.

GENERAL RESULTS

1. The principal f actor determining the reliable op era t i on
of a frozen dam is the temperature regime of the str uc t ur e an d
the foundation. When investigating t he temperature r e gi me of
a frozen dam, it is of practical interest to r epresent the
eemperature field of the dam and foundation at a given moment
during the operation of the dam, so that its stab i l ity will
be assured at all times.

2. Contemporarystudies of ehe temperature regimes o f fro zen
dams are developing along two main paths. The p rincipal
trend involves analytical investigations, which inc l ude stri c t
and approximate methods of calculation. The second cons is t s
of experimental studies.

Due to the complexity of the problem, strict solutions are
considered only in partial cases. Known engineering solu
tions are very approximate and also apply only to speci fic
problems .

None of the solutions discussed i n the dissertation, with
general heat exchange, consider t he influence o f natura l con
vect ion. This can occur in the pores or cavities of t he
material in the thawing zone of the dam.

Model studies are extremely complex and tedious. The rules
for modeling complex frozen dams have not yet been fu lly
worked out.

3. The purpose of the studies described i n the dissertati on
was to produce a sufficiently accurate engineering method
for · calculating nonstationary temperature regimes i n f r ozen
dams made o f local materials, and a n experimental check for
t hi s me ehod .

4. The pr opo s ed method of calculat ing the nonstationary
t empe r a t ur e regime and foundation is approximate. It was
de vi s ed fo r a t ype of dam which consists in the general case
of s e ve r al zones wi th different thermophys ical characteristi cs.
The t he rmophy s i ca l characteristics of ehe foundation may dif
fe r from the characteristics o f the zones of the dam.
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5. The problem o f hea t exchang e is viewed as it appl i es t o
the mo s t dangerous cross s ection, perpendicular to th e shaft
of t he dam. The essence of the met hod cons i s t s i n this p r ob
lem be ing expanded into a series o f on e-di mens i ona l probl ems
and one p l ane problem, each of which is so l ved independently.
The general temperature field of t he darn a nd foundation at a
given moment in time is determi ned on t he ba s i s of t emperature
fiel ds calculated by means of these probl ems .

6. Na t ur a l convection within the general t hermal exchange
occurring during the thawing of a darn and fo unda tion must
be accounted for by the method proposed i n t he dissertation .
Thi s method can be used not only in ca lculations for the t haw
ing of frozen darns, but also to describe other c ases of freez 
ing and .t hawi ng of soi ls.

7 . Experiments on models and constructions on an e lec t ro
hydraulic integrator established that even unde r seve re tem
perature conditions in the dam, a considerable pa rt o f th e
lower wedge does not thaw, ensuring normal operation of the
structure. The use of systems for arti ficia l cooling (gal
l e r i es ) improves the temperature regime of the structure.

8. An analysis of the results of the experiments on mode ls
indicated that the temperature regimes of frozen i nhomo ge neous
darns and foundations can be modeled. For this purpose,
known. modeling conditions are employed, and are also used to
determine the time scale of the entire system, developed i n
the dissertation . I n modeling it is necessary t o try to make
different zones of the model of the darn and foundation f rom
materials with physical and thermophysical characteris tics
similar to those encountered at the site.

9. Comparison of the results of the calculations with the
results of experiments on models and constructions on an e l ec t ro
hydraulic integrator confirm the reliability of the proposed
method of calculation.

10. Practical e xamples of calculation of temper~ture regimes
of carns and their foundations, developed in the dissertation,
may be recommended for practical planning. Examples are gi ven
for calculations of temperature fields of versions of frozen
rock-fil l dams planned by Gidroproyekt on the Vitim and Ts ipa
Rivers.
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