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CALCULAT I ONS OF THE THERMA L REGL’4E OF EARTHEN DAMS - .

CONS I DERING THEIR CONSTRUCTION BY LAYERS .. 
- .

. 4

R.1T~. S P ugaev a

(Translated from L.ZVESTI~ A VSESOYUZNOGO NAUCHNO- ISSLEDOVATEL’ SKOGO
INSTITUTA GIDROTEKHN4KI , Vol. 96 , 1971

pages 218-2241

.The p1~a n n i n g  and cons tr uct ion of wa ter eng in eer ing  struc tures under
sever e climatic cor!0d i t ions p lace i ncreased requ i r e men ts on i nves ti ga t ion

- . of the th rma l mode of these structures , both dur i ng the per i od of con-
structim , and during the period of use. A detailed study of the therma l
mode of the structure and its parts is necessary, cons ider i ng not onl y
natura l conditions , but also the conditions of construction: the time and
techniques of Construction , etc.

Up to now, calculation of the temperature fields in earthen dams and
their bases has been performed for cases when the dam was erected to its
entire hei ght. It has been assumed in these calculations that at some
moment in time , the dam “instantly ” appears , with some predetermined dis-
tribution of temperature in the dam and its base. This moment is taken as
the beginning of the calc u la t ion , and the distribution of temperatures as
the initial conditions. In these cases , when the initial conditions are
assigned , grea t assumptions are made. Frequently, the temperature deter-
mined by studies made before the beginning of construction is used as the
initial temperature in  the base; the temperature of the earth as it is
dumped is taken as the initial temperature in the body of the dam . Thus ,
factors wh i ch , acting during the period of construction , have a si gnifi-
cant influence on the formation of the temperature mode of the structure ,
are ignored . This may lead to si gn i f icant  var ia t ions between calculated
data and the actua l state of the structure. The need therefore arises to
begin calculation at the moment of beg inning of Construction of the struc-
ture and to consider the technology used to construct it.

The author of the present arti cle has performed a number of ca l cula-
tions in the determ i nation of the therma l mode of impervious earthen dams
and their bases during the period of construction and first years of use ,
consider i ng the fact tha t they are constructed i n  l ayers. These calcula-
tions can be reduced to solution of the problem of freezing and thawing of
soils in  areas of comp l ex configuration , the dimensions of which change
during the process of calculation .

Fi gure 1

~The term regime should be substituted for “mode” throughout translation .
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Let us stud y two—dimensiona l area R , limited by line L and broken line
AB CD , consisting of dissimilar soils 1 , 2 and 3 (Figure 1). Along curve L ,
the area contacts the air , along broken line ABCD -- the soils. At the ini-
tial moment in time , R has some area S and some initial distribution of
temperature t 0. Then , the temperature of the surround i ng environment
begins chang i ng, l eading to a change, as time passes , in R , the area of wh i ch
also changes , S f(t). Our problem is to trace the dynamics of the temper-
ature fie ld of the area stud i ed throughout the ca l culation period I consider-
ing changes in area from S to S1 during the course of this time (on Fi gure 1 ,

area is limited by curve L1 and the broken line ABCD).

Let us place the coord i nate origin at point B (Fi gure I). Then , the
mathematica l statement of the problem at hand can be represented as follows .
Sol ve the equation

ir. - 
•
~1~t Pt,\

~~~ 
.a.di.s(~j+~~~ r)  in the area of homogeneous frozen soil , ( I)

in the area of homogeneous thawed soil , (2)

wi th assi gned supp lementary conditions and conditions at the div is ion boundary
of thawed and frozen so i ls  [4 ] .  In equations (1) and (2) , a l k  and a 2 k  are

the temperature conductivity coefficients of the frozen and thawed soils ,
k is the soil number.

Addition conditions include:

a) The initial conditions

t(x, ~~~, O ) a ~~(~, 7);

b) The conditions at the boundaries of the dissimilar frozen soil s

t,,~ ~~~~~~
~ etl, l __ , dt1,1.1

5 4 1an (
~

)

and dissimilar thawed soils

~~~ ~~~~~~~~~ ~~ I’~~~ ~~~
/ ~~~~~~~~~ 
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~ -?.~~~~~~~~~~~~ ‘~~~-‘ ~~~~~~~~~~~~~ (4)

where 3/3n represents differentiation along a perpendicular to the division
boundary between the materials;

c) The boundary conditions at the soil-air interface

and

y. ~) — ‘?(~)l. (x. y) eL .

where n is a perpend icular to L; ~ is the coefficient of convective heat
• exchange between the soil and the air; A is the coe f f i c i en t of heat conduc-

tivity of the soil (thawed or frozen) in contact with the air; t is the
temperature of the air;

• d) The boundary conditions at the interface between area R and the
soil and

wheredx C~~y< ()

ôy U where B~~x<C.

At boundary ~ between the thawed and frozen zones of the soil , the follow i ng
conditions should be fu l f i l led :

ts (Iz, y, ~) — t ,(x. y, ~)-“ t.;and 

~~~~~~~~~~~~~~~~~~~~~~ 
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where t~ i s  the freez i ng and thawing point of the water in the soil ; n is a

perpendicular to boundary ~; 
p is the latent heat of phase conversion ; w is

the moisture content of the soil; d~/dt is the rate of movement of boundary
~ along a perpend i cular during the process of freezing (d~/dT > 0) and thaw-ing (d~/dt < 0).

With a change in the area of the ca l culation space, boundary L moves
along the ord i nate until it reaches its limiting position L1 . Conditions

‘b” are fulfilled for a l l positions of boundary L. The initial conditions i n
each layer , representing an increment in area S at each moment in time

are similar to “a,” but the beg inning of calculation under these conditions
is not ‘r 0, but rather moment ‘r r ,  where T s the moment of appearance

of the l ayer numbered n. T h i s  is a complex problem in mathematica l physics ,
which cannot be sol ved by an analytic method .

The author of the presen t arti cle has solved the problem by a numerica l
method, based on the use of the explicit me t hod of finite differences and
the method of therma l balances [1 , 5, 6]. The author has also developed a
method of solution of the problem using a dig ita l computer and automatic pro-
graming . The basic positions of the method are outlined in [2, 3, 7]. In
order to solve the prob l em as presently formulated , the method has been
expanded and supp l emented with new statements , allow i ng the change in area
of the space being considered during the process of cal culation to be
accounted for.

The essence of the additions to the method is as follows . The contin-
ual (even or uneven) process of chang ing the area is replaced by a discrete
process. Finite increments of area AS,, are divided by a difference grid into

elementary blocks , a step in wh i ch may differ from a step in the grid for the
initial va l ue of S. It is assumed that the area of an increment ~S is an
multiple of the area of an elementary block within it and may consist of
various soils. The time step M is taken the same for the entire calcula-
tion area. Ca l culation is performed by stages. First , the temperature
field is ca l culated for points in the space with area S (first step). This
beg ins with moment t 0 and Continues over some time interva l kM. Then
the first incremen t in area ~~ instantaneously appears with some arbitrary

initial distribution of temperature. The second step in calculation is per-
formed for an area S + 

~~~ 
beg inning at momen t k~&r. The initial cond i-

tions for this step are the initial temperature in ~S1 and the temperature

field in S produced at the end of the first step of calculation . The
secontJ step lasts until some moment (k + 2.)Ar , after which a second area
increment with Its own initial temperature also instantaneousl y appears.

The dimensions of ~~ and its initial temperature may differ from the dimen-

sions and initial temperature of ~~~ By analogy with the second step, the

third step is then performed for the area S + 
~~ 

4-~~S2. We continue in
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m

this manner until the ca l culation area reaches S S + ~~ i~S , where m is the
i n

number of increments of area. The calculation may continue for some addi-
tional period of time for area S1 . In the computer , all steps in the calcu-

lation are performed continually using a sing le program .

As an example , let us present the ca l culation of the therma l mode of a
dam planned for one of the reg ions of the far north. The reg ion of construc-
tion is characterized by severe climatic conditions. The mean annual air
temperature is —7.7 C. The coldest month is January , with an absolute mini-
mum of —47 C. Thaws occur during all the winter months. The temperature
rises to +2-5 C. The warmes t month is July, with a maximum temperature of
+27 C. During the year , there are 128 days with positive mean monthly tem-
peratures . On the average in 1 year there are 312 mm of precipitation , 58%
of which occurs during the cold season of the year. During the winter , 1 20-
150 snowy days occur. Therefore , the distribution of snow i s  quite uneven ,
and its density is very hi gh.

These severe climatic conditions determine the propagation of permafrost ,
170 to 200 m thick with a mean annua l temperature of the upper layers of
minus 4-6 C. The thickness of the seasonally thawed layer is 0.3-0.4 rn in
peat beds, 0.5-0.6 m i n  clay soils and 1.5-2.0 m in wet sand and gravel.

The construction reg ion features marine deposits , characterized by
• comparatively low ice conten t of the rock. In the upper 5 to 6 m , the soil

is ice saturated and shot through with numberless pol ygona l and veined ice
bodies . The mean moisture content of the upper 5 or 6 m of the deposits is
50%.

0 s 3 ~
.7

~fl
Fi gure 2. Design Cross Section of Dam.
1 , Rock Fill; 2, Soil Deposited in  Core
of Dam; 3, Pebbles , Gravel; 4, Loam ,
Clay; 5, Loam, Clay, Hi ghly Moistened ;
6, Boundary of Area Wh i ch Thaws

The severe climate and comp l ex frozer. soil conditions required detailed
study of the therma l mode of the planned dam. The planners suggested a

• frozen type dam for investigation , which was to freeze during the period of
construction and the first years of operation , It was necessary to determ i ne
conditions required to assure natura l freez i ng of the dam. Otherwise , the

• dam would have to be frozen by artificial cooling. In order to determine the

5
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conditions of natural freezi ng of the dam , calculation is conducted from the
beg i nning of construction and takes into consideration the techno l ogy of
construction of the dam. The planners suggested pouring of soil into the
body of the dam in l ayers over its entire length. The calculation was per-
formed for the cross section of the dam and its space considering the layer-
by—layer placemen t of the soil. The design of the dam is shown in Fi gure 2.
In the base of the dam is the thawed area. The downstream prism is built up
of unsorted rock fill. The upstream prism , trench backfill and core are
made of sand and sandy l oam. The boundaries of the ful l design area are as
follows (Figure 2): the contour of the dam ,. horizontal strai ght line at a
depth of 30 m from the surface, vertica l l ine K-K on the upstream side at
37 m from the axis of the dam and vertica l 1 inc L-L on the downstream side at
a distance of 43 m from the axis of the dam.

It was assumed that the backfill trench would be dug by autumn . During
the autumn , soil would be placed in the trench and a two-meter layer of the
core of the dam poured over its entire length. This l ayer would then freeze
during the winter. Beg inn i ng on 1 June , the construction of the dam would
continue . Layers of the following thickness would be poured : in June -- 2 m;
in July -— 2 m; in August -- 4 m; in September -- 4 m and in October --
2 m. The dam would freeze naturally by the end of the second winter , then
would be allowe d to stand during the summer and freeze once again in the
winter . Onl y after this , would be area be flooded (begi nning of operationa l
period).

Initial Conditions

The initial temperature of the soil placed in the sumer is 8 C; the
temperature of the soil placed in the autumn is 4 C; the temperature at the
base of the dam and in the backfill trench is -0.2 C. The initial tempera-
ture of the soil in the thawed area and between the thawed area and the
base of the dam is 0 C (with the soil thawed); in a l ayer 2 m thick beneath
the thawed area, the temperature is -4 C, the temperature below this l ayer
is -5 C.

Boundary Conditions

The vertica l boundaries of the cal culated area are taken where trans-
mission of heat is assumed only in the vertical direction . The horizonta l
boundary is taken at a depth at wh i ch the heat of the body of the dam will
have practically no influence. The mean monthly temperaturesof the water and
air are presented in Table I. The heat—phys ica l characteristics of the soils
are presented in Table 2. In the upper 6 m layer of the base , the charac-
teristics of the soils are averaged , In the remaining portions of the design
cross sec ti on , natura l characteristics are assumed .

The step in the difference grid was taken as 2 m , the time step used
was variable: frr — 8 hr during the period of construction of the dam and
At 11.4 hr during the subsequent period . The soil freezing-thawing temper-
ature was taken as - 0.1 C.

6
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TA BLE I

• Air Temp. C Water Temp, CMonths
______________________ 

Avg . Yr. Warm Yr. 
— 

Avg . Yr.

January —2O.~ —19.7 1February —2l .~ —~ .6
March —20.6 —11.4 1
April —13.1 —13.3 1May —2.9 0.8 0.3
June 5.1 7.8 5
July 10.4 12.4 10
August 9.5 8.3 12
September 4.1 4.0 5October --5.2 —5,1 1November ~~3,9 —17,4 0,5
December —19,3 - 13,5

TABLE 2

Type of Mois- Hea t Conduct iv i ty Vo lumetric Heat Capaci ty
Soi l ture Of Thawed Of Frozen Of Thawed Of Frozen

Con— Soil A1, Soil AM , Soil CT, Soil CM,
tCflt~ kca l /m-hr •C kca l /m~hr.C kcal/m3~C kcal/m3’C

Rock fill 10 1.93 2.90 612 510
Soi l  placed

i n  body
of dam 26 1.35 1.75 705 450

Mixed soil
(pebbles ,
gravel) 50 1.3 2.0 700 500

Loam, clay 11 1.3 1.6 740 460
Moist loam ,

clay 42 1.5 2.0 770 500

Ca l culations were performed by computer for 9 years , beg inning on 1
Janua ry of the first construction winter. It was assumed tha t the years of
construction and beg i nning of operation would be warm. Therefore , the mean
monthly temperatures of the air for the first half of calculation (4.5
years) were taken equa l to those of the warmest year , for the second half --
for an average year (Table 1). This assumption provides some reserve i n  the
calculation of time of natura l freezing of the dam .

The printout showed the following results of calculation: temperature of
points in the central portion of the body of the dam at the end of each ca l-
culation half-year and temperature of the entire calculation cross section
after 3 months , after 1 year , after 4.5 years and after 9 years from the
beginning of calculation . The results are presented in the form of tempera-
ture fields at the completion of erection of the dam (I January of the second
construction winter , Figure 3) and at the end of the ca l culation period

7
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(1 January of the 7th year of operation , Figure 4). The ca l culation data
were also used to construct graphs of the change of temperature with time in
the central portion of the body of the dam (Fi gure 5). 

4 .  •j 
~~ 

.,, 
-

‘ 
- . ; .

...
~~~~~~ ‘4 ‘~~~~~~~_ -LY

Figu r e 3. Temperature Field in the Body of the Dam at
the End of Construction (1 January of Second Calculation
Wi nter)

-
-

~~~~~~~~~.~~~ ~~~~~~~~~~~~~~~~~~ ~~~. .

Fi gure 4. Temperature Field in the Body of the Dam on
1 January of the 7th Year of Use

The results show that the process of natura l freez i ng of the dam begins
during the period of construction and continues during the period of use:
the frozen zone in the downstream wedge is enlarged , the dimensions of the
small remaining thawed area beneath it are reduced with a temperature near
the freez i ng point. We can see from the graphs tha t in the third year of
operation of the dam the thermal wave from the reservoir will reach the
centra l portion of the dam and some increase in temperature in the dam will
result. However, after the 5th year of operation the temperature in this
area of the dam once more begins to drop (curves B and D in Figure 5), while
they stabilize in the upper wedge (curve A in  Figure 5). Ana l ysis of the
results g i ves us reason to affirm that an earthen dam constructed under

8



severe cli matic conditions can be frozen naturall y. To do th is , the back-
fil l  trench must be prepared by autumn . Placemen t of soil in the trench
beneath the dam and in a 4 to 6 m layer of the body of the dam must be com-
pleted by the beginning of winter (the higher the base temperature , the
thinner the l ayer which must be used). Ths layer without snow will freeze
in the winter. The next summer , construction of the dam is continued . For
best freez i ng of the dam , for any g i ven l eng th of cons t ruc t io n per iod , i t is
des i rable tha t the cont inua t io n of cons tr uct io n of the da m be d i v i d e d  i nto
two stages : during the first summer , place 5-6 m of so i l  and a l l o w it to
freeze in the winter , af ter which the entire dam is placed and allowed to
freeze yet another winter , after being constructed to its full heig ht. In
the example presented , this multistage construction of the dam is not con-
si dered , providing some additional reserve.

t v ~! ~~~~~~~~~~~~~ ~~~~~~~~~ 
- -= —

~~

I me

Fig u re 5. Gra phs of Chan ge of Tempera tu re a t
Po i n ts A , B and D i n the Cen tra l  Por t ion of
the Dam with Time
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