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Abstract. In this work the finite element implementation of thermal analysis of concrete
dams is described. The different temperature boundary conditions are properly represented.
For the exposed face of the dam both convection/radiation heat transfer and solar radiation
are implemented. The model is validated by calculating the response of a concrete arch dam
and comparing the results of the monitoring system values.

1 INTRODUCTION

The study of temperature monitoring and thermalysigbegan at the “Centro de Estudos
de Engenharia Civil’, predecessor of the “LaboratdNacional de Engenahria Civil”
(LNEC), in the late 1940’s when construction of Edams was initiated in Portudal

Based on that experience, and in an attempt to ssldifee problem within the dam
designers community, a Specialist Thesis was ptegdyy Silveirdin 1961 summing up the
main concepts of heat transfer, thermal stressdstlz@rmal properties determination that
were available at that time. Particular emphasis ha@ on climatic factors, among which air
and water temperatures and solar radiation wemdiestun detail. The main drawback was
that the closed form solutions presented in thakweere restricted to regular geometries.

Parallel to his work, there was also an effort éwelop experimental techniques for the
characterization of the thermal and thermo-meclahpioperties of the materials, particularly
the diffusivity and thermal expansion coefficieetermination.

In an attempt to better understand hine temperature changes affected the state ofstres
in concrete dams, the research in the 1960'’s fatimsthe use of reduced physical mode€ls
The developed technique allowed the application uoiform temperature variation,
temperature gradients in steady state betweemihdaices of the dam and transient regimes
resulting from thermal shock or thermal sinusoidalve corresponding to periods of one
yeaf. Despite the great importance of the results nbthby these experimental studies, their
limitations in reproducing the thermal loads ané thaterial behaviour were considered
reasons enough to abandoning this type of studies.

Following the world trend, the 1970’s was chardaetst by the development of computer-
based structural analysis, and by 1980’s this nppraach was extended for the thermal
analysis of concrete dafm&he implemented finite element program allowgaresenting the
real three dimensional geometry of the dams, bigibatic or imposed temperatures were the
only boundary conditions available in those days.
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By the 1990's, the computer revolution and the gnguapabilities of the commercial
software made possible a more realistic representaf thermal problems. Convective and
radiative boundaries conditions and the constrocsequence simulation were easy to
modef.

As it is well known, commercial general-purpose eucal analysis packages have a large
number of built in features, solid modelling capigibs and a graphical user interface, so the
user does not need to spend time and energy dévgltpe capabilities that they need for his
application. However, to write a customized subreuto commercial software is not always
an easy task. In the case when we are focusecinetiolution of a small humber of well-
defined applications the use of an in-house coaebeaworthwhile. For this reason a new
finite element code was recently developed to tak® account the specificities of concrete
dams analysis. The new code allows the simulatfathe environmental thermal conditions
(temperature of the reservoir, air temperature sidr radiation), the heat of hydration (both
approaches, adiabatic and thermally-activated gsycevere implemented) and the dam
construction schedule.

To take advantage of the simplicity of an in-hoosde instead of a monolithic program it
was decided to write different programs addrestiegconstruction stage (a linear version for
the adiabatic hydration process and a non linearfonthe thermally-activated process) and
the exploration stage. All the programs accessmanoan subroutine library. The programs
are written in FORTRAN 90 using the structured pragrang style proposed by Smith and
Griffiths® and its companion library of free subroutitfes

In this article the code corresponding to the tl@rmnalysis of dams during the
exploration stage will be presented. It will be legbin order to compute the temperature
field of the Alto Lindoso dam. The validation ofete results and the induced displacements
will be performed by comparison with the values mugad with the monitoring system
installed in the dam.

2 THERMAL ANALYSIS ALGORITHM
The transient heat conduction equation for a statpmedium is given By

%{kx%}L%{ky%}L%{kZ%}rG:'OC(Z)_-'I[- Q)
with the boundary conditions:
T=T inlt (2)
Iggil +lggl-/rmkf;£n+q+h('r—Ta) =0 in g 3)
and the initial condition:
T=T, inQ fort =t, (4)

wheret is the time;T is the temperaturel, is the air temperaturd; is the temperature at
the boundaryl;; T,is the temperature at timg; q is the prescribed flux at the boundary
M, Kk, andk, are the thermal conductivitie§ is the internally generated heat per unit
of volume and time;o is the material density is the specific heath is the heat transfer
coefficient; and , m andn are the cosine directors.
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In dam engineeringG, I, T,, T and qare associateq respectively, to the heat of

hydration, the concrete water interface, the sedagxposed to the air, the reservoir water
temperature, and the solar radiation.
The temperature is discretized over space as follow

TY,20 =Y N 6y, 2 T, 1) (5)

i=1
where N, are the shape functions; is the number of nodes in an element and a(e) the

time-dependent nodal temperatures.

After applying the Finite Element Method in spacoel antroducing the?method for time
integration, the resulting fully discretized systefminear algebraic equations can be written
as:

(c]+oat[k KT} = (c]- a-o)at[K KT} +atlo{f} + a-o){f}") (6)

where [C] is the capacitance matri{ | is the heat stiffness (conduction and convection)
matrix and{f} is the total load heat vector:

ff}=] c[N]"da-| : oN]"dr, + | ) hT,[N] dr, 7)

where the first integral takes into account thenmal heat generation, the second integral
takes into account the prescribed heat flow andthiel integral takes into account the
convection heat transfer.

2.1 Time dependent temperatures

The main difference with other heat transfer agpioms is that the temperatur&s and
T, are not functions of the variabtebut of the time of the day and the time of thery@a

implement this dependence the concept of the Jdbgns used.

According to the system of numbering days callediaduday numbers, used by
astronomers, the temporal sequence of days is rdapp® the sequence of integers. The
starting point is January 1, 4713 BC. This makesagyeto determine the number of days
between two dates (just subtract one Julian daybeurintom the other). Julian Days can also
be used to tell time; the time of day is expressea@ fraction of a full day, with 12:00 noon
(not midnight) as the zero point. The algorithmctmvert from Gregorian calendar date to
Julian day can be found in any book on astronomy.

In this way, the user indicates the period to bedyaed by just writing the initial and final
date in the Gregorian calendar. During executiosylaroutine makes the conversion to the
correspondent Julian day.

2.1 Solar radiation

In the case of the solar radiation, the differeisagot only that the prescribed flux depends
on the time of the day and the time of the yeat,abso it varies with the orientation of the
surface.

The measurement of solar radiation is generallypmaptished through global irradiance
incident on a horizontal surface (oriented towatds zenith)l, . For an arbitrary orientated

surface, the solar radiation takes the form:
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I
| =—" _cosa 8
“ co<Z ®)

where Z is the solar elevation and is the incidence angle.

The solar elevatiorZ is the angle formed by the vertical line of thaga (zenith) and the
line connecting to the sun. It can be formulatederms of the sun’s declinatioa, the
earth’s latitudeg, and the hour angle of the stin

COSZ = sing sind + cos¢ coso cost (9)

where the declination of the sun can be represdntélde Spencer’s formula given by13:

3 = 0,006918- 0,39991Z0s(/) + 0,070257sin(y)
— 0,006758&0sQy) + 0,000907sin(2)) (10)
~ 0,002697c0s@y) + 0,00148sin(3))

where y is the date expressed as an angle %(N —-1); N = day number ranging from 1

on January*tto 365 on December 3t both 5 and y are in degrees.

The incidence angler is the angle between the incident solar radiatiod the normal to
the surface. It can be formulated in terms of thgle of inclination of the surface, relative to
the horizontal planeY , the sun’s declinatio® , the earth’s latitude , the hour angle of the

sunt and the azimuthG:

cosa = Asino + Bcost coso — C sint coso (11)
with
A = COosY sing —sinY cosg cosf
B = cosY cosg+ sinY singcosf (12)
C =sinYserg

Whencosa < 0 the solar radiation , = Obecause in this case there is no incidence of
sunlight to the considered surface.

From the computational point of view, the ang¥esand S are defined in each integration
point by the components of the normal ve¢torepresented in Figure 1, given by:

_dyoz_dzdy. oz ox _dxoz.  _oxdy _dy ox

- : XOZ.g = 13
“=agon acon' Y Tacan ocan % T afan of an (13)

with g—; = ZaN; X, and N, represent the shape functions of the element face.
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Figure 1: Normal vecto on the curved face of a finite element

3 ALTO LINDOSO DAM

Alto Lindoso dam is located in the North of Portliga few hundred meters from the
Spanish border. It is a double curvature concnetie dam with a maximum height of 110 m,
a thickness of 21 m at the base of the crown ewetiland of 4 m at the crest. The crest
length is 297 m. Its latitude is 41° 52' and itssdgrms an angle of 52 degrees with the South
(Figure 2). The concreting of the dam took placevben April 1987 and July 1990. The
injection of contraction joints took place betwadarch and May 1991. The first filling of
the reservoir began on January 6, 1992, with theemlavel in the reservoir at elevation
234 m, and ended on April 28, 1994, when the watesl reached 338 m elevation.
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Figure 2: Alto Lindoso dam

About 400 instruments of various types were ingthlh the dam as part of its monitoring
system; they supply continuous information on dispiments, deformations, seepage, uplift
pressures, and ambient and internal temperatures.

The analysis was carried out using the finite el@maesh shown in Figure 3. It is
composed of 2022 isoparametric 20-node elements imtal of 10,077 nodes.
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Figure 3: Finite element mesh

The adopted values for the thermal properties n€ie and rock are listed in Table 1.

Parameters Unit Value

Specific heat [J/(kg K)] 920

Thermal conductivity; [W/(m K)] 2,62

Densityp [kg/m’] 2400

Solar absorptivity 0,65 (concrete)
0,00 (rock)

Convection coefficienty [W/(m?K)] 25

Table 1: Thermal properties.

The daily air temperature was represented as thergosition of an average temperature
of two harmonic functions, one of annual period andther with a one day period.

T(t) =146+ 6.6800{%5 t '—24.1)} +T2(t') cod27 ¢ - 0125)] [°C] (14)
with
2xT2(t) = A(t) = 952+ 23500{5—(?5 (t- 137)} [°C] (15)

The calculation of the parameters involved in thasections was done based on the
average daily air temperatures registered at thegii@ using the least squares method.
The convection coefficientt, was estimated with the expression given by Sizeir

0,75

k,(LVp, )

h, = 0055—f( P fj { \iv } (16)
Ll 4 m° K

where k,, p; and u, are, respectively, the thermal conductivity, dgnsind absolute

viscosity of air, which correspond to the values0di26 W/(m K), 1.2 kg/fhand 1.8x10
kg/(m s),V is the average wind speed ahdepresents the size of the considered flat surface
for which Silveira adopted the value of 0.60 m. Rdga the average wind speed a value of
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4.5 m/s was adopted, resulting in a convectionfmenft h of 20 W/(nf K). To take into

account the radiation heat transfer from the datheaair, the linearized radiation coefficient
h, was added to the convection coefficiént For the range of temperature values registered

in Portugal, Silveira adopted a constant valué.of5 W/(nfK).
For the water reservoir temperature the approxanagiven by Zhlf was adopted:

N _ 21y, 0
T(yt) =T (y) = To(Y) co{%s[t to(y)]} °c] (17)
with:
T (y) =103+ (L61-103)exp(- 0027y) [°C] (18)
T, (y) = —6.19exp(-0.0103y) [°C] (29)
t,(y) = [187— 2.00exp(—0.0708y)] (365/12) + 24.1 [days] (20)

where y is the water depth [m] and is the time [days]. The calculation of the pararet
involved in these functions was done using the sratpres measured in the water concrete
interface.

For the determination of the solar radiation thiarscadiation function over a horizontal
surface given by Silveira was used:

| = IhZ =1367exp(-1.13+ 096 cosZ) [W/nd] (22)
COs

In order to illustrate the performance of the sal@diation computations, Figure 4 shows
the computed solar irradiation of the downstreace fat 12:49 a.m. and 4:46 p.m. on 18 of
February 2009 together with the photo taken atifee

Although the representation of the shades causedhéysurrounded terrain and the
geometry of the structure itself were not implerednin the code, as it is recently presented
by Feng Jin and co-authdtsthe result can be considered a good approximafitime reality.

Beyond the boundary conditions, the thermal anabisis required the initial temperature
field. However, for dams at exploration stage iomt is easily solved by assuming an initial
estimated value and applying the boundary conditiimn a certain period of time until the
dam reaches a steady state behatiour

Figure 5 shows the temperatures computed at diffgyeints near the crest of the block
15/16, where both faces of the dam are exposedtoneat temperature and solar radiation.
Due to the scale used in the representation, tfextedf daily temperature variation is
reflected as an increased thickness of the anmeamial temperature wave. The points
represent the monitored temperatures in the theetemn T13 and T16, located, respectively,
downstream and upstream of the dam, and in thed@@aglstensometer G7 and G8, located at
1 m of the downstream and upstream face, respgctives to note the wider thickness of the
downstream temperature wave (thermometer T13) impapison with upstream one
(thermometer T16) due to the influence of the saoktiation in the downstream face.
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Figure 4: Solar irradiation

The exposure to the solar radiation also expldiesctowding of the measured points at the
bottom of the temperature annual wave in the dawast face (thermometer T13) which is
explained by the fact that the temperatures arayawecorded during the morning, when the
face is less exposed to the incidence of sunlight

After the annual temperature variation of the daaswomputed, a linear mechanical
analysis was carried out. Table 2 gives the mechhnproperties adopted for the
computatiot’.

Parameter Unit Value
Concrete
Elastic modulug, [GPa] 32
Poisson’s ratias 0,2
Coefficient of thermal expansiam, oct 0,95 x 10°
Rock mass
Elastic modulugs; [GPa] 15; 30 and 40 (see Fig. 6)
Poisson’s ratiax 0,2
Coefficient of thermal expansiam ~ °C" 0,85 x 10°

Table 2: Mechanical properties.
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Figure 5: Annual temperature distributions in bldé&16 near the crest
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Figure 6: Elastic modulus

In order to validate these results, it was necgsdar decompose the observed
displacements into their three mains componendd,iththe hydrostatic pressure component,
the thermal component, and the irreversible compbdee to the non-elastic behavior of the
dam, using a statistical method.

The elastic analysis was carried out for the teaipee decrease obtained between the
temperatures computed in August and February.

In Figure 7 the computed horizontal radial disptaeat are compared with the measured
displacements by the pendulums located at blodks882, 11/12, 14/15 and 17/18.

PENDULUM 1 PENDULUM 2 PENDULUM 3 PENDULUM 4 PENDULUM 5

level (m)

12 16 20

Radial displacement (mm)

computed displacement @ measured displacement (after
statistical decomposition)

Figure 7: Comparison between computed and meagslispthcement

4 CONCLUSIONS

In this work a method for thermal analysis of caterdams has been formulated and
numerically validated. The proposed model takesowatc of the different types of

10



Noemi A. Schclar Leitdo.

temperature boundary conditions: concrete-wateerfiate, concrete-air interface and
concrete-rock foundation interface. For the comeest interface both convection/radiation
heat transfer and solar radiation was consideried.nfodel was applied to Alto Lindoso dam.
A good agreement between numerically calculatednaeasured quantities was achieved.
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