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Treatment of the solar radiation by spatial and temporal discretization

for modeling the thermal response of arch dams.

D. Santillan?, E. Salete?, D.J. Vicente3 and M.A. Toledo*

ABSTRACT.

A methodology for computing thermal loads in arch dams is proposed. The
methodology considers the non-uniform distribution of solar insolation over dam faces
due to shading, curvature of dam faces, orientation and slopes. Since in most cases
mean daily global solar radiation is that only available, a methodology for estimating
hourly solar energy reaching dam faces is described. The methodology is applied to a
case study where observations from 21 thermometers embedded in the concrete and
where data of climatic variables are available. The concrete temperature field is
successfully computed, with good agreement between observations and predictions. The
proposed methodology is compared with other approaches and the consequences on the

stress calculations are analyzed.
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INTRODUCTION.

Thermal loads are defined as temperature changes which cause stress in a structure.
These loads are important in arch dams where changes in the temperature field from the
distribution in the contraction joint grouting day will cause stress. The purpose of the
grouting operation is to bind the construction blocks together in order that the dam
works as a monolithic structure (US Department of the Interior, 1977). Temperature
changes during service life may affect the integrity of the structure due to excessive
stress which could lead to cracking. In addition, the second most major repairs in dams
during operation are caused by external temperature variations (Douglas 2002).

Furthermore, thermal loads are of special interest in monitoring existing structures.

Concrete temperature mainly varies due to the heat flow between the dam surface and
the surrounding environment. Inside the dam, heat transfer occurs due to the physical
mechanism of conduction, governed by the heat diffusion equation (Incropera et al.
2011). The dam exchanges heat with the surrounding environment thanks to the

convection, the radiation and the evaporative cooling.

The convection is the heat exchange caused by temperature difference between the bulk
of air and the air neighboring the surface of the structure. Radiation heat transfer is
made through long wave radiation and short wave radiation. Long wave radiation is
related to energy emission of a body because of its temperature. An energy balance of
the dam is found by calculating the difference between the long wave radiation that is
being emitted by the concrete and the incident energy being absorbed by the dam. That
energy is emitted by the surrounding environment -neighboring objects, sky, clouds...-
and depends on the temperature of the environment. However, the temperature of the
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sky during night time is often lower than the environmental one. This result in a night
cooling and the phenomena is considered by using an apparent night sky temperature
when energy fluxes due to long wave radiation exchange are computed (Azenha 2009).
The short wave radiation is considered for energy emitted by the sun. The evaporative

cooling is a mechanism of heat loss due to water evaporation.

The temporal and spatial distributions of irradiance in the dam faces are non-uniform
(Jin et al. 2010). Solar energy requires a special treatment, since irradiance varies
throughout the day and year, and the incident angle of sunbeams varies across the faces
of arch dams due to a three-dimensional curvature and shadows, avoiding the incidence

of sunbeams.

The wide variety of inclination and azimuth angles of arch dam surfaces requires use of
models to compute the components of the irradiance - direct, diffuse and reflected - on
inclined surfaces. The diffuse component is composed of three parts (Duffie and
Beckman 2013): the isotropic component, circumsolar component and horizon
brightening component. The main difference between models lies in the treatment of the
diffuse component. The simplest approaches only consider an isotropic component,
such as the isotropic sky model (Liu and Jordan 1960) or those offered by Badescu
(Badescu 2002). Other techniques overlook the horizontal brightening component, such
as the Hay-Davies model (Duffie and Beckman 2013). The most complex models take
into account the three components, namely the Reindl (Reindl et al. 1990), Muneer
(Muneer 2004) and Perez (Perez et al. 1987) models. Comparisons and applications to
specific regions across the world have been reported, such as in Iran (Noorian et al.

2008), Spain (Diez-Mediavilla et al. 2005) or Saudi Arabia (El-Sebaii et al. 2010).
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For a fixed surface, the incident angle of sunbeams and the position of shadow areas
vary as the day progresses and should be computed, at least, hourly. If hourly solar
irradiance is not measured at the site of interest, several approaches for estimating mean
hourly global irradiance from daily global data on horizontal surfaces have been
proposed. The first models, such as the Lui and Jordan model (Liu and Jordan 1960),
assume that global radiation follows the same hourly distribution as that for
extraterrestrial radiation. Later, some atmospheric effects as the hourly attenuation were
also considered by means of empirical expressions, such as the Collares-Pereira and
Rabl model (Collares-Pereira and Rabl 1979). Other techniques have improved
accuracy by adding solar elevation as an input (Soler and Gopinathan 1994), such as the
Gueymard model (Gueymard 2000). Several works provide comparisons between the
performance of the previous models by using data from different locations in the word,
as from the UK (Tham et al. 2010), India (Jamil Ahmad and Tiwari 2008) or worldwide
(Gueymard 2000). The above mentioned works concluded the Gueymard model

generally gives the best estimations.

Since solar radiation is computed on tilted surfaces, knowledge of irradiance
components is required though these magnitudes are not sometimes available. Some
models can be used for estimating hourly direct and diffuse irradiance from hourly
global data. These involve two types: the radiative transfer and decomposition models
(Batlles et al. 2000). Whereas the first require detailed information of atmospheric
parameters, the second establish empirical correlations between the components of the
irradiance, such as those offered by Liu and Jordan (Liu and Jordan 1963), the Reindl

(Reindl et al. 1990) and the CLIMEDZ2 (De Miguel et al. 2001) models.

Several approaches have been proposed for computing the temperature field in concrete

dams under an operational life stage. Certain assumptions are considered in all works:
4
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such as hydration heat generation being negligible, except during the construction phase
(Myers et al. 2009; Ulm and Coussy 2001; Briffaut et al. 2011; 2012), and concrete
being an isotropic material with constant thermal properties. Analytical and numerical
solutions of Fourier’s law have been performed. Whereas analytical models require
prior knowledge of the dam faces, numerical techniques adopt a boundary condition of
imposed flux in the downstream face where heat fluxes are calculated as the sum of the
energy due to convection and electromagnetic radiation exchange between the dam and
the surrounding air and solar energy. A boundary condition of imposed temperature

equal to water temperature is used in the upstream face.

Stucky and Derron (1957) proposed an analytical one-dimensional solution for studying
heat transfer across a horizontal section of a dam. Temperatures of the faces were
assumed to follow a sinusoidal law in-phase and the solution extended to periodic but
non-harmonic temperatures in the faces by using a frequency domain solution (Léger

and Leclerc 2007).

Agullo et al. (1996) computed the concrete temperature field with a one-dimensional
numerical model based on an explicit finite difference scheme. Hourly irradiance
components were estimated by the Liu and Jordan model and diffuse components on

tilted surfaces by the isotropic sky model.

Leger et al. (1993a, 1993b) proposed a two-dimensional numerical approach for
computing thermal field in a gravity dam. Shades were not taken into account and
components of irradiance on tilted surfaces were computed by the isotropic sky model.
In a further study, Daoud, et al. (1997) then developed this work. Snow cover,
temperature gradients, ice formation in the reservoir water and conductivities for the

saturated and unsaturated parts of the dam were also taken into account.
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Sheibany and Ghaemian (2006) studied the effects of thermal load over the stress field
in the Karaj arch dam in Irag. Foundation was not modeled, as the heat flow exchange
between the dam and the foundation was not considered. Global irradiance data were
obtained at a weather station situated nearby, components of solar radiation on a
horizontal surface deduced by the authors and hourly solar radiation distribution

estimated by the Collares-Pereira and Rabl model (Collares-Pereira and Rabl 1979).

Jin et al. (2010) proposed a procedure for predicting temperature on the exposed faces
of arch dams. The foundation was modeled and the methodology validated with a case
study. As solar radiation data were not available, irradiance was estimated with a model
calibrated with an inverse thermal analysis. Only the isotropic component of the diffuse

irradiance was considered.

Thermal studies are also carried out in other concrete structures. Bentz (2000)
developed a one dimensional model to predict the surface temperature and time of
wetness and freezing of concrete pavements and bridge decks. The domain was a
vertical line from the top of the deck to the bottom. Boundary condition at the top of the
deck are of imposed heat flux due to solar radiation, convection and the emitted
radiation by the deck. The night cooling phenomena was considered, although neither
shading nor evaporative cooling were accounted for. The model was employed for
assessing techniques to increase the service life of concrete structures exposed to winter
environment. One of those methods is to incorporate phase change materials which
reduce the number or intensity of freeze thaw cycles (Bentz and Turpin 2007, Sakulich
and Bentz 2012a, 2012b). Temperatures also have effects on the modal properties of
some bridges (Liu and DeWolf 2007) and their defections (Roberts-Wollman et al.

2002).
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Thermal studies also play a vital role in the modeling of the mechanical behavior of
concrete at early ages. Wojcik et al. (2003) developed an energy balance model for
forecasting temperatures and moisture of curing concrete bridge decks. Boundary
conditions were imposed heat fluxes due to convection, radiation, evaporation of water,
runoff water and concrete hydration. The model was employed for studying the
sensitivity of concrete temperatures and moisture to atmospheric and construction

conditions.

Faria et al. (2006) presented a methodology for the thermo-mechanical analysis of
concrete at early ages. The methodology accounts for the evolution of the cement
hydration reaction and the thermal and stress fields. The methodology was applied to a
restrained reinforced concrete floor slab of a storage building which was monitored

during its construction. Since the slab was indoor, solar radiation was not considered.

Azenha and Faria (2008) presented a numerical prediction of temperatures and stresses
on a reinforced concrete foundation of a steel wind towel during concrete hydration and
the first weeks after casting. Solar radiation and convection heat exchange were
accounted for in the thermal model by adopting a constant convection-radiation

coefficient.

Boutillon et al. (2012) analyzed the effects of sun radiation on temperature and stress
distributions in early age concrete structures. A concrete beam was built outdoor and its
temperature and stress fields during the curing process were computed by a thermo-
hydro-chemo-mechanical model. Sun irradiation involves higher and sooner peak

concrete temperature.

In this paper, a methodology for computing heat fluxes across the faces of arch dams

during service located in the Iberian Peninsula is proposed. A detailed methodology for
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computing heat fluxes due to the incident solar radiation over the dam faces is reported.
Moreover, the methodology accounts for the phenomena of night cooling and
evaporative cooling. The procedure is validated by using data from a case study: the La
Baells arch dam. The proposed methodology is compared with other simplified
approaches and the effect of solar radiation over the thermal field of the dam is also
analyzed. The consequences of the different approaches for computing the thermal field

on stress and displacement calculations are studied.

METHODOLOGY.

Heat transfer through the dam and its foundation is governed by the heat diffusion
equation expressed in Cartesian coordinates in a three-dimensional continuum isotropic
medium with no energy generation and constant properties -thermal conductivity A,

density p and specific heat c- as (Incropera et al. 2011):

A (0%0 0%6 0%6 00
Jt

pc\0x? 0dy? 0z? (1)
where t is the time and 6 the temperature. Thermal and mechanical properties of

concrete are assumed to be invariant with temperature as they diverge in a narrow range

(255-310 °K) (Leger et al. 1993a, 1993b).

Boundary conditions are of imposed heat flux g in the dam faces in contact with air -
Fig. 1-, which may be expressed by Eq.(2). Heat fluxes due to solar radiation are not
considered in those parts of the valley where vegetation grows. Since the temperature of
the water-dam face is a complex problem, previous works have assumed that concrete
temperature is the same as that of the water in contact with it (Leger et al. 1993a).
Consequently, a temperature equal to water temperature is imposed in the dam faces

under water level. Infinite boundary elements for modeling the exterior infinite domain
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are used in side surfaces where the foundation is truncated, i.e., in the surfaces which

limit the considered portion of the foundation.

20
—)— = 2
Aat q )

Heat fluxes.

The dam faces and the temporal domain are discretized in a finite number of sub-
domains. The upstream dam face I, and downstream face Iy are divided into K areas,
respectively. The k" area or sub-domain is denoted as T},. The part of I}, exposed to
sunbeams is called T ;. The temporal domain is divided into I days and each day into J
intervals. The heat flux in the k" area at the j** time in the i*"day is denoted as g; ; ;.
Heat fluxes are considered to be uniform at every spatial and temporal sub-domain. An

example of spatial discretization is shown in Fig. 2.

Heat fluxes across the dam faces in contact with air in the k" area at the j*™® time in the

it"day gk are the sum of the energy due to convectionqic'j’k, long wave radiation

exchange q*, solar energy and g’ and evaporative cooling g*:*, defined as:

iij Ljk Ljk Ljk Ljk
QM = q" + " + g + ey ()

Convection between the dam surface and the air is a complex phenomenon which is
influenced by many variables, such as the shape and the rogosity of the surface or wind
speed. Convective heat exchange is governed by Newton's Law of Cooling. Heat flow is
proportional to the difference between dam face temperature and the ambient

temperature 6, Eq.(4),
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qic,j,k _ hi,j,k(eg]'rk _ ei,j,k) (4)
where h7X is the convection coefficient.
A widely diversity of experimental formulae for assessing h have been proposed
(Palyvos 2008). Correlations proposed by Kehlbeck have provided accurate results in
application to concrete box girder bridges (Mirambell and Aguado 1990) and dams
(Agullo et al. 1996). The coefficient h in Wm™2°C~1 is computed by Eq.(5) in the outer
surfaces, where forced convection is presented and wind speed has a V,, value in m/s,

and by Eq.(6) in the inside surfaces where convection is natural.

hiik = 3.67 + 3.83VK (5)
hilk = 3.5 (6)
Long wave radiation exchange is modeled through the Stefan-Boltzmann law, expressed

by Eq.(7) in which e is the emissivity of the concrete surface, Cs is the Stefan-

Boltzmann constant and 62" is the sky temperature.

a1 = ec ((05)" - (67)") ™
During the day, the sky temperature can be considered to be equal to the ambient
temperature. However, during the night the sky temperature can be lower than the
ambient. This phenomenon is called night cooling. Chen et al. (1995) proposed the
empirical expression given by Eq.(8) for computing the emissivity of the sky eg. The

sky temperature is then assessed by Eq.(9).

esi = 0.736 + 0.0057764, (8)

10
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B4p Is the dew point temperature which is computed by the Clausius-Clapeyron
equation as a function of the relative humidity and the ambient temperature (Lawrence,

2005).

The evaporative cooling qi;j(,k is a heat loss due to the evaporation of water on the dam

surfaces. Water comes from rainfall in dams during service life. q22¥ is computed by

Eq.(10), where qil;lj’kis the moisture evaporative flux in kgs~* and h, is the latent heat of

evaporative water in Jkg 1.

Ay = —qphy (10)
h, = 2500 - 103 — 2500(8, — 273.15) (11)
qir'n"'k is computed by EQ.(12), where Eg is the moisture emissivity coefficient in

kgm~2s1Pa~1, e, is the saturation vapour pressure in Pa and H, is the relative

humidity. e can be calculated by the Clausius-Clapeyron equation (Lawrence, 2005).

i = B eli(1 - i) @)
E; is defined by the Lewis' relationship, based on the similarity approach of the

boundary layer theory (Incropera et al. 2011). The relationship can be approximately

computed as (Chuntranuluck et al. 1998):

h 29c¢sP
E, 18

(13)

where h is the convection coefficient, cg is the specific heat capacity of air (1007

Jkg~1K~1) and P is the total air pressure in Pa.

11
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Heat flow due to solar irradiation requires special treatment as the magnitude of the
solar irradiance and its incident angle over the dam surfaces are not constant during the
day. Moreover, the magnitudes of the solar radiation components depend on the
orientation and slope of the surface and shading. Consequently, assessment of the heat

flux is a complex process whose steps are described below.
Solar radiation components on horizontal surfaces.

Hourly global solar irradiation data on a horizontal surface should be required.
Although this data is not usually measured in the location of interest, it may be
estimated. Gueymard (2000) proposed a model which provides the ratio r, between the
mean hourly global insolation I; and the daily global insolation H, for the middle point
on each hourly period. r; is provided as a function of the extraterrestrial hourly/daily
insolation ratio 7, corrected by several coefficients and the empirical expressions a, and

a,.

The coefficients consider the influence of latitude ¢, solar declination &, solar hour
angle w and sunrise hour angle w,. The expressions a, and a, correct r; from the
atmospheric effects and both are polynomial functions of the clearness index K;, the
daily-average solar elevation outside of the atmosphere a, and the day length in hours
S, K; is the ratio of H; to the extraterrestrial daily global irradiance on a horizontal
surface, H; ,. The coefficients are determined by a multiple least-squared fit using data
from 135 radiation sites around the world. Expressions for estimating 6, Hg o, w,, @

and S, are provided in Appendix A.

I; T [ COSW — COS W,
To =5 =57|3 (14)
H; 24lsinw, — w, oS w,

12
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1+ cos¢coséd (%) (cosw — cos w,)
2

=T, . (15)
a\ w,(0.5+ cos?w,) — 0.75sin 2w
1+COS¢COS6(a_1) of sin w —(;3 CcoSs w °
2 0o o o
a; = 0.41341K; + 0.611971(,:2 — 0.01886K,S, + 0.00759S,,
a, = Max(0.054,0.28116 + 2.2475K; — 1.761181{,52 (16)

— 1.84535sina, + 1.6811sin? a,)
Once hourly global insolation on a horizontal surface is known, insolation is
decomposed into the beam and the diffuse hourly components on horizontal surfaces.
For that purpose, a decomposition model especially suitable for the area in interest was

used.

The hourly correlation CLIMED2 (De Miguel et al. 2001) provides an empirical
relationship between the hourly diffuse fraction k; and the hourly global clearness
index k; given by Eq.(17). k, is defined as the ratio of the hourly diffuse insolation to
the hourly global insolation and k, is the ratio of the hourly global insolation to the
extraterrestrial hourly global insolation. The coefficients of Eq.(17) were determined by
using data from radiation sites located in the North Mediterranean belt area, including

sites from France, Greece, Portugal and Spain.

kg = 0.995 — 0.081k, for k,< 0.21
ky = 0.724 + 2.738k, — 8.320k? + 4967k} for 0.21 < k, < 0.76 (17)
ky, = 0.180 fork, > 0.76

Shading.
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Shading on dam faces is computed at each central temporal interval by means of a
vector approach based on descriptive geometry. The shadow projection of a point onto
the surface T is given by the intersection of the straight line having the sunbeams
direction and that passes through the considered point. Cast shadows are evaluated by
repeating the procedure for all points in the domain which can produce shading.
Sunbeam directions at the desired time are assessed by the solar angles altitude a and

azimuth s, computed with the expressions included in Appendix A.

Dam faces are defined by parabolic curves in a Cartesian coordinate system (0, xyz)
with an origin O that lies in the upstream edge of the crown cantilever crest. The x and y
axes lie in a horizontal plane. The x-axis is drawn to the left abutment, the y-axis
downstream and the z-axis vertically downward. The downstream face I; is defined by

Eq.(18) and the upstream face T, by Eq.(19):

T:y(x,z) = x2+ b(z) + t.(x) (18)

1
214(2)

Ty(x,z) = x% + b(2) (19)

1
2ry(2)
where r; and r, are the radii of curvatures of the downstream and upstream horizontal
arch curves, b is a function which defines the upstream face of the crown cantilever and

t. Is the thickness of the crown cantilever. r4, 1,, b and t, are obtained from:

14(2) = n1(2)1g1 + 12 (27142 + N3(2)7g3 (20)

1.(2) = N (211 + (21, + n3(2)7y3 (21)
sz2

b(z) = —sz + 200 (22)

t(z) = ny(2)ter + 1y (2)te; +n3(2)ts (23)
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in which z is the axis vertically downward, 741, 742, 743, Tu1,» Tuz and rys are,
respectively, the values of r; and r,, at z = 0, z = {H and z = H, s is the slope of the
crown cantilever at the crest, H is the height of the crown cantilever, ¢ is the relative
height (¢ = z/H) at which the slope of the crown cantilever is zero, t,, t., and t.; are,
respectively, the thickness of the crown cantilever at z =0, z = (H and z = H. n, n,

and n5 are quadratic functions defined as:

VA Z
ey = T 5){(ﬁ_ ) (24)
@) &)
na() =~ (25)
Z) (£ _

The points to be considered when computing the limit of shading at each hour are the
edges of the abutments, which define the shadows cast by the riversides onto the dam,
and the edges of the crown cantilever and the tangent points in the dam surfaces to sun
rays which define the shadows cast by the dam onto itself and the valley. Given a unit

vector parallel to sun ray ¥ = (ry, ry,1,) defined in the (0,xyz) Cartesian system, the

projection of the edge in the abutments onto the downstream dam face is given by

Eq.(27) and onto the upstream face by Eq.(28):

r
X=—E+X,
I-Z

1

_ (27)
2r4 (%)

y (Be+x) +© +t(®

z2=§
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r
X=—E+X,
rZ

C—Xz 4 xr)z +b(®)
ZZ= 13

1

_ (28)
NG

where x,. is the distance between the origin O and the edge.

The projection of the upstream edge of the crown cantilever onto the upstream dam face
is given by the intersection of two surfaces. The first one is the projection of the
upstream edge of the crown cantilever and the second is the upstream dam face, both
given by Eq. (29). The projection of the downstream edge of the crown cantilever onto
the downstream dam face is computed in the same manner by Eqg. (30). Points in the
upstream edge of the crown cantilever cannot be projected onto downstream face and

vice versa, as rays are obstructed by the dam.

r 1 ry \?
(y=—yz+ (X——XZ>

r, 2Ty, r, (29)
_ 2
y = 2ru(Z)X + b(z)
Iy 1 ry \?
e (o)
Iy d1 Z (30)

y = x? +b(z) + t.(2)

2ry(z)
The points where the sun rays are tangent to the upstream dam face define a shadow
area, bordered by these points and the foundation. Points tangent to sun rays are found
by ascertaining that the normal vectors to dam surface are perpendicular to sun rays.

Therefore, Eq(31) must be satisfied.

VI, T=0 (31)
Since these points belong to the dam face, they are computed by the intersection of the

two surfaces as follow:
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ory(z) r, o Iy X_ab(z)
0z 2ry(z)? ry(2) 0z

r,+ry, =0
(32)

y = x? + b(z)

1
2ry(2)

Solar radiation components & heat fluxes across dam faces.

The components of the global hourly insolation on a tilted surface, Ir s, are driven by
the Reindl model (Reindl et al. 1990) which provides accurate estimates in Spain (Diez-
Mediavilla et al. 2005). The total insolation on a tilted surface is the sum of three
components: the beam I, the diffuse I ; and the reflected radiation from the ground
to the surface Ir 4. The diffuse insolation involves three parts: the isotropic Ir 4., the
circumsolar I 4., and the horizon brightening I7 4. The total insolation on the k™

area of the dam face at the j*"* local apparent hour in the it*day is given by Eq.(33).

Lik _ jijk | gLjk Ljk Ljk Ljk

IT - IT,b + IT,d,cs + IT,d,iso + IT,d,hb + IT,g (33)
The components of total radiation are expressed in terms of the beam and diffuse
insolation on a horizontal surface. The Reindl model is expressed as follow:

1+ cosﬁ)

IT :IbRb+IdARb +Id(1—A)( 2

(34)
1 I 1-—
+1;(1—A) <—+ ;OS B) \/%siﬁ g + 159, (—;OS 'B)

where R, is the ratio of beam insolation on the tilted surface to that on a horizontal
surface at any time, A is the anisotropy index, S is the slope of the tilted surface and g,

is the ground refrectivity.

The anisotropy index A, defined in Eq.(35), accounts for the portion of the diffuse
insolation treated as circumsolar -I;A-, and consequently, with anisotropic nature. It is

considered to be incident at the same angle as the beam radiation. The index is the
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relationship between the hourly beam insolation on a horizontal surface I, and the
hourly extraterrestrial irradiation on a horizontal surface I; ,. The remaining portion is

assumed to be isotropic.

I
A= b
IG,o

(35)
Since areas of the dam surface are not completely flat due to a double curvature of arch
dams, the total insolation on the k' area of the dam face at the j* local apparent hour

in the it"day is expressed in differential terms as follows:

Ii;j,k _ Il’] IIFS,k(rL].ﬁ)dFS'k n Il']Al.] ffrs‘k(rl.]-ﬁ)drs,k n Il'](l _
T nb ffr‘k ary d ffr‘k dl'y d

147K i R\ (1-7R) /2

ij -UFR(T)dFk iL,Jj i,j IbJ ffrk( 2 )( 2 ) Tk
AW )= 2Ly (1 - AV) | + (36)
ffr‘k dry I ffr‘k drly
1-7k

[ e N G
G r ffr‘k dly

where 7 is the unit normal vector to dam surface, k is the unit vector directed toward
the north celestial pole and 7%/ is the unit vector parallel to sun ray at the jt" local
apparent hour in the it"day. The anisotropic components of the solar radiation are
considered as a vector field whose direction is parallel to sun rays and modulus is equal
to I, + I4A. The incident solar radiation on the considered area due to the anisotropic
components is computed by the surface integral of that vector field over the considered
area. The remaining components of the radiation are function of the angle (3, which
varies with the position in the area. Therefore, mean values of the terms depending on

the angle are computed in differential terms.

Heat fluxes across the k" area of the dam face at the i*"day are given by:
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j=1 =1 =1 j=1

where a;, is the solar absorptivity of the considered area. Total heat transfer across the

k" area at the i®*day is then calculated as:

a'* = g + qy* + quy + g2 (38)

Simplified method for computing heat fluxes.

Some simplified procedures for computing heat fluxes have been proposed. One of
them is denoted as "sol-air temperature”, which is the ambient temperature that in the
absence of all radiation changes provides the same rate of heat flow as would the sum of

incident solar radiation, convection heat flow and long wave radiation exchange
(ASHRAE 2001). The sol-air temperature at the j** local apparent time in the i"*day efj
is given by:

Lj ij
aly B eAR

39
b h (39)

Lj _ qij
6., =0, +

where h, in Wm™2K~! is the coefficient of heat transfer by long wave radiation and
convection and AR in Wm™2 is the different between the long wave radiation incident
on the dam face from sky and surroundings and radiation emitted by blackbody at

ambient temperature. The heat flow is then expressed as:

q" = ho (0 — 6') (40)
A common practice is to assume eAR = 0 for vertical surfaces and AR = 63 Wm™2 for

horizontal surfaces. Moreover, the ratio O‘/h is equal to 0.026 for a light colored surface
(o]

and 0.052 for dark colored (ASHRAE 2001).
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As the sol-air temperature model is a quick and straightforward method for computing
heat fluxes, a simplified geometry of the dam will be adopted when calculating incident
solar radiation. The curvature of the dam faces will be neglected and the structure will
be resembled to a flat vertical wall. If the curvature is accounted for, incident solar
radiation has to be assessed by the proposed methodology and the simplicity of the sol-

air method would be lost.
Water temperature.

A boundary condition of imposed temperature is used in the parts of the dam faces
under water level, where concrete temperature is assumed to be equal to water
temperature. Water temperature can be estimated by means of hydrothermal models
based on the first law of thermodynamics and on the heat transfer relationships. Other
approaches combine computational fluid dynamic and heat transfer models (Yu and
Wang 2011). However, these approaches are complex and computationally intense.
Analytical models, which are an alternative with a straightforward and simple
formulation, are composed of several algebraic terms and parameters which may be

provided or estimated with water temperature observations at the site of interest.

In this work, the water temperature 6,, at day t and deep z is computed by Bofang

model (Bofang 1998), which is an analytical model of the form:
9_ _ 9_e—O.O4H 9_ _ 9_8—0.04-H
A (e e N e P
1—¢e 0.04H , 1—e 0.04H
(41)

+ A, se” %0182 cos(w,, (t — t, — 2.15 + 1.30e~00852))

where 8, , is the mean annual water temperature at the bottom of the reservoir, 6,, ¢ is
the mean annual water temperature at the surface, H is the depth of reservoir, 4,, s is the

annual water temperature amplitude at the surface, w,, is the angular frequency of the
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water temperature cycle -assumed to be equal to 2m/365 days?- and t, is the day at
which ambient temperature is maximum. Values of the previous variables are provided
for lakes and reservoirs in China. The magnitude of the unknown variables can also be

estimated by using water temperature observations at the reservoir of interest.
The finite element model.

Thermal analyses

The discretized governing equation Eq.(1) at time t,, leads to the following system of
expressions:

[C]{8} + [K1]{8,} = {Fr} (42)
where [C] is the specific heat matrix, [Ky] is the conductivity matrix, {Fr} is the vector
of applied heat flows, {0} is the vector of nodal temperatures at time t,, and {Gn} is the
time rate of the nodal temperature values at time t,,. Eq.(42) is solved by the generalized
trapezoidal rule (Hughes 2000), which yields to:

{041} = {04} + (1 — 9)AL{0,} + IAL{0,,44} (43)
where 9 is a transient integration parameter. Substituting {8,,,} from Eq.(43) into

Eq.(42) at time t,,,, leads to:

1

1-9 .
oAt Ont 5~ {9“}) (“44)

(5511 + K1) 03 = (83 + ]

providing a solution with nodal temperatures at time t,,,. Once {0,,,} is determined,
{641} is updated using Eq.(43) and {0,,,,} is computed by Eq.(44).

Structural analyses.

Structural analyses are carried out by solving the elasticity equations with the finite

element method. Materials are assumed to be elastic and isotropic and have linear
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properties. The discretized elasticity equations yield to the following system of linear

equations:

[Ks]{D} = {Fs} (45)
where {D} is the nodal displacement vector, [Kg] is the stiffness matrix and {Fs} is the
vector of applied forces. Thermal forces are generated by the difference between the
thermal strain and the thermal strain free produced by the reference thermal field which

occurs in the contraction joint grouting day.

CASE STUDY.

The case study is the La Baells dam which is a doubled-arch dam located on the
Llobregat River in the province of Barcelona. The dam is located at 42.1220° North
Latitude and 1.8785° East Longitude. The dam axis direction, from upstream to
downstream, is SO° E (South 0° East). It has a maximum height of 102 m, a crest length
of 403 m and a total reservoir volume of 115 hm?. Its thickness varies from 4 m at the

crest to 20.1 m at the base. The dam faces are defined by parabolic curves.

There are 21 thermometers embedded in the concrete and five more installed in the
upstream face for recording water temperature. The situation of thermometers is
schematically illustrated in Fig. 3 and listed in Table 1. Wind speed, global solar
insolation, mean air temperature, relative humidity, rainfall, total air pressure and water
level in the reservoir are registered daily at the weather station installed in the dam
location. Data sets were available from 1 January 2006 to 31 July 2008. Concrete and
foundation properties are listed in Table 2 which were determined by laboratory tests

during the dam construction.

RESULTS AND DISCUSSION.
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The proposed methodology for modeling thermal response of a concrete dam is applied
at the La Baells dam. The concrete temperature is determined by a finite element model

and the results are compared with the observations recorded in thermometers.

Heat fluxes.

The daily recording of air temperature, relative humidity, rainfall, total air pressure and
wind speed data led to a corresponding daily computation of heat fluxes due to
convection, long wave radiation exchange and evaporative cooling. Furthermore, air
temperature and wind speed were assumed to be spatially uniformly distributed over the
entirety of each face since these variables were only measured at the weather station
installed in the dam site. Assuming a constant wind speed along the dam involves a
constant convective coefficient which leads to a reduction of the spatial variability of
the concrete temperature at the dam faces. A rigorous wind speed study requires a
computational fluid dynamics model which is beyond the scope of the present study. As
these fluxes depended on the dam face temperature, they were assessed for temperatures
within the range of 270°K-350 °K every 10 °K. Galleries were modeled by using

elements whose thermal properties were equal to the thermal characteristics of the air..

In order to compute solar heat flux, dam faces were divided into 570 areas: 19 in a
vertical direction, 12 in a horizontal direction at the base, and 48 at the crest. The areas
had a height of 6.3 m and a mean width of 5 m in the valley and 6 m in the abutments.
Time was divided hourly and global solar insolation estimated at every interval by Eq.

(14), (15) and (17) and the components then computed by means of Eq.(33).

Hourly insolation on every area was then computed by using Eg.(36). Ground

refrectivity was assumed to be equal to 0.250 in the downstream face and 0.125 in the
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upstream face. The previous values corresponded respectively to wooded ground and

the water surface (Duffie and Beckman 2013).

Fig. 4 shows hourly insolation on 5 July 2007 on dam faces over two hourly intervals:
6:00 to 7:00 and 11:00 to 12:00. Shading at midpoint of the hourly interval is also

depicted in black lines. The downstream surface in the La Baells dam is south facing.

Shades over the downstream face at 6:30 -Fig. 4(a)- are caused by the upstream face
which prevents sunrays from striking the face and, consequently, results in only a small
area being exposed to sun rays. Limits are determined by the projection of the
downstream edge of the crown cantilever. Shades over the upstream face -Fig. (4b)- are
caused by the left abutment and the geometry of the face. The area exposed to sun rays
is defined by the projection of the left edge of the abutment and the points in the face

tangent to sun rays.

Shading at 11:30 is quite different from that before, given that the solar position
changes throughout the day. The downstream face -Fig. 4(c)- is exposed to sun rays,
except for a small area close to the top where the crest avoids rays striking the area. The
limits are computed by the projection of the downstream edge of the crest over the dam
face. A large part of the upstream surface -Fig. 4(d)- is shaded due to the shape of the
face, which prevents sun rays from reaching the lower part of the face because of sun

rays. Shading is limited by the points of the face tangent to sun rays

Insolation varies significantly across the dam faces, as shading prevents a percentage of
the solar radiation from reaching some parts of the surface. Furthermore, the double
curvature of the dam surface involves a wide variety of orientations and slopes which

make the total insolation vary at the points across the dam surface.
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The shading effect over insolation is evaluated by studying two points located in the
upstream crow cantilever face in Fig. 4(b), at heights of 50 and 53 m respectively.
While both points have the same orientation and a similar slope, the first one is exposed
to the sunbeam and the second is in a shaded area. The degree of sun energy reaching
the points is 0.6 MJ/m? and 0.4 MJ/m? respectively. In this case, shading involves that

the energy which reaches the area is reduced a 33%.

The effects of the double curvature over insolation are analyzed by using Fig. 4(c). The
main part of the downstream face is subjected to sunbeams over 11:00 to 12:00. though
sun energy reaches the surface varies spatially. The areas close to the foundation receive
more energy than those at the crest. Energy varies from 2.0 MJ/m? at the point at the
base of the crown cantilever to 0.6 MJ/m? at the crest. While the points share the same
orientation, they have different slopes which cause a non-uniform distribution. The
point near to the base has a lesser degree of inclination than that close to the crest where
the cantilever is almost vertical. The effect of the orientation is appreciated when an
arch is analyzed, where points have similar slopes. Energy reaching the arch is higher in
the key than in the springing. However, insolation in Fig. 4(c) is skewed left (negative
X-axis) because the sun position is computed at 11:30. At that time, the areas in the left

side of crown cantilever capture more energy than those on the right side.

Insolation, upon reaching a given point, also varies during the day due to the variation
of the atmospheric conditions and the position of the sun, such as insolation when
reaching a point located at the crest of the upstream side close to the left abutment
(positive x-axis). Solar energy at 6:00 to 7:00 is equal to 1 MJ/m? - Fig. 4(b)- and at

11:00 to 12:00 is 1.5 MJ/m? - Fig. 4(d)- which involves an increase of 50%.

Daily insolation on 5 July 2007 at the downstream dam face is illustrated in Fig. 4(e).
Energy captured by the arches decreases with the topographic height increases due to
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the slope of the areas. Areas near to the foundation of the crown cantilever have a slope
that favors capturing solar energy more than those close to the crest. The normal vectors
to the surface at the lower arches are oriented toward the zenith and the foundation at
the upper arches. Moreover, insolation is symmetric with respect to the crown cantilever

due to the dam orientation.

Daily insolation on the same day at the upstream face is depicted in Fig. 4(f). Insolation
is symmetrically distributed with respect to the crown cantilever. However, the energy
captured by arches increases, as does the topographic height (opposite to the
downstream face). The slope of the areas close to the crest is more likely to receive

solar radiation than the lower areas do.

The spatial distribution of insolation examined above corresponds to that of July. In the
upstream face, this distribution pattern is valid for other months too. However, some
differences are presented in the downstream face. The area exposed to sunbeams is
larger in winter than in summer because solar elevation is lower. Moreover, since the
downstream face is south oriented, it always captures more solar energy than the

upstream face.

Heat flux, due to solar radiation across every area of the dam faces each day, is
computed by Eq. (37). Solar absorptivity is assumed to be constant and its magnitude
determined during the calibration of the numerical model. A value of 0.75 was found to
provide the best estimations of concrete temperature. The value is within the range for

mature concrete with gray Portland cement (0.89-0.45) (Levinson and Akbari 2002).

Fig. 5(a) depicts the mean heat fluxes across the downstream face of the La Baells dam
due to solar radiation, convection and electromagnetic radiation exchange between the
dam and the air. Fluxes are determined once the concrete temperature is computed by

the numerical model. Fig. 5(b) illustrates the downstream face temperature evolution.
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The mean daily face temperature is plotted, together with the maximum and the

minimum face temperatures, as well as the mean air temperature.

Solar radiation constantly generates a positive flux; that is to say, the heat flows into the
dam which involves an increase of the concrete temperature, and evaporation a negative
flux. In addition, the minimum downstream face temperature is often greater than the
mean air temperature. As a result, convective and radiative heats flow out of the dam,
cooling the concrete and acting as a thermal regulator. An exception was found on 22
November 2007 when air temperature rose after several cold days. On this occasion, the
downstream face temperature was lower than the ambient temperature and the three heat

sources flow into the dam, with the consequence being a heating of the concrete.

The sum of the four heat flow sources is plotted in Fig. 5(c). The significant degree of
variability of solar radiation, air temperature, evaporation and wind speed produces a
noisy total flux which, consequently, impede appreciation of its stationary pattern. For

this reason, a smoothed flux with a moving average is depicted in a solid black line.

Energy flows into the dam from mid-spring to the end of summer, heating the concrete,
with the solar heat flow being greater than the other flows. During the remaining days
of the year, heat flows outside because the solar radiation reaching the dam decreases
and air temperature drops. Convection, evaporation and radiative heats, which tend to
cool the concrete as shown in Fig. 5(a), are greater than solar energy and the dam

temperature decreases.

Water temperature.

The water temperature at the La Baells reservoir is measured by means of five water
thermometers installed at the upstream face of the dam. Parameters of the Bofang model

were estimated by the least squared method by using the recorded data. The mean
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annual water temperature at the surface of the reservoir is 15.19 °K and at the bottom
9.33 °K. The annual water temperature amplitude at the surface is 6.51 °K and the
ambient temperature is at a maximum on the 201st day of the year. The observations are

estimated with a root mean square equal to 2.52 °K and a negligible bias.

The water temperature in other points and dates was estimated by means of the Bofang
model. Fig. 6 depicts the evolution of the water temperature at several depths. As depth
increases, the amplitude and the mean temperature of the water decreases because of the

attenuation of the atmospheric effects.

The finite element model.

Thermal analyses.

The heat diffusion equation is solved in the domain by the finite element method with a
one-day time step. The domain composes the arch dam and a finite region of its
foundation, with both being discretized with eight-node cubic elements. The dam
domain is composed of 54,666 elements with 56,100 nodes and the foundation domain
of 53,939 elements with 54,014 nodes (thermal and mechanical properties are listed in
Table 2. The adopted mesh is shown in Fig. 7(a) and a detail of the central crown

cantilever in the Fig. 7(b).

Initial consistent temperatures at nodes should be specified at the first load step. The
initial temperatures were computed by the analytical solution proposed by Stucky and
Derron, using as a boundary condition the air temperature on 1 January 2006. As that
initial state is not completely real, thermal loads from 1 January 2006 to 31 December

2006 were used for computing thermal state on 1 January 2007.
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The concrete solar absortivity was then estimated by using thermal loads from 1 January
2007 to 31 December 2007, with the best value being found as 0.66. Finally,

observations from 1 January 2008 to 31 July 2008 were employed to evaluate the model.

The temperatures observed and predicted at 21 concrete thermometers are depicted in
Fig. 8. Temperatures were predicted by the proposed model for solar radiation
treatment, the absence of consideration of solar radiation and the simplified sol-air
method for computing heat fluxes. The average model performance was assessed by the

statistics root mean squared error (RMSE) and bias. Results are listed in Table 3.

The best predictions were provided by the proposed model for solar radiation treatment.
Estimations by the model whose boundary conditions were computed by the sol-air
method are quite accurate, although RMSE increases by a 50% and 20% for years 2008
and 2009 and estimations are in general lower than observations. The absence of
consideration of solar radiation makes the model quite inaccurate. Predictions are on
average 3.5 °K lower than observations and RMSE increase by a 420% and 334% for

years 2007 and 2008 respectively.

Thermometers are often situated at midpoints between dam faces. Fig. 8 shows that the
thinner section, the larger amplitude of observed temperature. Thermometers 1 to 10,
whose amplitudes are the largest, and located in the thinnest considered arch with a
thickness that varies from 6.35 m in the key to 8.19 m in the springing. Thermometers
(11) to (17) are situated in an arch with a thickness that varies from 13.63 m to 17.21 m
and thermometers (18) to (21) in an arch with thickness from 16.83 m to 20.73 m.
Observed temperature at thermometers (11) to (21) is almost constant throughout the

year and similar to annual mean ambient temperature.
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Since amplitude of dam face temperature is larger than the amplitude of temperature at
mid-points, a thermal gradient between each point is generated. For a given section, the
temperature difference between mid-points and face-points is larger as the thickness of
the cross-section does. The largest differences are located in the lower arches where the
temperature at midpoints is quite constant along the year (it varies between 286.0 and
287.0 °K) and slightly higher than the mean ambient temperature (285.3 °K).
Accordingly, an order of magnitude of the maximum difference is the amplitude of the
minimum dam face temperature which from Fig. 5(b) is approximately equal to 12.0 °K.
This value is slightly higher than the amplitude of the ambient temperature,
approximately equal to 10.5 °K, because of solar radiation increases concrete

temperature.

The effect of solar radiation over the simulated temperatures is observed in Fig. 8. The
thinnest section, the largest effects of solar radiation over mean temperature. The
difference between predictions can be up to 6 °K in the thinnest sections for the
simulations with the proposed model for solar radiation and the absence of its
consideration. Nevertheless, consequences of solar radiation over the amplitude of the

temperatures are almost negligible.

The performance of the model whose boundary conditions were computed by the sol-air
method is quite satisfactory, as it can be observed in Fig. 8. Predictions are quite similar
to observations. However, plotted results are from points located at midpoints between
dam faces. Atmospheric effects on those points are substantially dampened. For these

reasons, temperatures will be analyzed in other parts of the dam.

Fig. 9 depicts the temperature field in the central block on 4 August 2007 computed by

the three methodologies. The effect of solar radiation over the simulated concrete
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temperatures is analyzed by comparing Fig. 9(a) and 9(b). The difference between
predictions is largest in the downstream exposed face (up to 10 °K) and the thinnest

sections (up to 6 °K).

Temperatures at mid-points of the sections are quite similar when solar radiation is
considered (Fig. 9(a) and 9(c)). However, the largest differences become when the
downstream exposed face of the dam and the thinnest parts are analyzed. Whereas the
sol-air method provides a quite uniform temperature within the range 297.7-300.3 °K in
the downstream face, temperatures computed by the proposed methodology are spatially
more variable with magnitudes between 297.7-300.3 °K in the upper parts of the block
and 302.9-305.5 °K in the lower areas. Moreover, temperatures at the thinnest parts of
the dam (close to the crest) are quite different. Temperatures computed by the proposed
methodology are within the range 297.7-300.3 °K and by the sol-air method 295.1-297.7

°K.

Consequently, predictions simulated by the sol-air method are, in general, up to 5.2 °K
lower than the ones calculated by the proposed methodology for solar radiation
treatment at the exposed faces and the thinnest parts of the dam. This phenomenon has
also been observed to a lesser extent when the bias of the predicted temperatures is

analyzed (Table 3).

Structural analyses.

Structural analyses have been performed at the case study. The included loads were the
self-weight, computed on free cantilevers, the hydrostatic and the thermal loads. The
reference thermal field for the zero strain was taken from the thermal field in the

contraction joint grouting day.
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Fig. 10 depicts the maximum principal stress contour plots of the central block on 4
August 2007 which is the day with the largest radial displacements at the crest of the
crown cantilever. The thermal field was computed by the aforementioned thermal model
whose boundary conditions were assessed by the proposed method for solar radiation

treatment, without solar radiation and the sol-air method.

Stresses under thermal loads are caused by the thermal gradient between the internal
and external parts of the dam and the increase of the mean concrete temperature.
Temperatures on external dam faces are maximum in August. However, the maximum
temperatures on mid-face do not occur at that time. Furthermore, the magnitudes of both
maximum are quite different. Consequently, a thermal gradient is generated and the
external faces will expand more than the mid-face. The different expansions, especially
in the vertical direction, will cause tensile stresses in the mid-faces and compressive
ones in the external faces. The increase of the mean concrete temperature makes the
arches expand and move the crest of the cantilevers towards upstream. The
displacements of the crests will produce tensile stresses on an area close to the

downstream toe of the cantilevers, while compressive stresses on the upstream face.

The largest tensile stresses in the mid-face of the central block are given by the thermal
loads computed with the proposed method for solar radiation treatment (Fig. 10(a)).
This methodology provides the largest temperatures on dam faces and the crest, which
will generate the largest tensile stresses in the mid-face according to the previous

paragraph.

The thermal loads provided by the sol-air method generate lower tensile stresses in the
mid-face of the central block (Fig. 10(b)). Temperatures were lower than the ones

provided by the method for solar radiation treatment.
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Finally, the lowest maximum principal stresses were provided by the thermal loads
computed by the proposed model without solar radiation. However, larger tensile
stresses are got in the lower mid-face of the dam. The absence of consideration of solar
radiation and the low magnitude of the amplitude of the thermal signal may involve
negative thermal loads and, consequently, the contraction of the concrete which

generates tensile stresses.

An overall structural behavior of the dam is provided by the radial displacement of the
crest of the crown cantilever. Moreover, this movement is often measured during the
monitoring tasks. Fig. 11 plots the evolution of the movement for the year 2007 and Fig
12 the radial displacement of the central block on 4 August 2007, both due to thermal

loads. Temperatures were computed by the three reported methodologies.

The largest movements are caused by the thermal loads computed with the proposed
method for solar radiation treatment. The magnitude is up to 13% larger than the result
provided by the thermal loads calculated with the sol-air method. The absence of

consideration of solar radiation implies a reduction by up to 44%.

CONCLUSIONS.

A procedure for modeling thermal response of arch dams has been proposed. Air
temperature, wind speed, solar radiation, rainfall and shading are considered when
computing boundary conditions. The conditions are those of imposed heat flux in the
dam faces in contact with air and of imposed temperature equal to water temperature in
dam faces and abutments in contact with water. The heat diffusion equation is solved by
means of the finite element method in a three-dimensional domain composed by the

dam and a finite region of the foundation, with truncated areas modeled by infinite
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boundary elements. The proposed methodology is applied to the case study, the La

Baells arch dam, located in the area of Barcelona.

Heat flux through dam faces is computed as the sum of the energy due to convection,
long-wave radiation exchange, evaporative cooling and solar energy. The assessment of
the solar energy reaching dam faces is a complex task which requires consideration of
the shading, curvature of dam surfaces, non-uniform orientation and slope of dam faces
and the change of the incident solar angle during the day due to sun movement, among

other variables.

A consistent methodology for computing boundary conditions is reported, with special
attention being given to solar energy. The most suitable solar models for estimating
hourly global solar radiation, components of solar radiation and insolation over tilted

surfaces are used.

As solar insolation over dam faces is influenced by shading, general expressions for
determining shaded areas in any dam and time are proposed. Moreover, in order to
consider the curvature of dam faces, a differential expression for computing insolation

over dam surfaces is proposed.

The reported methodology leads to accurate boundary conditions and, consequently, to
enhanced concrete temperature calculation. Numerical results agree well with the
recorded temperatures at 21 thermometers embedded in the La Baells dam. Concrete
temperature observations are divided into two sets for calibrating and assessing the
model. Whereas the first data set is estimated with a root mean square error and bias
equal to 0.74 °K and -0.24 °K respectively, the second set involves a root mean square
error equal to 0.98 °K and a -0.70 °K bias. The effect of the solar radiation over the
thermal field of the case study is analyzed. The absence of consideration of solar

radiation involves quite inaccurate predictions of temperatures, especially in the thinnest
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part of the dam and the exposed faces where the magnitude can be up to 6 °K and 10 °K

lower respectively.

The proposed methodology is compared with the simplified "sol-air temperature”
method for computing heat fluxes. Temperature predictions on the exposed faces and
the thinnest parts close to the crest can differ up to 5.2 °K, providing the simplified
method the lowest temperatures. However, predictions at the mid-faces are quite
similar. The consequences on structural calculations are lower stresses and

displacements when thermal loads are computed by the simplified method.

Thermal loads computed with the sol-air temperature method can provide accurate
structural results when an overall behavior of the dam is analyzed. However, if the aim
of the structural model is to analyze certain parts of the dam, i.e., the exposed faces, the

reported methodology for computing thermal loads can provide more accurate results.

Since the second most major repairs in dams during operation are carried out in
response to external temperature variations, thermal studies play a vital role during the
design phase and during the monitoring of existing structures. The methodology can be
used for computing thermal loads in other regions of the world. Furthermore, it provides
a useful tool for estimating thermal stress during the service life of the dam. This may
also permit easy adaptation for use in other civil infrastructure, such as bridges where

thermal loads also play a vital role.
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APENDIX: Mathematical astronomy.

Solar declination is defined as the angular position of the sun at solar noon with respect
to the plane of the equator. Spencer (1971) proposed the Eqg.(Al) for computing the
declination in radians at the day d,, of the year,

6 = 0.006918 — 0.399912 cosI; + 0.070257 sin[; — 0.006758 cos 2Ty

(A1)
+ 0.000907 sin 2I'; — 0.002697 cos 3T; + 0.00148 sin 3T,
where I, is given by Eq. (A2).
d, —1
= A2
4= 2T —r (A2)

The daily average extraterrestrial irradiation on a horizontal surface H; , is evaluated

from the solar constant I, equal to 4.921 MJm~2h~1 with:

24 Iy : o
Hg, = —E (cos & cos ¢ sin w, + w, sin § sin ¢) (A3)

o

where E, is the sun-earth correction factor, ¢ is the latitude of the site in interest and w,,
is the sunrise hour angle. The hourly extraterrestrial irradiation on a horizontal surface
I; , for a period between the hourly angles w, and w, is computed by:

241,

lgo= ?E—O (sin dsing % + cos § cos ¢ cos (w) sin (1”—2)) (A4)

Spencer (1971) recommended that E, were estimated from Eq.(A4), where w, is
obtained from Eq.(A5) and the day length in hours is calculated from Eq.(A6).
E, =1.000110 + 0.034221 cosI'; + 0.001280 sinT; + 0.000719 cos 2[4
(AS5)
+ 0.000077 sin 2Ty

w, = —tan¢tand (A6)
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The daily-average solar elevation outside of the atmosphere «, is computed with the
following expression (Gueymard 1986):

cos ¢ cos § (sin w, — w, Cos w,)
sina, = ¢ > 2 2 2 (A7)
o

Solar position at the hour angle w is defined by the angles solar altitude « and solar
azimuth . a is the angle between the horizontal and the line to the sun and can be
found from Eq.(A8), where w is calculated by Eq.(A9) as function of the local apparent
time t. ¥ is the angular displacement from the south of the projection of sunbeams on
the horizontal plane and is obtained from Eqg.(A10). Displacements east of south are

negative and west of south are positive.

sina = sin § sin ¢ + cos § cos ¢ cos w (A8)
w=mn(l-1t/12) (A9)
_ sinasing —sind (AL0)
cosy = COS a COS ¢
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751 NOTATION.

A Anisotropy index
A, s Annual water temperature amplitude at the surface
a Solar absorptivity
b Upstream face of the crown cantilever
C Specific heat matrix
Cs Stefan-Boltzmann constant
c Specific heat
Cp Specific heat capacity of air
D Nodal displacement vector
dy Day of the year
E, Sun-earth correction factor
Es Moisture emissivity coefficient
e Emissivity
esk Emissivity of the sky
eg Saturation vapour pressure
Fr Vector of applied heat flows
Fg Vector of applied forces
Ir Ground refrectivity
H Depth of reservoir
Hg Daily global insolation on a horizontal surface
H;,  Extraterrestrial daily global insolation on a horizontal surface
H, Relative humidity

h Convection coefficient



dc

qu

Latent heat of evaporative water

Hourly global insolation on a horizontal surface

Hourly beam insolation on a horizontal surface

Hourly diffuse insolation on a horizontal surface
Extraterrestrial hourly global insolation on a horizontal surface
Solar constant

Hourly normal beam insolation

Hourly global insolation on a tilted surface

Hourly beam insolation on a tilted surface

Hourly diffuse insolation on a tilted surface

Hourly isotropic diffuse insolation on a tilted surface
Hourly circumsolar diffuse insolation on a tilted surface
Hourly horizon brightening diffuse insolation on a tilted surface
Hourly reflected insolation on a tilted surface
Conductivity matrix

Stiffness matrix

Daily global clearness index

Hourly global clearness index

Hourly diffuse fraction

Quadratic function

Total air pressure

Heat flux

Heat flux due to convection

Heat flux due to water evaporation
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ar

s

Moisture evaporative flux

Heat flux due to electromagnetic radiation exchange between the dam

and the surrounding air

Heat flux due to solar radiation

Ratio of extraterrestrial hourly global insolation to daily global
insolation

Radii of curvature of the downstream horizontal arch curves
Radii of curvature of the upstream horizontal arch curves

Ratio of hourly global insolation to daily global insolation

Slope of the crown cantilever at the crest

Time

Thickness of the crown cantilever

Day at which ambient temperature is maximum
Solar altitude angle

Extraterrestrial daily-average solar elevation angle
Slope of surface

Solar declination angle

Vector of nodal temperatures at time t,
Concrete temperature

Air temperature

Dew point temperature

Sol-air temperature

Water temperature

Mean annual water temperature at the bottom of the reservoir
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D

w,s

Mean annual water temperature at the surface of the reservoir
Transient integration parameter

Thermal conductivity

Density

Latitude

Solar azimuth angle

Solar hour angle

Sunrise hour angle

Angular frequency of the water temperature

Dam faces domain

kt" dam face sub-domain from the downstream face
k" dam face sub-domain from the upstream face

Part of the k" dam face sub-domain exposed to sunbeams
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904  Figure 4: Hourly insolation on 5 July 2007 on (a) downstream face over 6:00 to 7:00 period, (b)
905  upstream face over 6:00 to 7:00, (c) downstream face over 11:00 to 12:00, (d) upstream face
906  over 11:00 to 12:00 (e) downstream over the complete day and (f) upstream over the complete
907 day. Shading at midpoint of the hourly interval, (1) projection of the downstream edge of the
908 crown cantilever, (2) projection of the edge of the abutment, (3) points tangent to sunrays.
909  Hours in local apparent time.
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914  Figure 6: Water temperature at the La Baells reservoir for several depths estimated by Bofang
915  model.
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Figure 7: Adopted finite element mesh.
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917  Figure 8: Observed and predicted temperature at several concrete thermometers. From top to
918  bottom and left to right (1) CT-619-6D, (2) CT-619-6l, (3) CT-619-4D, (4) CT-619-41, (5) CT-
919  619-2I, (6) CT-619-1D, (7) CT-619-3D, (8) CT-6193l, (9) CT-619-5D, (10) CT-619-5I, (11)
920  CT-581-2D, (12) CT-581-2l, (13) CT-581-0d, (14) CT-581-1D, (15) CT-581-1l, (16) CT-581-
921 3D, (17) CT-581-3l, (18) CT-561-2I, (19) CT-561-012, (20) CT-561-013 and (21) CT-561-11.
922
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Figure 9: Temperatures of the central block on 4 August 2007. Thermal boundary conditions are
computed by (a) proposed method for solar radiation treatment, (b) proposed method without

solar radiation and (c) sol-air method.
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Figure 10: Maximum principal stress contour plots of the central block on 4 August 2007
including self-weight, thermal and hydrostatic loads. Thermal boundary conditions are
computed by (a) proposed method for solar radiation treatment, (b) proposed method without
solar radiation and (c) sol-air method. Tensile stresses are positive.
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Figure 11: Evolution of the thermal radial displacements at the crest of the crown cantilever.
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Positive displacements are towards downstream.
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938
939  Figure 12: Thermal radial displacements of the central block on 4 August 2007. Thermal

940  boundary conditions are computed by (a) proposed method for solar radiation treatment, (b)
941  proposed method without solar radiation and (c) sol-air method. Positive displacements are
942  towards downstream.

943
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Thermometer T.(m) D.D.(m) Thermometer T.(m) D.D.(m) Thermometer T.(m) D.D.(m)

CT-619-6D  8.16 4.89 CT -619-3I 721 439 CT -581-1I 1521 951

CT -619-6l 7.77 458 CT-619-5D 7.77 4.58 CT-581-3D 17.16 10.50

CT-619-4D 721 439 CT -619-5I 8.19 5.92 CT -581-3I 17.21 6.20

CT -619-4I 6.92 4.12 CT-581-2D 152 951 CT -561-2I 18.10 13.23

CT -619-2I 6.35 3.68 CT -581-2I 1420 8.73 CT -561-01-2 16.83 10.08

CT-619-1D 6.35 3.68 CT-581-0D 13.63 6.57 CT -561-01-3 16.83 5.85

CT-619-3D 692 4.12 CT-581-1D 1420 6.95 CT -561-1I 20.73  9.98

944  Table 1: Position of thermometers. T.=thickness at thermometer position. U.D.= distance from
945  downstream face to thermometer. CT-619-6D= concrete thermometer situated at the 619 m
946  above the sea level in the block 6D.

947
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Material Foundation Concrete

Density (kg m) 3000 2400
Thermal conductivity (WK*m?)  2.20 2.43
Specific heat (JKg'K™?) 950 982
Emissivity 0.70 0.70
948 Table 2: Properties of the foundation and the concrete

949
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950
951

Year 2007 2008
RMSE  BIAS RMSE BIAS
Proposed model for solar radiation 0.74 -0.24 0.98 -0.70
Proposed model without solar radiation 3.85 -3.30 4.25 -3.94
Sol-air method 1.05 -0.83 1.18 -0.95

Table 3: Performance of the thermal models in °K.
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