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Abstract. In this paper, the impact of solar radiation on the uncoupled transient
thermo-structural behavior of an arch dam was investigated under the earthquake loading.
Temperature distribution within the dam body was determined by solving the governing
di�erential equations taking into account the water and air temperature and the solar
radiation. Finite element model of the dam-reservoir-foundation system including joint
nonlinearity was excited using three-component ground motion. Results of the thermal
transient analysis with and without solar radiation e�ects were used as an initial boundary
condition for the seismic analysis. Results showed that considering solar radiation leads
to non-uniform temperature distribution on the exposed faces and increasing the tensile
stresses within the dam body.

c
 2015 Sharif University of Technology. All rights reserved.

1. Introduction

Thermal loads play an important role in structural
behavior of thin arch dams due to high thermal
gradient between the upstream and downstream faces.
The thermo-structural models can be categorized in
three main groups: (1) Uncoupled model in which the
transient thermal analysis is performed �rst, and the
corresponding thermal stresses and strains are com-
puted using the temperature-independent mechanical
properties of the concrete. Transient 
uid-structure
interaction is then performed using the results of the
thermal transient analysis as initial conditions; (2)
Weakly coupled model in which the structural analysis
is performed using temperature-dependent material
properties for concrete; (3) Strongly coupled model
in which the thermal transient analysis is repeated
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between each step of structural analysis using the
updated data.

Based on the USACE recommendations [1], ther-
mal study for arch dams falls into two categories:
(1) The operational temperature study and, (2) The
construction temperature study. The operational
temperature studies are related to determination of
the temperature distributions that the dam will ex-
perience during its expected life time. Speci�cally
temperature distribution in air, reservoir, foundation
and the solar radiation are of interest. The con-
struction temperature studies are usually performed,
after an acceptable layout has been obtained. The
construction temperature studies are needed to assure
that the design closure temperature can be obtained
while minimizing the possibility of thermally induced
cracking.

The temperature e�ect may be considered in
various phases of design. Arch dam design is usually
completed in three main phases [1]:

1. Reconnaissance: No detailed design is required.
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Only the site selection and the dam's concrete
volume computation are performed.

2. Feasibility: Limited design work should be accom-
plished. The preliminary load combinations should
be established and the temperature loading on the
dam should be estimated from a study of similar
projects.

3. Pre-construction engineering and design: Detailed
design and analysis of the dam are to be performed.
The temperature loading needs to be determined
from the results of the temperature study which is
initiated at beginning of this phase.

Early 1950s researchers began to study the e�ect
of solar radiation on dam surfaces. Tarbox [2] presented
charts showing the temperature increase resulting from
solar radiation. ICOLD [3] published a report on
deterioration of dams and reservoirs and listed freez-
ing/thawing and external temperature variations as
the most common cause of deterioration in concrete
dams. Some researchers have shown the signi�cant
role of the thermal cyclic stresses in degradation of
the strength and sti�ness of concrete dams located at
the Quebec province [4-6]. NRC [7] declared that the
available strain capacity to resist the seismic induced
forces without concrete damage is a�ected by various
factors like the season at which the earthquake occurs.
Leger et al. [8] studied the importance of the temper-
ature variations and the associated thermal stresses as
the initial loading conditions for safety evaluation of
gravity dams.

Meyer and Mouvet [9] investigated thermal be-
havior of Vieux-Emosson arch-gravity dam in Switzer-
land using �nite element method. They found that the
air temperature, 
uctuation is not a lonely good crite-
rion for estimation of concrete dam temperature, and
solar radiation increases the whole dam temperature
of about 4�C. Agullo et al. [10] presented a numerical
model based on explicit �nite di�erence method to
measure the temperature of concrete dam subjected to
environmental thermal action during operation stages.
They used energy conversion factor for radiation mod-
eling and Newton's law for simulation of thermal
convection. Zhang and Garga [11] assumed a uni-
directional heat transfer and applied a new analytical
method to determine the temperature distribution and
thermal stress in mass concrete structures subjected to
thermal shock. They found that the highest temper-
ature gradient is induced in a very thin region close
to the exposed surface; the stress concentration can be
reduced by changing the property of concrete and heat
transfer coe�cient as a curing condition.

Chen et al. [12] developed a 3D �nite element
relocating mesh method for thermal analysis and
determination of the stress distribution in a RCC
dam during the construction period. Sheibany and

Ghaemian [13] proposed a 3D �nite element model
to study the thermal stresses on Karaj arch dam.
Spatial variations in solar radiation across the entire
exposed surface of the dam were considered. The
results showed that the thermal loads have a signi�cant
role in initiating downstream cracks in comparison
with self-weight and hydrostatic loads. The cracking
areas were consistent with the regions corresponding
to high temperature associated with solar radiation.
However, the shade e�ects of surrounding terrain were
not considered. Noorzaei et al. [14] developed a 2D
�nite-element code for thermal and structural analysis
of RCC dams. They considered the actual climatic
conditions and thermal properties of Kinta RCC dam.
Computed temperatures from the numerical analysis
were in a good agreement with the actual temperatures
measured by the thermocouples installed within the
dam body. Jaafar et al. [15] developed a �nite element
code to determine the temperature distribution within
the dam body to investigate the e�ects of thermal
stresses on RCC dams. They applied the developed
model to a real-scale problem and found that for a given
RCC dam, changing the placing schedule can optimize
the location of maximum temperature zones.

Leger and Seydou [16] investigated the displace-
ment value due to the e�ect of seasonal temperature,
and compared it with the recorded displacement by
pendulum measurements on a real 40 m gravity dam
located. They presented 1D and 2D �nite element
hybrid dam displacement model to interpret these dis-
placements and to extrapolate the response for extreme
thermal events. Jin et al. [17] presented a practical
model for predicting the non-uniform temperature dis-
tribution on the exposed faces of arch dams considering
combination of the ASHRAE (American Society of
Heating, Refrigerating and Air Conditioning Engi-
neers) clear sky model for solar radiation e�ects and
the ray-tracing algorithm to consider the shade e�ects
on 240 m high parabolic double-curvature Ertan arch
dam. They showed that the computed temperatures
are in good agreement with the measured ones and the
solar radiation leads to the non-uniform temperature
distribution on the downstream face of the dam. Chen
et al. [18] developed an algorithm for thermal analysis
of massive concrete specimen with lift joints based
on the composite element method. Yang et al. [19]
developed a 3D �nite element program for thermal
analysis of mass concrete embedded with double-layer
staggered heterogeneous cooling water pipes based on
the equivalent equation of heat conduction including
the e�ect of cooling water pipes and hydration heat
of concrete. Comparing calculated results with the
actual measured data from a monolith of an arch dam
in China, their numerical model was proven to be
e�ective in su�ciently simulating accurate temperature
variations of mass concrete. Yangbo et al. [20] proposed
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two fast algorithms to overcome the huge �nite element
model, complex environmental conditions and time-
consuming process of simulation analysis solution on
temperature control and thermal stress �elds of con-
crete dams' construction. One was the overall planning
algorithm and the other was the incomplete Cholesky
conjugate gradient algorithm. Fujun et al. [21] studied
the cracking reasons for concrete over
ow dam of
Hadashan Hydro Project by developing a 3D �nite
element method to simulate temperature analysis and
thermal stress distribution during the construction
period. They showed that the crack of the concrete
over
ow dam was temperature crack due to combined
action of the internal thermal gradient and the external
restraints. Sabbagh-Yazdi and Amiri-SaadatAbadi [22]
computed variation of material properties due to vary-
ing temperature generated by cement hydration using
2D matrix free Galerkin �nite volume. They modeled
time-dependent thermal stress pro�les during gradual
construction of a concrete dam. Kuzmanovic et al. [23]
proposed a new approach for 3D numerical modeling
of unsteady phased thermal-stress analysis of a mas-
sive concrete hydraulic structure which could be used
for the unsteady, nonlinear, viscoelastic stress-strain
analysis. They veri�ed the proposed model based
on the �eld investigations of the Platanovryssi dam.
Hu et al. [24] developed an external thermal model
including �ve types of external heat 
ux, i.e. air-side
convection, electromagnetic radiation, absorbed solar
input, water-side convection, and surface insulation
e�ect. They proposed a method based on Boolean
operations for extracting the external surfaces of dams.
They implemented the proposed model on a high arch
dam and found that it is able to correctly estimate
the monitored responses. Maken et al. [25] evaluated
the thermo-mechanical behavior of a gravity dam and
an arch dam. No seismic analysis was performed.
Only the temperature-dependent behavior of material
was investigated. They found that it is conservative
to consider the variation in mechanical properties of
concrete with temperature (in particular, the increase
in tensile strength). However, from a practical stand-
point, the di�erence is not very signi�cant. It means
that the temperature-dependent material properties
can be neglected in analysis and constant value might
be assumed for material characteristics. Mirzabozorg
et al. [26] investigated the solar radiation e�ects on
thermal transient analysis of a thin arch dam. They
found that the solar radiation has an important role
on non-uniform temperature distribution with the dam
body. However, they did not study the thermal-
induced stresses.

In summary, it should be mentioned that the
thermal issues in massive concreting are one of the
main challenges during construction stage because
large amount of concreting leads to a very slow heat

exchange between the material and the environment.
Consequently, high temperature and stress within the
dam body may lead to concrete deterioration. Thermal
loads should be considered both in design and analysis
of arch dams. The impact of thermal loads is more
signi�cant in static analysis; however, under the dy-
namic loads, the interaction of the thermal and seismic
stresses might also be important.

On the other hand, many of the aforementioned
researches highlighted the impact of the solar radiation
on thermal analysis of massive concrete specimen
especially when the temperature gradient is signi�cant.

The contribution of the authors, in the present
paper, is to combine the transient thermal analysis and
the nonlinear dynamic analysis for proper assessment
of a thin arch dam. The impact of solar radiation is
also investigated in thermal transient analysis. The
thermal induced stresses (with and without solar ra-
diation e�ect) are computed and combined with the
stresses due to self-weight, hydrostatic pressure and
the seismic excitation. In the performed structural
analyses, the contraction and peripheral joints are also
modeled.

2. Thermal transient analysis

2.1. Heat transfer problem
Thermal conduction is due to temperature gradient and
is formulated based on the principle of thermal energy
conservation [26]:

�C
@T
@t

= div
�
~k grad T

�
+Q; (1)

where, � is density, C is speci�c heat, T is temperature
of medium, t is time, ~k is a tensor representing thermal
conduction coe�cient, and Q is internal heat generated
per volume.

The amount of heat transferred by convection is
modeled using Newton's cooling law given as:

qc = �hc(Ta � Tsb); (2)

where, hc is convection coe�cient, Tsb is temperature
of surface boundaries, and Ta is ambient temperature.
Convection coe�cient is a function of 
uid velocity
(wind speed in this case), Vf , and its properties such
as type of 
ow and viscosity. This parameter may
be computed by the following equation proposed by
McAdams [27]:

hc = 3:8Vf + 5:7: (3)

Thermal radiation is a type of electromagnetic emis-
sion. Every object hotter than absolute zero emits
electromagnetic waves with capability of transferring
energy. Radiation energy may be absorbed by or
emitted from surfaces. The total amount of absorbed
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energy may be expressed by [8]:

qa = aIt; (4)

where, a is solar absorptivity of surface, and It is total
solar energy on surface. Thermal radiation caused
by the temperature di�erence between surface and
its environment can be achieved by Stefan-Boltzman
law [7]:

qr = �eCs �T 4
a � T 4� ; (5)

where, e is emissivity of surface that is the ratio of
heat released by intended surface to heat released by
a black body with the same temperature, and Cs =
5:669 � 10�8 Wm�2K�4 is Stefan-Boltzman constant.
It should be noted that the wasted heat between the
surface and air due to radiation is not signi�cant. Thus,
Eq. (5) can be rewritten as a pseudo-linear equation as:

qr = �eCs �T 2
a + T 2� (Ta + T )| {z }

hr

(Ta � T ): (6)

Therefore, the radiation e�ects can be considered by
adding hr to hc and obtaining new convective coe�-
cient.

2.2. Thermal boundary conditions
Boundary conditions of a generic 3D arch dam for the
heat transfer di�erential equation are shown schemat-
ically in Figure 1. These conditions include im-
posed temperature, imposed heat 
ux and convection
through the peripheral nodes. Figure 2 summarizes
the general procedure for heat transfer boundary condi-
tions implemented in the �nite element model in order
to analyze thermal transient. Estimation of the air
temperature at the dam site usually depends on the
data obtained from the nearest weather stations. In
the current study, appropriate data were collected from
weather stations including the (maximum, minimum
and mean) monthly temperature, the annual temper-
ature, and the highest and lowest recorded temper-

Figure 1. Heat transfer mechanism for an arch dam.

atures [26]. The dam body temperature is strongly
a�ected by the reservoir temperature. The best source
for this information is the collected statistical data
from similar reservoirs. This type of information
is collected by USBR and reported in engineering
supplement no. 34 [28]. The proposed method by
Bofang [29] is another technique for determination of
the reservoir temperature that is used in the present
study.

As discussed by Mirzabozorg et al. [26], tempera-
ture rising on the exposed surface due to solar radiation
depends on the slope, direction, and latitude of the
surface with respect to sun. The navigation of all parts
of the gravity dams are similar and only one value for
each side of the dam body would be required while for
an arch dam this value should be calculated for more
points with respect to its shape. The amount of solar
radiation received by a concrete arch dam follows a
series of periodic seasonal changes. This variation is a
function of di�erent factors such as the elevation of the
dam site with respect to the sea level, surface directions
relative to sun, surface slop relative to horizon, the
regional cloud cover, surrounding topography of the
dam site, and the time of the year. Figure 3 shows
the procedure for implementation of the solar radiation
in the �nite element code. In this �gure, total solar
energy received on an inclined surface, It, is computed
based on the total days that the solar is radiated on
the horizontal surface, D; daily di�used solar radiation
on horizontal surface, Dd; the di�use re
ectance coef-
�cient of the surrounding surface, �d; and the ratio of
direct radiation on the inclined surface to the horizontal
surface, Rb. The Angstrom equation [30] can be used
to get the amount of in place sunny hours where a and
b are experimental constants depended on geographical
location of the dam, and the parameter n0 is mean
monthly sunny hour in the station. D0 is monthly
extra-terrestrial radiation on horizontal surface which
depends on solar constant, Gsc; and the number of
the day in A.D. year, n. The parameter � is the
angular position of the given surface to the equator;
� is the angular position of the sun at the solar noon
to the equator; 
 is the surface azimuth angel; and
� is the angel between the given surface and the
horizon.

2.3. Finite element implementation
In the present study, �nite element technique is used for
numerical implementation of the heat transfer problem
within the dam. The mathematical description of
heat transfer relation for a system including anisotropic
material in 3D space was explained in Eq. (1). The
general equation for transient heat transfer problem
can be written as [31]:h

C(e)
in

_T (e)
o

+
h
K(e)

in
T (e)

o
=
n
f (e)
Q

o
+
n
f (e)
q

o
; (7)
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Figure 2. Implementation of the heat transfer boundary conditions for dam.

Figure 3. Calculation of the total solar energy received on an inclined surface.

where
n

_T (e)
o

is temperature vector,
�
C(e)� is element

conspeci�c heat matrix,
�
K(e)� is element conductivity

matrix,
n
f (e)
Q

o
is element heat generation vector, andn

f (e)
q

o
is element convection surface heat 
ow vector,

and all are de�ned as:h
K(e)

i
=
ZZZ
V
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n
f (e)
q

o
=�

ZZ
A

�
kx
@T
@x

nx + ky
@T
@y

ny

+ kz
@T
@z

nz
�

[N ][N ]T dA; (11)

where nx, ny and nz are unit normal vectors on
the considered surface, kx, ky and kz are conduction
coe�cients of mass concrete in x, y and z global
directions, respectively, and [N ] is the shape function
of the thermal element.

3. Illustrative example

3.1. Case study description
Dez Dam is one of the tallest arch dams in Iran. This
dam was built in south-west of Iran, in the Khuzestan
province and on Dez River [32]. Location coordinates
are: Latitude = 32.6053 and Longitude = 48.464. Dez
is a double-curvature thin arch dam. Its height is 203 m
from the foundation and 190 m from the river-bed. The
thickness is 4.5 m at the crest and 27 m at the base of
the crown cantilever. The dam crest length is 212 m
and the crest elevation is 354 m above sea level (asl).
The maximum operation level of the reservoir was
designed at 350 m asl. In order to optimize operation,
it was increased to the level of 352 m asl, since 1980.
A concrete Pulvino has been implemented between the
concrete body and the foundation rock for suitable load
transfer from the dam body to the adjacent abutment.
Also, a continuous joint has been provided between the
dam body and Pulvino known as peripheral joint.

3.2. Transient thermal analysis
The �nite element model of dam body consists of
1748 elements and 2120 nodes and has three layers
in thickness (Figure 4(a)). Mainly, eight-node brick
solid-thermal elements with one Degree Of thermal
Freedom (DOF) are used for modeling while some
prism elements are used in the main body-Pulvino
connection (Figure 4(e)).

The closure (reference) temperature of 23�C is
applied to all nodes of the body. Also, as mentioned
before, air temperature is obtained from nearest station
and the water temperature is computed using the
empirical-analytical Bofang's relations. Figure 5 shows
the air temperatures for six years in the dam site
and also a comparison between the water temperatures
recorded by thermometers and those computed by Bo-
fang's method. As seen, the calculated reservoir water
temperature is in good agreement with the recorded
temperature in the considered elevation. Reservoir
water level 
uctuations are also shown in this �gure.

In order to apply the solar radiation e�ects, the
direct and indirect values of the daily radiation on the
horizontal plane should be determined. Due to the lack

of required instruments for measuring radiation near
the dam site, its amount is determined according to the
recorded daily sunshine hours at Dez Station for several
years and calculated based on relations summarized in
Figure 3. Direct, indirect and total radiation calculated
for the years 1972 to 1977 are shown in Figure 6. The
re
ection coe�cient is assumed to be 0.2 for the region
surrounding the site and 0.3 for water surface. Also, the
absorption coe�cient for the body concrete is assumed
to be 0.7 [26].

The thermal calibration is conducted by compar-
ison of the calculated results with the actual values
recorded by the thermometers for block no. 9, which is
selected as the reference one. The calibration process
is performed for about six years, 1972 to 1977, because
there are comprehensive data from thermometers in-
stalled in block no. 9 working properly. Figure 7 shows
the location of block no. 9 in dam and also the position
of the thermometers through the thickness. Based
on the sensitivity analyses on thermal analyses, the
following properties are obtained for concrete: Thermal
conductivity coe�cient is 1.7 W/m�K, speci�c heat
coe�cient is 0.25 W/hr.kg�C, solar absorptivity coe�-
cient is 0.7, emissivity coe�cient of concrete surface is
0.8, and di�use re
ectance coe�cients are 0.3 and 0.2
on upstream and downstream faces, respectively. The
convection coe�cients of air and water are assumed
to be 60 and 6000 W/m2�K, respectively. Figure 8
compares the results of the thermal calibration at
di�erent levels and sections with those recorded by
the thermometers for the considered period of time at
the reference block. Results con�rm that the provided
thermal model considering the solar radiation e�ects
provides the responses which are in excellent agreement
with the actual recorded data by the thermometers.

Figure 9 shows the temperature distribution on
both the upstream and downstream faces of the dam
for three months of 1973 considering/neglecting solar
radiation e�ects. As seen, solar radiation has a crucial
role in creation of non-uniform temperature distribu-
tion on the dam faces. It means, for example, the
temperature di�erences between some coincident nodes
highly a�ected by solar radiation is about 10�C for
the hottest month. In the case of arch dams, especial
geometry of the structure leads to heat concentration
at some regions even in the same elevation. Due to the
location of Dez Dam which is in north of the earth, and
considering that the axis of the dam has a slight angle
(about 6�) to the geographic south, the sun which is
located in the southern glows to downstream face and
leads to more heat concentration on the face near the
abutments and middle elevations.

The e�ect of direct solar radiation is almost neg-
ligible on the upstream face because it is fully behind
the sun. This distribution is a�ected by the indirect
radiation re
ected from the environmental surfaces,
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Figure 4. Finite element model: (a) Dam body; (b) downstream view and measure lines; (c) contraction and peripheral
joints; (d) reservoir and foundation; (e) structural, acoustic and thermal elements; and (f) contact element.

Figure 5. Time history of the air temperature, computed
and recorded water temperature (for a thermometer
installed in upstream face at the elevation 316.5 m), and
water level variations for six years at Dez Dam site.

which is almost insigni�cant. The contours show the
e�ects of reservoir level and water temperature on ther-
mal distribution of the upstream face. Temperature
variation is not considerable in the lower part of the
dam, especially along the same elevation because the
concrete in these regions is a�ected mostly by the
reservoir temperature instead of the air temperature
and the solar radiation.

3.3. Transient structural analysis
Figure 5(b) shows the downstream view of the dam
including the measure lines [33]. Structural-solid
elements are used for developing the �nite element
model for the transient structural analyses. The
structural �nite element model is similar to the ther-
mal model while the structural-solid elements have
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Figure 6. Calculated values for the direct, indirect and
total radiation at the dam site.

Figure 7. Location of the reference block and the
thermometers position.

three translational DOFs at each node (Figure 4(e)).
The compressible acoustic-
uid elements with three
translational DOFs and one pressure DOF are used
for modeling the reservoir water. The translational
DOFs are only active on the dam-reservoir interface
(Figure 4(e)). The total number of elements in dam,
foundation and the reservoir are 792, 3770 and 3660,
respectively (Figure 4(d)).

Also, 956 contact elements have been used for
modeling the vertical and peripheral joints (Fig-
ure 4(c)). These 3D node-to-node contact elements

have three DOFs at each node (Figure 4(f)) [34]. They
support only the compression in the normal direction
on the joint face and also shears in the tangential
direction. The contact element cannot endure any
tensile force or stress, but when it is in compression,
it can support compression forces according to its
normal sti�ness coe�cient and shear forces according
to its tangential sti�ness coe�cient. When shear force
resultant in the joint exceeds the joint sliding resisting
force, the two nodes of the element begin sliding with
respect to each other [34].

Foundation rock is assumed to be massless and
all far-end nodes are restricted in three translational
directions. The reservoir pressure at the free surface is
assumed to be zero (surface sloshing is neglected due to
the height of dam) [35]. The hydrodynamic waves are
completely absorbed at the far-end reservoir boundary.
Wave re
ection coe�cient applied on the bottom and
sides of the reservoir medium is taken to be 0.8, conser-
vatively [34]. The dynamic governing equations in the
structure and reservoir media are solved simultaneously
using unsymetric numerical methods [35].

Considering the reliability and accuracy of avail-
able 16 series of geodetic data obtained from micro
geodesies measurement conducted on the dam site,
series nos. 9, 10, 11 and 15 are selected for calibrating
the numerical model. Figure 10 shows the results
obtained from the last set of sensitivity analyses for
the reference block. As seen, the responses of numerical
model are in acceptable agreement with those obtained
using geodetic measurement. Based on the conducted
static calibration procedure, mechanical properties of
concrete are obtained as: mass density is 2400 kg/m3,
modulus of elasticity is 40 GPa, Poisson's ratio is 0.2,
thermal expansion coe�cient is 6 � 10�61/�C, and

Figure 8. Comparison of the results obtained from thermal analysis and the thermometer records for the reference
block [26].
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Figure 9. Temperature distribution on the upstream and downstream faces of the dam for three months of 1973, (�C) [26].

Figure 10. Comparison of the displacement in reference
block between the numerical model and the geodetic
measurements.

the grouting temperature is 23�C. Foundation rock
deformation modulus in saturated and dry regions are
13 and 15 GPa, respectively, and the Poisson's ratio is
0.25.

Due to rate-dependence of mechanical and
strength properties of concrete, the dynamic proper-
ties are di�erent from static ones [36,37]. Dynamic
modulus of elasticity and Poisson's ratio of concrete
are 46 GPa and 0.14, respectively. Applied loads
on the �nite element models are the dam self-weight,
hydrostatic pressure corresponding to summer or win-

ter conditions, thermal loads (considering/neglecting
the solar radiation e�ects) and �nally, the seismic
loads. Figure 11 summarizes all the required steps
for uncoupled transient thermo-structural analysis of
concrete dams. For the dynamic analysis, structural
damping is applied to the equilibrium equations using
Raighley method. A three-component earthquake
ground motion which is consistent with the soil/rock
type of the dam site should be used. Manjil ground
motion at the Abbar Station is selected for this pur-
pose [38]. The ground motion is scaled in Design
Base Level (DBL) of dam site. The Peak Ground
Accelerations (PGA) for the horizontal and vertical
components are 0.24 g and 0.18 g, respectively. In
order to reduce the computational e�orts, only 11.5 s
of the original acceleration time history corresponding
to the strong ground motion of the record is applied
to the coupled system. Damping for DBL excitation is
assumed to be 5% of the critical damping.

Four di�erent load combinations are used in this
study to investigate the solar radiation e�ects. Table 1
summarizes the selected load combinations and the
constituent loads as well. In order to �nd the critical
load combination in each case, the critical date is
recognized based on the thermal loads time histories
considering the solar radiation e�ects.

Figure 12(a) and (b) show the non-concurrent
envelope of the Maximum First Principal Stresses
(MFPS) and Minimum Third Principal Stresses
(MTPS) for both the upstream and downstream faces
of the dam based on summer load combinations. MFPS
considering and neglecting the solar radiation e�ects
are 3.72 and 3.03 MPa, respectively. It means that,
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Figure 11. Performing uncoupled transient thermo-structural analysis on the dam-reservoir-foundation coupled system.

Table 1. Load combinations.

Load
combo

Solar radiation
e�ect

Thermal
load

Hydrostatic
load

Self-weight
load

Seismic
load

1 Yes Summer 314.85m Yes DBE
2 No Summer 314.85m Yes DBE
3 Yes Winter 337.04m Yes DBE
4 No Winter 337.04m Yes DBE

considering solar radiation increases tensile stresses
about 22% for the selected ground motion. The
location of MFPS is the same in both models. On the
other hand, comparing MTPSs shows that considering
solar radiation e�ects decrease compressive stresses
from -11.5 to -10.7 MPa. The lower parts of the
downstream face near the abutments and also some of
central and upper parts of the upstream face experience
higher compressive stresses. Also, solar radiation e�ect
leads to the release of the compressive stresses in
corner parts of the upstream face. It is noteworthy
that the MFPS and MTPS in the dam without initial
thermal load (for 314.85 m hydrostatic pressure load)
are 2.45 and -13.87 MPa, respectively. Tensile and
compressive strengths of concrete are 3.4 and 35 MPa,

respectively [33]. Thus, neglecting the thermal stresses
may leads to underestimation of the results.

Figure 13(a) compares displacement time histo-
ries of the crest point in the stream direction for load
combinations (1) and (2). Under the current water
level, the crest point shows 17 and 15 mm displacement
in the downstream direction for the load combinations
(1) and (2), respectively (displacements are due to
hydrostatic pressure under gradually impounding the
reservoir, dam self-weight under the staged construc-
tion, and the thermal loads). As it is clear, the general
trend of the displacement time histories are close
together; however, neglecting solar radiation e�ects
increases displacement toward the upstream from 35
to 43 mm.
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Figure 12. Non-concurrent envelope of MFPS and MTPS for (a) load combo 1, (b) load combo 2, (c) load combo 3, and
(d) load combo 4 (MPa).

Figure 13. Displacement time history of the crest point
in stream direction under (a) load combos 1 and 2, and
(b) load combos 3 and 4.

Figure 12(c) and (d) show the non-concurrent en-
velope of MFPS and MTPS considering load combina-
tions (3) and (4). In both cases winter temperatures are
considered in conjunction with 337.04 m hydrostatic
pressure load subjected to DBE. The values for MFPS
considering and neglecting the solar radiation e�ects
are 6.30 and 4.78 MPa, respectively. It shows that
considering solar e�ects increase tensile stresses in the
dam body. The location of MFPS is almost the same
in both models. On the other hand, comparing MTPSs
shows that considering solar radiation e�ects decrease
compressive stresses from -12.7 to -8.64 MPa. The
central and upper parts of the upstream face experience
higher compressive stresses. The MFPS and MTPS
in the dam without initial thermal load (for 337.04 m
hydrostatic pressure load) are 3.85 and -15.12 MPa,
respectively.

Figure 13(b) compares displacement time histo-
ries of the crest point in the stream direction for
load combinations (3) and (4). Under the considered
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hydrostatic load, the crest point experiences 57 and
56 mm displacement in the downstream direction
for the cases considering/neglecting solar radiation,
respectively. The larger value of the crest displacement
in load combinations (3) and (4) rather than load
combinations (1) and (2) can be attributed to the
e�ects of joints opening/sliding under higher water
pressure. Although the general trends of displacement
time histories are close, neglecting solar radiation
e�ects increases displacement toward the downstream
from 84 to 89 mm, while both models have the same
displacement toward the upstream direction.

4. Conclusion

In the present paper, the uncoupled transient thermo-
structural response of a thin high arch dam is in-
vestigated using �nite element technique. Thermal
stresses are computed �rst in the dam using all the
external thermal loads including solar radiation e�ect.
Structural stresses are then computed based on dam
body self-weight, hydrostatic pressure, and earthquake
loads. E�ects of all the contraction and peripheral
joints are considered in terms of opening/closing be-
tween the dam blocks. Fluid-structure interaction is
modeled using 
uid �nite elements. On the basis of
the conducted thermo-structural analysis, the following
conclusions can be drawn:
� Solar radiation leads to a non-uniform temperature

distribution within dam body.
� Solar radiation mainly a�ects the downstream face

of the dam. Temperature distribution on the
upstream face especially in the lower parts of the
body is mainly a�ected by the water temperature.

� Results of the thermal transient analysis considering
the solar radiation e�ects are in good agreement
with those recorded by the thermometers.

� In the both winter and summer load combinations,
considering solar radiation increases tensile stresses
and decreases compressive stresses under the se-
lected ground motion.

� The locations of the maximum �rst principal stresses
and minimum third principal stresses are the same
for the models considering/neglecting solar radia-
tion e�ects.

� Design of arch dams is mainly based on the gener-
ated tensile stresses in mass concrete. Thus, the
e�ects of solar radiation should be considered in
design process of thin high arch dams.
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