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DEDICATION

To My Loving Mother: Margaret Angwec Oyee



ABSTRACT

The temperature field of concrete dams in operational stages is dominantly influenced by
variations in environmental seasonal temperature and climatic conditions. Cyclic seasonal
temperature and associated thermally induced stresses have been found to contribute
significantly to long term degradation of strength and stiffness of concrete dams raising
concerns about their durability (Leger et al. 1993). In this study, a critical review of the current
state-of-the-art of temperature models for determining temperature distribution including the
main evironmental parameters influencing the temperature distribution for concrete dams in
operation has been undertaken. It is found that, the heat flow in the concrete dams currently is
approximated as conduction only and the classical Fourier heat conduction models are adopted
as the governing equations to define heat flow mechanisms in the dam. The solution to Fourier
heat models is accurately achieved through the finite element analysis using finite element
models of the dam to the determine the temperature field.

Among the environmental parameters that affect the concrete temperature, the effect of
variable foundation and variable reservoir level have been investigated in this study. A model to
predict variation in foundation temperature in the absence of measured data is first proposed.
A transient heat transfer analysis is then carried out using a hypothetical 3-D finite element
model of dam-foundation system to investigate the effect of foundation temperature. Results
obtained indicate that spatial variable foundation temperature prescibed at the dam-
foundation interface has a significant influence on thermal response of the dam in the regions
near the interface. However, variable foundation temperature was found to have negligible
influence on the thermal stress response for the selected node at the interface. The reservoir
level is found to significantly affect the average concrete temperature by more than 50% for

low reservoir level.
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CHAPTER ONE
1 INTRODUCTION

1.1 Background and overview to study

A significant percentage of existing concrete dams, exhibit some kind of structural deterioration
after several years in service (Daoudu et al. 1997). The deterioration is caused principally by
thermal effects, with 19 % of reported cases attributed to freezing and thawing and another 9

% to temperature variations (ICOLD 1984).

The transient evolution of the concrete temperature due to seasonal temperature variations
plays an important role on the thermal behavior of concrete dams in the operational stages. In
order to establish the thermal response, the temperature distributions within the dam and the
heat flux exchanges with the environment through the atmosphere (including solar radiation

and wind effects), reservoir, and foundation must be evaluated.

Many methods exist to obtain the temperature distributions in concrete dams. The finite
difference method (FDM) has been used to obtain the temperature distributions in earlier
days. But due to the geometrical complexity of dams and difficulty in handling complex
boundary conditions, FDM is reported (Sabbagh-Yazdi and Mastorakis, 2007) to be inaccurate
for modeling temperature distribution in concrete dams. The most adopted method for
determining temperature distribution in concrete dams is the finite element method (FEM).
Several researchers (Leger et al. 1993a; Daoudu et al. 1997; Malla and Weiland, 1999; Sheibany
and Ghaemian, 2006; Lababzidah et al.2010) have used finite element analysis to obtain the
temperature distribution in dams due to seasonal temperature variations and the
corresponding induced thermal stresses. Knowledge of thermal stress is required to
periodically assess the structural integrity of concrete dams and perform safety evaluation. It is

therefore important to understand how the dam interacts with the environment.

In this study, the influence of the environment to temperature distribution of concrete arch

dams is considered. Several factors are known to influence temperature distribution of



concrete dams in operation and they include variable air, water and foundation temperature
including solar radiation and wind effects. This research is focused on investigating the effect of
spatial variable foundation temperature as well as the influence of fluctuating reservoir level

on temperature distribution in concrete dam walls .

1.2 Research Goals

This research aims to contribute to the continuing research efforts on developing practical and
suitable models for determining the temperature field and the associated thermal stress in
concrete dams in operation. The objectives of the study are as follows :

1. Carry out a thorough literature review of existing current state-of-the-art of
temperature models for concrete dams in operation including environmental parameters

influencing temperature distribution in the concrete.

2. Propose a foundation temperature model for predicting temperature variations in the
foundation.
3. Investigate the influence of the variable foundation temperature and the effect of

fluctuating reservoir level on concrete dam temperature distribution.

1.3 Methodology of this study

The research starts with a thorough critical literature review of the current state-of-the-art of
temperature models for predicting concrete temperature and factors influencing the concrete
temperature . The theory and development of the finite element models are followed to enable
develop computer finite element model of the dam used in this study. The implementation of
the proposed foundation model is undertaken through a comprehensive transient thermal
analysis to establish the influence of spatial variable foundation temperature. The results
obtained from the finite element dam model are analyzed and conclusions are drawn and

recommendations made based on the study.



1.4 Organization of the study

This thesis contains 7 Chapters. With the present content as introductory Chapter 1. A
literature review is provided in chapter 2 and Chapter 3.

In Chapter 2 a comprehensive literature review of the current state-of-the-art of temperature
models for determining temperature distribution in concrete dams is done. The review focuses
largely on the different temperature models adopted and the implementation techniques. A
detailed review to the steps in transient heat flow analysis of concrete dams using Finite
element analysis is also included here.

Chapter 3 is devoted to understanding the environmental parameters influencing temperature
distribution in concrete dams and how they have been modeled as well as the assumptions
considered.

In Chapter 4 a model is proposed for predicting foundation temperature including the factors
that influence the foundation temperature.

In Chapter 5 the implementation of the proposed foundation model in finite element model is
undertaken following strictly the procedures of heat tranfer process discussed in chapter 2.

The results, analysis and discusions of the study are provided Chapter 6. The convergence of
the heat tranfer analysis and the results on temperature and thermal stress are presented.
Finally in chapter 7, conclusions to this study are presented as well as recommendations for

further research.



CHAPTER TWO
2 CONCRETE DAM TEMPERATURE DISTRIBUTION MODELS

2.1 Introduction

Many empirical methods and closed form solutions exist to obtain the temperature distribution
in concrete dams. In order to obtain accurately the temperature distribution within a dam, an
appropriate mathematical model describing the heat flow within the concrete has to be
established. Currently, the heat flow within a dam is assumed to be through conduction only
(Leger et al. 1993a; Agullo et al. 1996; Malla and Weiland 1999) and hence governed by the

transient Fourier heat conduction model.

2.2 Fourier Heat Conduction Model

The Fourier heat conduction equation in a solid region is written generally in cartesian

components as:

va+Q:Di% [2.1]
K m
Where:

2 s o K

—§+W+§ , D, :E
V?is the Laplacian operator of temperature, T denotes temperature field T(x, y, z, t) and x, y, z
and t denoting space coordinate vector and time; D_ is the thermal diffusivity of the material;
k is the tensor which quantifies the conductivity property of the material; ¢ and p are material
specific heat capacity and density respectively, Q is the internal rate of heat generation in
W/m?.
In transient heat transfer analysis for concrete dams that have been in operation for 10 years

or more, the quantity Q is neglected. This is because at this stage, the heat liberation in



concrete wall due to hydration process is assumed complete (Nisar et al. 2003, Saetta et al.
1995). Thus Equation (2.1) reduces to:

vir-L 9T 2.2]

D_ ot
The above is known as the transient Fourier heat conduction equation without internal heat
usually applied to determine the temperature distribution in concrete dams in operation.
Three forms of Equation (2.2) have been adopted in modeling the temperature distribution of

concrete dams: one-dimensional (1-D), two-dimensional (2-D) and three-dimensional (3-D)

Fourier heat conduction models.

2.2.1 1-D Heat Conduction Model

In 1-D heat conduction analysis of concrete dams, heat flow is considered only along the

thickness (L) of the dam that is in the x direction only. Therefore, the model takes the form

. o'T - ar
* ox? ot [2.3]

Where: T is the concrete temperature in K; t = time in seconds; k is the concrete conductivity
coefficient along x-direction in W/m? K.

In Figure (2-1), it is shown that, the concrete dam surfaces are at different temperatures. In
applying Equation (2.3), it is considered that heat flows from surface at temperature T; to
surface at temperature T, or vice versa depending on which surface is at higher temperature in
accordance with Fourier’s law.

The fundamental assumption in using 1-D model is the unidirectional flow of heat which is
usually not true especially for concrete dams with considerable thickness (Ardito et al. 2008).
This makes the 1-D model in most cases not considered strictly accurate in concrete dams due
to the fact that in reality there may be heat flow normal to the x- direction. For this reason

researchers in dam engineering have in many cases adopted the 2-D and 3-D heat models.
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Figure 2-1: 1-D heat transfer in concrete dam wall

2.2.2 2-D Heat Conduction Model

In 2-D heat conduction analysis of concrete dams, heat flow is considered along the thickness

(L) of the dam and through the depth (H), that is, heat flow occurs in both x-and y-directions as
shown in Figure (2-2). Therefore the model is written as:
A i
“ox* oy’ ot [2.4]
Where: T is the concrete temperature in K; k, and k, are the concrete conductivity coefficients
in x- and y-directions, respectively.



The 2-D heat model can be accurately applied in heat flow analysis of gravity concrete dams as
the solar shares on the exposed surfaces of such dams are usually uniform at every point on the

concrete surface (Leger et al. 1993; US Army Corps, 1994).

Figure 2-2: 2-D heat transfer in concrete dam wall

2.2.3 3-D Heat Conduction Model

In 3-D heat conduction analysis of concrete dams, heat flow is considered in all three directions
that is in the x- , y- and z-directions. In the z-direction, heat flow is assumed across the radius
(R) i.e. in the radial direction as depicted in Fig. (2-3). The model therefore takes the form

o't o'T 0T oT

Ky~ +K,—5+K,—5=pPC—
ox oy 0z ot [2.5]

Where: T is the concrete temperature in K; ,,k,,k, are the concrete conductivity coefficients in

X-, y- and z-directions.



The 3-D heat model is the most ideal for thermal analysis of concrete arch dams (Sheibany and
Ghaemian, 2006). For an arch dam the sun strikes every point on the concrete surface at
different angles and hence there is a spatial variation in the incident solar energy at any

location on the concrete surface at a given instant
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Figure 2-3: 3-D heat transfer in concrete dam wall

2.3 Solution to heat conduction models

Obtaining a solution to heat conduction Equations (2.3-2.5) subject to appropriate boundary
conditions means determining temperature distribution, heat flows and conditions of thermal
stressing within the structure. In dam engineering this is called thermal analysis or heat transfer
analysis or heat flow analysis. The complete solution to the Fourier heat conduction models
employs the use of numerical techniques such as finite element method (FEM), finite difference
method (FDM), finite volume method (FVM) and Fourier series analysis (FSA) in order to

establish the temperature field in the dam.



The finite element analysis (FEA) technique besides its limitations such as large computational
effort and required expertise, is currently the most preferred approach to the solution of heat
transfer equations. This is particularly due to its ability to deal with irregular geometries and
complex boundary conditions and loadings which are the limitations of FDM and FVM. Fourier
series analysis on the other hand comes with some advantages over FEM like less computing
time requirements and no need for initial temperature condition which is an important
requirement when using FEM and FDM (Leger et al 1993; Agullo et al. 1996; Sheibany and
Ghaemian 2006)

2.3.1 Thermal analysis using FDM

Before the invention of modern computers, the finite difference method was used to obtain the
temperature field. The main idea behind the finite-difference method is that the derivatives in
the Fourier heat equations are replaced with the difference formulas (Chapra and Canale,
1998). Agullo et al. (1996) adopted the 1-D heat model to obtain the temperature field of
different sections of the dam at given heights and variable thickness at any instant based on
explicit FDM. In the analysis, simplified assumptions were considered for instance the concrete
medium was assumed continuous, isotropic and homogenous. The influence of thermal
properties of concrete, the geometry and location of the dam, and the action of the
environment were the major factors considered in the study. The results of the analysis found
that the mean temperature of the section depended basically on the annual mean air and
water temperature as well as the annual mean total of daily solar radiation at the site and
concluded that solar radiation had the greatest effect on the temperature distribution of each
section.

At present, FDM is not widely used due to the improved and very reliable commercial finite
element analysis (FEA) softwares using high performance digital computers. Additionally, FDM

becomes very complicated when dealing with higher dimensions for instance the 3-D case.



2.3.2 Thermal analysis using FSA

This technique is a new approach proposed by a few researchers. Leger and Leclerc (2007)
reported that the 3-D nature of heat transfer process across a section of an arch dam can be
well represented using the 1-D heat model. In the study, they proposed a frequency domain
solution technique that computes the temperature field within the dam cross sections based on
discrete Fourier series analysis (FSA). In this technique, two approaches to solving Equation (2-
4) were proposed; first approach is by considering the direct problem where temperature
histories at the dam surfaces (upstream and downstream) are known. These are then used to
calculate the inside temperature field. The second is the inverse problem where temperatures
have been measured at selected positions inside a dam wall in order to determine related
external boundary temperatures. This was implemented in a computer program called TADAM.
From their results, they concluded the proposed technique can be used effectively to study the
seasonal thermal variations in concrete dam sections. Another important point was that the
accuracy of computed thermal field is independent of the mesh distribution of the section

considered which is in contrast to finite element heat transfer solutions.

Ardito et al. (2008) combined both FEM and FSA techniques and proposed a procedure for
diagnostic analysis of concrete dams. In the proposed algorithm, FEM discretization process
was used to reduce 2-D heat model to first order linear differential equation. Then using Fourier
series, an analytical solution of the ordinary differential equation (ODE) was obtained that
provided the temperature field over given time period, assuming steady harmonic thermal
response of the dam. However, there is uncertainty on the accuracy of this proposed approach

as full scale assessment of its validity using real experimental data is yet to be done.
2.3.3 Thermal analysis using FEM

The thermal behaviour and subsequent structural response of typical concrete dams can be
represented accurately by 2-D and 3-D models. Presently, the finite element method (FEM) is
the widely accepted numerical method for thermal analysis of dams. It must be noted that

concrete dams are 3-D structures from a stress stand-point and a 2-D from heat-flow stand-
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point (for gravity dams) as little heat is transmitted in the direction normal to the vertical plane
i.e. longitudinal through the dam (U.S Army Corps, 1995). Thus in the case where stress
response is depended on the thermal output then it is usually in the best interest to use 3-D
models in the heat transfer analysis to avoid creating a structural model again.

The methodology for assessing seasonal temperature variation in gravity dams by finite
element analysis has been described by Leger et al. (1993a). In the implementation of the
proposed methodology, the 2-D heat model was adopted and 2-D FE model developed was
used to carry out FEA of a dam-foundation-reservoir system using SAP 90. They took into
account different environmental conditions such as ambient temperature variation, solar
radiation variations, foundation temperature as well as reservoir temperature changes. The
results found that high temperature gradient developed near the exposed surface of the dam
may generate tensile stresses capable of causing surface cracking. They did consider
foundation in their study assuming adiabatic conditions. This means the thermal interaction
between the wall and foundation were ignored. The proposed methodolgy has been adopted
and implemented by a number of researchers. Some of the selected research works are

reviewed below:

Daoud et al. (1997) combined both Leger et al. (1993a) and Bouzoubaa (1995)‘s works and
performed numerical analysis on the periodic temperature field in concrete gravity dams using
CESAR a finite element commercial program. Contrary to Leger et al (1993a) and Bouzoubaa
(1995), they took into account different environmental conditions such as snow cover,
temperature gradients and ice formation in the reservoir water, different thermal
conductivities for saturated and unsaturated parts of the dam as well as the thermal interaction
between the dam and its foundation i.e. considering the effect of geothermal gradient and
different temperature profiles in the foundation for both downstream and upstream faces.
Results from their study showed a remarkable difference in the temperature gradient at the
interface between saturated and unsaturated parts of the dam, that is, temperature gradients
are significant in a band of 20 m from its downstream exposed surface and on a vertical

distance of 15 m on its wetted upstream side. Based on experimental relations between the
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limit of tensile strain of concrete and the local amplitude of seasonal temperature variations,
they concluded that thermal effects are significant to a band of approximately 1 m from the
downstream exposed surface of the dam. Much as the thermal interactions between the wall
and the foundation were considered, the results do not show how much influence foundation
temperature has on the over all temperature distribution and the depth of influence zone into

the concrete from concrete-foundation interface

Sheibany and Ghaemian (2006) carried out a 3-D FEA to determine the effect of thermal stress
in Karaj arch dam adopting 3-D heat equation as the mathematical model. They included in
their study the effect of solar radiations as well as other sources of heat generation in dam like
air and reservoir temperature changes. Their study found that the effect of water temperature
can be more than air temperature in influencing the overall dam’s temperature distribution
across dam thickness and that solar radiation is the main cause of high temperature variations
of points located on the exposed surface especially downstream face. They concluded that 2-D
thermal analysis of an arch dam cannot yield accurate results and 3-D numerical simulation is a

needed. In this study, the foundation was completely ignored in the model.

Malla and Weiland (1999) investigated the effects of horizontal crack in a concrete gravity arch
dam after 25 years in operation using 3-D ADINA finite element model of the dam-foundation
system. They considered the effect of thermal load in their study. Their results showed that the
daily temperature changes could not be the reason of crack creation as they only affect a very
thin layer on the dam surfaces. Comparisons were made with results from 2-D finite element
model of the same dam and concluded that the growth of the observed crack could only be
explained with a 3-D model. The foundation was included in the model but the effect of

foundation temperature was not the objective

Amin et al. (2009) conducted an experimental study in order to simulate the generated stress
field due to temperature variations in mass concrete. They provided a numerical simulation

using 3-D ADINA FE model to verify and extend the experimental interpretations.
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Manafpour et al. (2009) implemented a 3-D finite element model of concrete gravity arch dam
and simultaneously examined the effects of thermal loading and earthquakes. They concluded

that thermal load was important and can cause crack initiation in dams.

Labibzadeh et al. (2010) carried out thermal assessment of Karun arch dam considering the
effect of solar radiation and reservoir temperature changes. Their findings concluded that

thermal load is very significant in structural evaluation of the dam.

2.4 Heat transfer analysis process in FEM

In finite element transient heat transfer analysis, three major computational issues ought to be
considered. Firstly, is the initial condition (discussed in section 2.4.1) of the dams, the second is
related to the numerical integration scheme when a long time behaviour is required and the

third is the boundary conditions (details in section 2.4.2).

For an arbitrary 3-D body depicted in Figure (2-4), the governing equation for transient heat

transfer is given in Equation (2.5)
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Figure 2-4: A Body subjected to heat transfer
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On the surface of the body, the following conditions must be satisfied:

T(x,y,2,t)=T,(xy,2t) on I, [2.6a]
K—T— (x,y,2,t) onT [2.6b]
an qs ;y; ’ q .

Where: g, is heat flux, I} is temperature imposed boundary part and T_is heat flux boundary

part. Three forms of heat flux contribution to the concrete surface are considered, namely heat
flux due to absorbed solar radiation g,, heat flux due to convection heat transfer, g. and heat
flux due to radiation heat exchange, g, between the surrounding medium and the concrete

surface. A general expression that describes all the effects is:
q,=4q,tq.+q, [2.7]
The initial condition given by;

T(xy,2,0)=T, (xy,2) [2.8]

is also prerequisite for the solution of the initial-boundary-value problem given by equations
(2.5-2.8).
The finite element formulation of equation (2.5) can be derived using the variational principle.

The integral form (often called the weak form) is written as;

D]J‘(VW)TDVW+@[4W[ wq ao()Jr[m " I=0Vw withw=0onT, [2.9]

T T b

Ky HKyy Kz

7 7 b _
D=|ky. Ky K| gq=—DVT

T T b

L= "{3_'.' Haz

Where Q = heat or thermal source

3

g=g§=—-k=— on I',, L = dam thickness, D = generalized thermal conductivity, w = test or

ox

weight function
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For the temperature T within the element, an approximation can be written in the form

T=Nd [2.10]
Where N is the array of shape functions and d is the vector of nodal temperatures
After several manipulations of the integral form, the resulting algebraic equation for each

element is an ordinary differential equation in time written as:

CT(t)+KT(t)=F(t) [2.11]
If m denotes the number of nodes in the adopted finite element mesh, C and K are the (m x m)
matrices of thermal capacity and (thermal conductivity + convective + radiative) respectively

that is
K=K, +K, +K, [2.12]

T and F denote the m-vectors of unknown nodal temperatures and nodal force respectively,

the latter of which reads in integral form as:

F(t)=[N"Qda-[N(q"n)dr [2.13]

q

At the element level

Coe| NdV K, = [ kB'BAQ; K, = [h,N"Nds; Ky = [hN"Nds  [2.14]
QE QE rE rE

F=[aN'da+[q,N"ds+ [hTN ds+ [h TN ds [2.15]
QE rE |—E' ré’
Where B is the derivative of the shape functions defined as

[2.16]

ox oy oz

. [6NT ON’ 8NT}

2.4.1 |Initial condition

Initial conditions are conditions for which no thermal load exists in the structure. A concrete
dam is subjected to thermal load when the temperature of the concrete exceeds its design

temperature causing thermal effects. In FEA of concrete dams, the initial condition is necessary
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for the transient temperature field computations. Usually the initial data is not available unless
the temperature history of a dam right from construction to its current state is known. The
common method for prescribing the initial temperature field is to assume a certain type of

steady temperature solution as the initial condition (Venturelli 1992, Leger et al. 1995).

To start transient computations, a steady-state heat transfer analysis is carried out by applying
the mean annual air, water and foundation temperatures directly at the boundaries of the
model. The mean annual temperature on the downstream face is increased above the mean
annual air temperature to account for the effect of solar radiation. This is done for the extreme
temperature conditions usually the year with maximum recorded temperature (Leger et al.
1993). Boundary temperature variations of certain periods are repeated in time. When a
repetitive temperature time history of a 2 to 3 year simulation is observed, the transient heat
transfer analysis is considered to be convergent. Only the results after convergence is achieved
seem reliable for practical use. A finite period of the time is required beyond which errors

introduced by the assumed initial field temperature to drop to a negligible level.
2.4.2 Thermal Boundary Conditions

The treatment of the boundary conditions in finite element implementation is the most
complicated. It is of course very important to prescribe the boundary conditions with the
greatest possible consistency, since they have direct influence on the accuracy of the results.
The boundary of a dam consists of dam-air boundary, dam-water boundary and dam-
foundation boundary. The basic information required to perform a heat flow analysis include;
1) weather data describing the air temperature, solar radiation, wind speed; 2) water
temperature 3) foundation temperature; and 4) thermal properties of the materials. Suitable
computational models have been established to treat these factors (Leger and Armstrong 1993;
Agullo et al. 1996; Ardito et al. 2008). Figure (2-5) shows the heat transfer processes occurring
in a dam and the thermal boundary conditions that are usually adopted in thermal analysis of

concrete dams.

Concrete-Air boundary
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The dam-air boundary is always a difficult problem to deal with. A large difference exists
between the temperature of the air and concrete. The heat transfer mechanisms at this
boundary are due to radiation and convection. The process is a function of air and concrete
temperature, wind speed and solar radiation intensity. Mainly, heat exchanges convectively
along this boundary. Difficulties may arise from the determination of the convective coefficient.
Because it is a function of air flow, the convective coefficient may be environment dependent.
However a larger convective coefficient will make the surface temperature more close to the

air temperature.
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Figure 2-5: Heat transfer mechanism and boundary conditions in concrete dams

Concrete-water boundary
The situation at the water-concrete boundary is similar to that of air-concrete boundary. It is
normally assumed in the analysis that the whole upstream face of the dam is completely

covered with water to simplify the analysis process. This assumption is well represented in
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almost all the past work. This assumption is widely acceptable given the fact that when there is
no water on this face then the situation as describe in air-concrete boundary can be applied.

Heat exchanges convectively between the dam and the water (Zhang 1998). For simplicity,
Leger et al. (1993) suggested that, for this boundary, the concrete in contact with water can be
assumed to have the same temperature as the contact water temperature hence, the dam-
water boundary is usually treated as a temperature prescribed boundary (Agullo et al 1996;
Daoudu et al 1997; Malla and Weiland 1999; Sheibany and Ghaemian 2006 and Labibzedah et al
2010). This means there is always a small error introduced at this boundary during the analysis

(Leger et al. 1993).

Dam-Foundation boundary

At the dam-foundation boundary, there seem to be a lot of uncertainty about what actually
occurs. In some cases adiabatic condition is assumed at the interface. This is because concrete
is considered a fair insulator hence this kind of simplification does not influence significantly the
thermal response away from the interface (Leger et. al, 1993a). In other cases, either
temperature or heat flux is prescribed. The prescribed temperature condition has recently
been accepted as the most appropriate (Ardito et al. 2008). A detailed review of modeling

boundary conditions is provided in Chapter 3.
2.4.3 Time step solution of the FEM equations

Once the initial and boundary conditions have been established the solutions to finite element
equations (2.11-2.16) can be obtained. There exist mainly two methods: the mode
superposition method and the direct integration method. The method of choice is usually based
on whether the long term or short-term solution is required and the scale of the problem.

In order to integrate equation (2-11) with respect to time, the time interval is first divided into

equal steps. This is written as:

t,=0and t, =iAt,i=1,.......... ,n. [2.17]
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Where At is the time step length and t, =nAt is the final time of interest and n is the

maximum number of steps. The time derivative of the temperature array, 7, at t. is

i+1

approximated by the backward difference scheme, i.e.

1

Ti+1 :E(-,;H _7;) [218]

Substituting Equation (2-18) into equation (2-11), for timet,,, we obtain the following

I

difference equation:
[C+AKT,, =CT, +AtF,, [2.19]

For all the time steps, the matrix [C + Atl?] is the same, so that the marching scheme is

T..=[C+Atk ] [CT +AtF,,] [2.20]
Equation (2-20) therefore can be used to determine T, in terms of T;. T, is actually the initial
temperature distribution arrayT,,. The transient behavior of the concrete can then be

determined step by step.

2.5 Thermal stress evaluation

Several algorithms have been proposed for determining the transient thermal stress response
due to an arbitrary temperature at the boundary of a monitored structure (Kuo et al.1986;
Bimont and Aufort, 1987). In the finite element analysis, the thermal stress response of the
dam is determined for every nodal temperature in each element of the domain. Considering
the balance of forces, the relationship between nodal displacement vector and the force vector
generated by the difference between calculated nodal temperatures and nodal closure/design

temperature (i.e. stress free condition), the finite element formulation is given as

[K]{d}={F} [2.21a]

K:U] jBTEBdQ [2.21b]
Q.
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F=§|4 8D, 0 [2.21c]

gp=a(T-T,) [2.21d]
Where K = stiffness matrix, D = stress-strain matrix, B = strain displacement matrix, d = nodal

displacement vector, g, = thermal strain vector, T = calculated nodal temperature; T,= nodal

initial temperature; and a = coefficient of thermal expansion.

Under long-term action of stress, creep will give rise to an increase in the concrete strain,
relieving some of the induced static stresses. The concrete creep mechanism depends on
several factors like age of the structure at loading, the duration and time variation of loadings,
temperature and humidity. A rigorous stress-creep-temperature interaction analysis which is
beyond the the scope of this study. To obtain realistic results, based on suggestions from
previous works (Leger et al. 1993a; US Army Corps of Engineers,1995), it is assumed that the
long term temperature stress will be 65% of the results obtained by the short term linear elastic
analysis.

Concrete cracking is assumed to occur when the tensile stress from combined action of all the
loading conditions are exceeding its tensile strength. Generally the tensile strength of concrete

used in dam construction ranges from 1.5 MPa to 3.5 MPa (Leger et al. 1993b).

2.6 Thermal stress analysis procedures in FEM

The transient evolution of concrete temperature plays an important role in the thermal
behavior of concrete dams from the construction stages where the dissipation of the heat of
hydration is dominant and later during operational stages where the cyclic seasonal
temperature variations are dominant.

In order to establish the thermal response, the temperature of the dam and the heat flux
exchanges with the environment through the atmosphere (including solar radiation and wind
effects), reservoir, and foundation in as far as this affects the concrete temperature, must be

considered.
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Seasonal thermal effects can be included in structural analysis using different modeling

techniques as described below;

a) Carry out a coupled thermo-elastic analysis which deals simultaneously with temperature
and Stress/displacement. This is only performed if the stress and temperature results are
strongly dependent. Material modeling includes temperature dependence of all parameters,
anisotropic thermal conductivity, gap conductance and radiation. However, it should be noted
that this approach is rather expensive to perform numerically as it requires detailed

information about the 3-D thermal history of the concrete surfaces that is usually unavailable

b) Perform a sequentially coupled thermal analysis to define critical temperature distribution
that can be used as input for the stress analysis model. This is possible if temperature history is
considered without knowledge of stress history of the structure. This means that a separate
thermal analysis is performed and the results imported in the subsequent stress analysis. It is
therefore advised here that the same model used for thermal analysis must be used for stress
analysis to minimize generating significant errors from model modification or generating input
data. This approach takes advantage of simple basic assumptions of the structure such as semi-
infinite solid and linear or sinusoidal variations of thermal boundary conditions that will lead to

closed form analytical solutions to approximate the temperature gradient within the section.

c) If extensive measured internal and external temperature field data are available, direct
interpolation can be performed to define the isothermal contours at different times of the year.
These results can then be applied to the stress model. Again this approach has the disadvantage
that huge thermal database is required to obtain meaningful results which are not generally

available

2.7 Summary

The heat flow in concrete dams is governed by the Fourier heat conduction equation. The
Fourier heat equation takes three forms these are the 1-D, 2-D and 3-D heat conduction

equations.

21



The fundamental assumption in using 1-D model is the unidirectional flow of heat which is
usually not true especially for concrete dams with considerable thickness. This makes the 1-D
model in most cases not considered strictly accurate in concrete dams due to the fact that in
reality there may be heat flow normal to the x- direction. For this reason researchers in dam

engineering have adopted the 2-D and 3-D heat models.

Several solution technique are available to obtain solution to the heat conduction models. But
the reliability of these techniques are not very well known. For instance FDM requires the use
of structured grids for geometric discretization which affects the accuracy of the result
especially when dealing with spherical or curved surfaces. Besides the errors obtained as result
of conversion of the differential form of the governing equation to simple formulations that
degrades the accuracy of the numerical solution, the method also makes it difficult to model

domains with complex geometries and boundary conditions.

The finite element 2-D models may be considered accurate enough for concrete gravity dams;
but for concrete arch dams where solar radiation effects vary from point to point on the dam

surface then the 3-D models must always be used

The discussions involving foundation temperature and its influence on concrete temperature
profile is less convincing in the literature hence a more detailed understanding is required to

assess its impact on thermal response of the structure.
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CHAPTER THREE
3 ENVIRONMENTAL PARAMETERS

3.1 Introduction

During and immediately after the construction phase of a dam, the most important factor
influencing temperature distribution is the heat liberated by the hydration of cement (Abdallah
et al. 2003; Saetta et al. 1995). After the construction phase, a regular periodic change in
temperature of the dam gradually appears. This is due to variable environmental conditions
such as air temperature, reservoir temperature as well as solar radiation shares on the exposed
concrete surface (Leger et al. 1993a; U.S Army Corps, 1995; Agullo et al. 1996; Abdullah et al.
2003). After a period of about 10 years post construction, temperature changes in the dam are
controlled by the thermal action owing to the surrounding environment and exposure to solar
radiation. Figure (3.1) shows the environmental parameters influencing the temperature
distribution in concrete dams in operation.

Accurate prediction of concrete dam’s temperature distribution therefore requires a good
understanding of thermal interaction of the dam and its environment.

The modeling of the concrete heat exchange with the environment is dependent on the
surrounding features such as concrete wall and ground surfaces, ambient conditions (i.e
air,water and foundation temperatures) , orientation of the dam and heat conduction from the
concrete interior. Particularly radiation and convection on the exposed dam surface are
dependent on these parameters. Radiation exchange with the environment involves incoming
and outgoing components. Solar radiation, radiation from the atmosphere and radiation from
the surrounding surfaces can all impact the surface temperature of the concrete wall.
Convection on the outside of the dam wall consists of free and forced convection. Free
convection is the heat transfer due to bulk fluid movement (due to buoyancy forces from the
temperature differences in the air during heat exchange) and diffusion of the fluid around the
concrete surface. Forced convection is the heat transfer from bulk fluid movement caused by

the wind.

23



It must however be noted that the major form of heat transfer occurring at the concrete
surface is heat conduction and hence governed by Fourier’s law.

Below is a brief description of the environmental parameters and the boundary condition
models that have been adopted in most thermal analysis of concrete dams using finite element

implementation
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Figure 3-1: Factors influencing concrete dam temperature distribution

3.2 Solar radiation

Solar radiation is an important source of thermal load reaching the exposed surfaces of a dam.
It raises the temperature of the concrete surface resulting in the concrete surface temperature
to be above that of the surrounding air especially during high or summer temperature
conditions (Daoudu et al. 1997). The amount of incident solar reaching the exposed concrete

surface depends on the time of day (daily), time of year (season), latitude of the location,
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nature of concrete surface, cloud cover and local topography. Other factors such as
orientation of dam surface may also have a significant effect on the amount of radiant heat

reaching the dam especially in the case of arch dams.
3.2.1 Solar radiation model

Solar radiation energy incident on the concrete surface is either reflected or absorbed by the
surface. The total amount of incident energy per unit area per unit time is denoted by H . The
portion of this total incident energy per unit area per unit time that is absorbed by the concrete

surface is denoted by g, The fraction of the total incident energy that is absorbed is referred

to as the absorptivity, a. Therefore, the amount of solar energy absorbed by the concrete

surface g,, may be obtained as
q,=aH [3.1]

H is dependent on direct/beam, diffused and reflected components of solar radiation and is

obtained from:

H=H,, +H,,+H,, [3.2]

Where

H,, hourly direct radiation reaching the concrete surface from the sun

H, , hourly diffused radiation reaching the concrete surface after it has been scattered by the

atmosphere

H, , hourly ground reflected solar radiation onto the concrete surface (see Fig: 3-2)

Usually these data are in most cases not available hence the data that is commonly used to
obtain the amount of incident solar radiation on dam surface pertain to the monthly average of
the daily global solar radiation on horizontal surface (H,).

Using the monthly average H, the amount of daily sky diffused radiation (Hy) is calculated and
subsequently, the beam radiation (Hy) is obtained as (Liu and Jordan, 1967):

H,=H,—H, [3.3]
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The relation between H,and Hyis expressed as
H,=H,(1.39-4.027K, +5.531K? —3.108K?) [3.4]

Where Ky is the index of the average monthly cloudiness, defined by the ratio between H, and

the monthly average of extraterrestrial solar radiation  H,
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Figure 3-2: Beam, sky diffuse and ground reflected radiation

K = i
T 24rb.(gosp cosh sinf ), 6+ simp cos ) [3.5]

Where, r’is the correction factor of the solar constant for every day of the year

36072
365

r* =1+0.003cos( ),1<Z <365

Where

lsc = solar constant (its value is 4870KJ/hm2), 6 = solar declination, ¢ = latitude of dam location

hs = absolute value of the hourly angle of corresponding to the sunset, expressed in radians
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The solar declination can be obtained from tables or approximate formulas that express the
declination as a function of the day of the year for example the one proposed by Duffie and
Beckman (1974). In order to calculate the declination 6, a representative day is taken to be
that when the extraterrestrial radiation is closest to the value of the average daily
extraterrestrial radiation during a given month. In Table 3-1, the representative day for every

month and corresponding value of the solar declination are presented (Coronas et al. 1982)
The hourly angle (hs) corresponding to the sunset is obtained from

cos(hg=—tan .tan (3.6]

Where (-hg) is hourly angle that corresponds to sunrise

Knowing the hourly angles of sunrise and sunset, the duration of the solar day (TSV) can be
determined. This duration is the time between two consecutive passes of the sun over the
longitude of the location. The relation between TSV (in hours) and the hourly angle (in degrees)

is given by
h, =15(TSV -12) [3.7]

Consequently, the beginning of solar day (7SV;) and the end of solar day (TSV,) are given by the

relations below:

1
TSVp=12 6—(cos*(—tan .tan )
o= 15( )

[3.8]
Table 3-1: Mid-day and their solar declination
Month Middle day Degrees
January 17 -20
February 15 -12.7
March 16 -1.7
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April 15 9.8
May 15 18.9
June 10 23.0
July 17 21.2
August 17 134
September 16 2.6
October 16 -8.9
November 15 -18.5
December 11 -23.0
1 .
TSVgpleé—(cos (—tan .tan ))
15 [3.9]
2 a
TSV =(TSV,¢ TSV =-—(cos (~tan .tan ))
15 [3.10]

The above relations (3.8-3.10) depend on the latitude ¢ of dam location and the day of the

year (Z). Thus for a given dam the interval of the solar radiations at its location can be

determined. Outside this interval, the incident solar radiation is taken to be zero.

Once the direct and diffuse components of the monthly average of the daily global radiation at

the location (horizontal plane) have been determined, we can also obtain the hourly radiation

at different times during the interval that corresponds to sunrise and sunset at the location of

the dam.

The hourly radiations for global and diffuse are obtained by the relations

Ho,h =r.H

o
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Han =15:Hy 3.12]

r. and r, are factors depending on hour and duration of the day, and are obtained analytically

as

n cosh—cosh,

rd(h'hS)zﬂ'sinh —h_.cosh
s s s [3.13]

rt (h'hs) — l(al +az cosh)M
24 sinh,— h, cosh, 3.14]

a, =0.4090+0.5016sin(h, —1.047)
a, =0.6609 —0.4767sin(h, —1.047)

The direct hourly radiation is obtained, at every hour of the interval, as the difference of the

hourly global radiation and diffuse radiation as

Hyp=H,p—Hy [3.15]
From the direct and diffuse components of the solar radiation, the amount of incident solar
radiation of the dam surface is computed as the sum of their hourly beam, diffuse and reflected

components
H=H,,+H,,+H,, [3.16]

Where ground reflected radiation  H, jis given as
1+cosB
H,, = p(—z j-(Hd,h +H,,) [3.17]

3.2.2 Surface irradiation model

Concrete surface emits radiation as part of the heat transfer process. Radiant heat transfer rate

from a concrete surface to its surroundings is governed by Stefan-Boltzmann law as

qr = ecCS (T4 - 7-(14) [3_18]
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Where g, is the heat lost from the concrete surface per unit area per unit time; e, is the
emissivity of concrete surface; a factor obtained as the ratio of total radiant energy emitted by
the concrete surface to that emitted by a black body. The emissivity term accounts for the
efficiency of the surface in emitting radiation and depends on the concrete surface
temperature and colour (Incropera and Dewitt, 2002). e is dimensionless constant and takes a
maximum value of 1.0. T being temperature of the concrete surface (i.e. this quantity must be
known either from recorded data or obtained from steady state analysis as explained in section

2.4.1); T, is the air temperature (see section 3.6.4), C; = Stefan-Boltzmann’s constant given by

5.669 X 10® (W/m?)

In linear form;

q,=h(T-T,) [3.19]
Where hr is defined as linearized radiation coefficient (W/mz)
h =eC (T +T))T+T,) [3.20]

3.2.3 Convection model

Heat is transferred to and from the concrete surface to the surrounding fluid by convection.

Convection at the concrete surface is governed by Newton’s law of cooling given as

q.=h(T-T,) [3.20]

Where:

h. = convective heat transfer coefficient; T = temperature of concrete surface (K) ; T, is air
temperature (K). The convective heat transfer coefficient (h.), defines, in part, the heat transfer
due to convection. The convective heat transfer coefficient is sometimes referred to as a film
coefficient and represents the thermal resistance of a relatively stagnant layer of fluid between
a heat transfer surface and the fluid medium. Common units used to measure the convective

heat transfer coefficient are W/(m? .K).

In concrete dams, the convection can be considered a combination of free and forced

convection. In free convection, the bulk fluid motion is caused by buoyancy forces from
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differences in local fluid density. The local fluid density gradients are caused by local heating or
cooling of the fluid in contact with the surface. If the boundary layer air is heated by the
concrete surface, the air’s density will be lowered and the air will travel up the dam wall. In
forced convection, the fluid motion is caused by an external source of fluid motion. The wind
will move the air around the surface, creating forced convection.

The heat coefficient h, is a function of wind velocity and can be related to it empirically as

proposed by several authors as:

h.=3.83V+4.67 (Kehlbeck, 1975) [3.214a]
h,=3.8V+5.7 (Kreith and Kreider, 1981) [3.21Db]
h.=3V+238 (Duffie and Beckman, 1980) [3.21c]

Where V is the wind speed at the dam location in m/s

3.3 Air temperature

The daily and seasonal air temperature variation is largely due to the horizontal movement of
air, resulting from movement of relatively cold or warm air masses. Other factors which can
greatly influence air temperature are physical processes such as absorption and emission of

radiation, heat conduction near concrete surface.
3.3.1 Air temperature model

Estimates of the air temperatures at a dam sites are made based on recorded data. Researchers
have observed that, air temperature at the dam site varies in an almost sinusoidal fashion over
given period of time (Leger et al. 1993a; Agullo et al 1996; Sheibany and Ghaemian 2006) and
hence can be approximated by;

2713(,1;3; E)}_B' 3.22]

m

T, :Asin[

A = amplitude in °C ; B, = annual mean temperature in °C; t = time in days; ¢ = lag factor of
sinusoidal representation of daily temperature

The amplitude of the sine wave, A, can be determined by the following
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+|Tn T,

mean

max mean

A=05(]T,, T, ) (3.23]

Tmax = Maximum average monthly temperature, Tin = minimum average monthly temperature,

Tmean = Yearly mean average temperature

3.4 Reservoir temperature

The temperature of the concrete wall will greatly be influenced by the temperature of the
impounded water. Reservoir water temperature varies with depth and follows a cyclical
seasonal variation. Variations in reservoir water temperature depends on many environmental
variables including seasonal meteorological cycles; water depth; intensity of wind; air
temperature; inflow of water and the reservoir operating conditions. Reservoir water
temperature fluctuates on a daily and seasonal basis. Surface conditions are always assumed to
cause water temperature to fluctuate in time and depth (Leger et al. 1993). Kauffman and
Thompson (2005) analyzed the effect of solar radiation, rain, wind, humidity, and air
temperature on water temperature at different depths and the periods of time over which high
or low temperatures persisted. Their result showed significant temperature fluctuations at 1 m,
2m, 4m and 10m depth from the investigated sites. At 20 m depth however, the daily signals
were very weak and temperature fluctuation recorded was as low as 0.2 °C. They concluded
that although the annual range of temperatures were similar at all depths, there was a
substantial difference in the rate and frequency of temperature changes at each depth that is at

all sites, temperature fluctuations were greater and more frequent at shallower depths.
3.4.1 Reservoir temperature model

Temperature of the impounded water is a function of time and depth of the reservoir. There is
no general rule to define reservoir temperature profile. Closed-form expressions to obtain the
reservoir temperature profile and its variation with time have been suggested by Bofang and
Zhammei (1990) and Ardito et al. (2008). Two types of reservoirs with different temperature
profiles are generally recognized (Leger et al. 1993a). The first type is formed by deep reservoirs
with small water intake with respect to volume (Fig. 3-3). The second type has an important

inflow of water with respect to their volume and is usually shallower. In shallow bodies of
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water, energy from the sun is able to penetrate to the bottom and heat the entire water
column; thus nearly uniform temperature profile is expected. Deep bodies of water however
may become stratified, with warmer, less dense, water floating on top of colder, denser, water
near the bottom.

In the absence of measured reservoir temperature, the empirical model suggested by Bofang
and Zhanmei (1990) can be used to predict the water temperate in heat transfer analysis. The
proposed empirical formula provides the water temperature as a function of time t and water

depth y, below the reservoir level and is writen as
T, W, )@, (9)+4,(y)cos (- ,— ) (3.24]

t is time in days; y, is the water depth; T _is the annual mean temperature of water obtained

T —b .
as T =c, +(b—co)e’°'°4yw i C :”—g; g=e"%" T, is the water temperature at the bottom;

() 1_g
b is the annual mean water temperature at the surface of the reservoir; H is the depth of the

reservoir; A,(y,)is the amplitude of annual variation of water temperature given by

A,ly,)=Ae " where A, is the amplitude of annual variation of water temperature at the
surface of the reservoir; t, is the time of maxmum air temperature; ¢ is the phase difference

between the maximum temperatures of water and air

Equation (3.24) was slightly modified by Ardito et al. (2008) which makes use of measured
water temperature. The modified form is given as

[3.25]
-0y, -OH
v —e
1 _ e*fDH

Where T, and T; are time sequence of temperature measurements at y, = H and y =0

-0
e Yw

1- e
Tw(ywlt):n(t) 1_e,®H +7;

respectively and @ represents an empirical parameter which must be evaluated for the dam

under investigation (for instance Bofang and Zhanmei proposed ® =0.04 for their situation).
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Figure 3-3: Reservoir temperature profile (deep reservoir)

3.5 Foundation temperature

The influence of foundation temperature to temperature distribution of concrete dams in most
thermal analysis cases found in literature is far less convincing . Leger et al. (1993b) reported
that the foundation temperature has no effect on the concrete away from the foundation
surface but they do not show the influence zone into the concrete. Similarly Daoudu et al.
(1997) considered the effect of geothermal gradient and their report does not include how
much foundation temperature influences the concrete temperature. In this study we
investigate the influence of foundation temperature to concrete temperature showing the area

of influence into the concrete wall from the dam-foundation interface.
3.5.1 Foundation temperature model

While data and empirical models are available to predict the climatic conditions at dam site,

there is lack of data and models available to accurately predict foundation temperatures.
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Researchers have often ignored foundation in the finite element model (Agullo et al. 1996;
Sheibany and Ghaemian 2006) or included it and assumed an adiabatic condition (Leger et al
1993a) at the dam foundation interface in the thermal analysis of concrete dams. In Chapter 4
we present in details the factors that influence foundation temperature and propose a model

that can be easily used to predict the variation in foundation temperature.

3.6 Summary

The seasonal variations in air, reservoir and foundation temperature as well as solar radiation
including wind effects are responsible for temperature field in concrete dams in operational
stages.

Solar radiation is an important source of thermal load reaching the exposed surfaces of a dam.
The factors that influence the amount of incident solar reaching the exposed concrete surface
are; time of day, time of year, latitude of the location, nature of concrete surface, cloud cover
and local topography. Other factors such as orientation of dam surface may also have a
significant effect on the amount of radiant heat reaching the dam especially in the case of arch
dams. All these factors need to be incorporated in thermal analysis of dam if realistics results
are to be achieved. However inclusion of all these makes the analysis rather complex and
difficult to deal with especially in the case of different seasons having variable solar heat

reaching the dam surface.

Mathematical models such as solar, irradiation, convection models described here in are put

forward to simplify thermal analysis of dams in respect of solar effect on dam temperature.

Air temperature time at dam site generally varies sinusoidally for a given period of time. Major
factors influencing air temperature are the time and season of the year in which extreme hot
and cold air particles dominate in the summer and winter seasons respectively. The influence of
air temperature to concrete dam temperature distribution is more prominent near the

exposed surface.

To fully understand the influence the effect of water temperature on concrete dam

temperature distribution is not an easy task. A number of complex mechanisms occur at the
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dam-water interface which are difficult to analyse. Such factors convection, raditon and
conduction are complex to handle at this interface. For that matter reservoir models presented
here approximates water temperature which is subsequently used to represent concrete
temperature at that boundary for easy of implementation in thermal analysis. Among the
different factors that influence water temperature, water depth and seasonal metereological
cycles are considerably the most influencial. The water temperature changes with depth in the

different seasons of the year.

The discussion involving foundation temperature and its influence is not adequately given in
detail to sufficiently draw conclusions. With this, a comprehensive detailed analysis of the
factors that influence foundation temperature and its influence is presented in the chapters to

follow including a mathematical model to predict foundation temperature is suggested.

Finally, the environmental parameter models presented here are only adopted to perform
thermal analysis in the case where measured records are not available. However if reliable

measured records of these parameters are available they should be used instead.
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CHAPTER FOUR
4 FOUNDATION TEMPERATURE

4.1 Introduction

The temperature field in a dam is influenced by a number of factors including foundation
temperature. However, following the literature review, it was clear that the discussions
involving the effect of foundation temperature to temperature distribution in the concrete wall
is far less convincing. In addition models have been established to predict variation in the other
parameters but for foundation is lacking. In this chapter, the factors that influence the
foundation temperature are discussed and a model is proposed to predict variations in the

foundation temperature

4.2 Factors influencing foundation temperature

Leger et al. (1993a) reported that the depth of penetration of annual atmospheric temperature
in the foundation is assumed to be 10m, below this, the ground temperature increases due to

the geothermal gradient. Two factors are therefore considered to influence foundation

temperature;
° Geothermal energy
. Variable atmospheric temperatures

4.2.1 Geothermal energy

Geophysical studies have revealed that the Earth has several distinct layers at different
temperatures as seen in Table 4-1. The core is considered to be the hottest and thus radiates
heat to the upper layers. Consequently, a current of heat flows from the core through the
mantle to the crust. These are known as the convection currents. This current cools down as it
comes closer to the surface of the earth due to the cooling effect provided by the atmosphere.
This means that there is always constant flow of heat from the hot center to the surface. This

creates a geothermal gradient that depends on the thermal conductivity of the bedrock. As one
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moves from the surface to the core however, the temperature gradient decreases with depth.
This is due to;

i. Radioactive heat production which is concentrated within the crust of the Earth,
particularly within the upper part of the crust, as highest concentrations of uranium,
thorium and potassium are found here. These three elements are the main producers of
radioactive heat within the Earth.

ii.  The mechanism of heat transfer changes from conduction, as within the rigid tectonic
plates, to convection in the portion of Earth’s mantle that convects.

Research has shown that temperature increases at a rate of approximately 30 °C/km in the
upper crust. This is estimated to occur in the first 10 km from the earth surface as shown in
Figure (4-1). Below 200 km from Earth surface, the temperature increase rate decreases to only
approximately 0.3 °C/km due to the homogenizing effect of mantle(Winter, 2001).

The most important point to note is that geothermal energy is reponsible for temperature of
the ground. Table 4-1 also indicate that temperatures below ground are relatively stable

compared to the daily and seasonal variations of above ground temperatures.

4
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Figure 4-1: Structure of the earth and geothermal gradient (Source: Electropaedia : page on geothermal energy)
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Table 4-1: Densities and Temperatures of different earth layers

Layer Distance Rock/material Thickness | Density, p | Temperature
from surface | composition (km) (g/cm?) (°C)
(km)
Crust 0 Alumino- 70 2.7 varies
(continental) silicates
Upper mantle | 10-300 Iron and | 290 3.4-43 1400- 3000
magnesium
Lower mantle | 300-2890 Silicon and | 2600 4.3-5.4 3000 (average)
magnesium
Outer core 2890-5150 Iron and nickel | 2300 10-12.3 4000-5000
Inner core 5150-6370 Iron and Nickel | 1200 15 5000-6000

4.2.2 Variable atmospheric temperatures

Although the Earth’s response to the energy balance at the surface is related to the surface air
temperature (Geiger,1965), the temperature of the ground continuously includes a response
not only to air temperature variations, but also to vegetation, soil moisture variations and solar
radiation changes at and near the ground surface. The interaction of all these variables over
short or long time scales determines the temperature of the ground.

The variation in surface temperature induced by climate change can penetrate below the
Earth's surface and produce an oscillation in the geothermal gradient with periods varying from
daily to yearly with amplitude which decreases with depth (Sleep and Kazuya, 1997; Stacey,
1977). For example, daily and yearly temperature variations penetrate into the ground to
depths of approximately 1 and 20m respectively (Beltrami and Kellman, 2003) depending on

the thermal properties of the subsurface as shown in Figure (4-2).
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Figure 4-2: Foundation temperature profile

4.3 Dam-Foundation interaction

The most important point of concern to a dam engineer is how the temperature at the dam-
foundation interface will influence the temperature distribution in the dam wall. Heat exchange
takes place between the dam and the foundation and as such, a part of the foundation should
be included in the finite element analysis. But this in some cases has been ignored by
researchers. If at all the foundation is included in the model then a simple adiabatic boundary
condition is adopted as in equation (4.1) in other cases;

oT

k—=0 4.1
i [4.1]

Where T is the temperature, 63 is the normal gradient and k the heat conductivity coefficient.
n

This simplification ignores the heat exchange along the dam-foundation boundary and
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therefore causes some errors in this region. However some studies have assumed that heat
transfer at the concrete-rock interface occurs only by conduction and the adopted boundary
condition is simplified by precribing an imposed constant temperature at the interface. Ardito
et al. 2008 pointed out that by assuming a zero thermal flux means unidirectional flow which is
not realistic given the large size of the dam hence the latter is considered appropriate. The
condition of constant temperature might be considered appropriate but it is inaccurate
assumption given the fact the foundation temperature also follow a cylic seasonal variations
just like air and water temperature. In this respect, we propose a model that has been applied
in establishing the temperature of the ground by Geotechnical engineers to predict the

temperature of the dam foundation.

4.4 Proposed foundation temperature model

The analysis of ground temperature by Geotechnical engineers is usually based on the
assumption that the temperature variation at the ground surface takes the form of a sine-wave
or a Fourier series. This concept has been adopted and used by many authors such as Khatry et
al. 1978, Sodha et al. 1979, Krarti et al. 1995, Mihalakakou et al. 1996, Jacovides et al. 1996 and
El-Din Salah, 1996 ;1999.

ElI-Din  (1999) stated that the heat flow in the ground usually is expressed by 1-D heat
conduction model as

2
oT, _ 191,

= 4.2
0z* D, ot 14.2]

Considering the ground as a homogeneous solid with constant thermal properties, the equation
(4.2) can be solved with known boundary condition at the ground surface. The energy balance
equation (4.2) at the ground surface is therefore used as the boundary condition at the ground

surface

oT, _
—K(a—;j =h(T,-T,)+a,H—e,AR—LE [4.3]
z=0

Where
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T = ground temperature; h. = convective heat transfer coefficient; T, = atmospheric

=
temperature; T,= ground surface temperature; g = ground surface absorptivity of solar
radiation; H = solar radiation intensity; e, = long-wave emissivity of the ground surface; AR=
difference between the long-wave radiation incident on the surface from the sky and
surroundings and the radiation emitted by the black body at air temperature; z = depth; D, =

material thermal diffusivity; k = thermal conductivity of the ground; LE is the latent heat flux

from the ground surface due to evaporation and given by

LE =0.0168 fh[b,(1—r)—b,(r,T, - T,)] [4.4]
Where f is the fraction of evaporation which depends mainly on the ground cover and moisture
content of the ground for example, for an arid ground, f=0.1-0.2; r, is relative humidity of

the air above the ground surface. For 263 K <T <303 K, b, =103 Pa K™ and b, =609 Pa K™

Equation (4.3) is rearranged and written as

.
] ~hir-T)
02 ) o [4.5]

Where; T, is the ambient temperature due to air temperature T, and contribution from solar

radiation (for the case when f=0)

H e AR
h. h, [4.6]

The solution to Eq. (4.2) is expressed in sinusoidal form as

T,(z,t)wf, z& e Xosin( -+ ) [4.7]
w % b/
Where; a, :[H} ,W :?, P = period of the cycle, w = angular frequency

The Eqg. (4.6) can also be expressed in sinusoidal form as

T

amb

@l +Asin( + ,) [4.8]
Cut %— maxs Ly 1S time of occurence of maximum temperature
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Substituting from Eqgs (4.7) and (4.8) into equation (4.5) gives

TO :Tamb [49]
_1

%EAMM—Y+Z}A [4.10]
and

A:mn*{“+*0mng_“} [4.11]

(1+p)+ptanc,
_aK
K h

The depth at which the temperature fluctuations are damped can be expressed mathematically
as
T.(Z,t)=Tam

Tamb

<y [4.12]

Where Z is the damping depth and y is the small increment (y =0.001)

4.5 Summary

The temperature of dam foundation is affected by two major factors these are geothermal
gradient and atmosphereic temperature. Geothermal heat is responsible for the temperature
of the ground. The heat flows from inner core of the earth to the earth crust where it is
neutralized by the atmospheric effect at the earth’s surface. The temperature increase from the

earth’s surface to the ground is approximated at 3 °C for every 100 m depth.

The variable changes in the earth’s surface temperature induced by seasonal changes in
weather can penetrate below the Earth's surface and produce an oscillation in the geothermal
gradient to a depth of 1 m and 20 m on a daily and annual basis respectively. This variation is
howvere dependent on the thermal properties of the subsurface. This means annally, the dam
foundation temperature varies relatively to a depth of 20 m after which a relatively constant

increase in ground temperature is observed owing to geothermal gradient.
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This therfore neccessitates an investigation of how much effect these variable changes in the
foundation temperature would have on the entire temperature distribution of dam wall. In
order to carry out this investigation, foundation temperature measurements are required.
However in the absence the absence measured records, the mathematical model proposed in
Eq. (4.7) can ably be used to predict the foundation temperature and it changes with depth.
The procedure to perform this investigation is presented in detail in chapter five through finite
element analysis taking inot account all the environmental parameters that influence dam

temperature.
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CHAPTER FIVE
5 FEM IMPLEMENTATION OF PROPOSED FOUNDATION MODEL

5.1 Introduction

The proposed foundation temperature model is implemented in a hypothetical finite element
dam-foundation model. Heat transfer analysis is performed considering the effect of air, water,

solar radiation as well as foundation temperature.

5.2 Finite element model of dam-foundation system

An accurate finite element model is crucial for any structure analysis. The interaction effects
between the concrete wall, its foundation, impounded reservoir and ambient air have to be
taken into consideration in order to understand the structural response.

The process of building a finite element model requires that such parameters as loads applied

to the structure, boundary conditions and material properties are all chosen correctly
5.2.1 Finite element idealization of dam-foundation system

The underlying principle behind finite element method is that a physical structure is modelled
as an assemblage of individual elements connected at their nodes. The arch dam is idealized as
an assemblage of two parts (ie wall and its rock foundation) acting as a single structure rigidly
connected together at their interface.

ABAQUS, a commercially available general purpose finite element package has been used for
developing the model. ABAQUS has been preferred in this case due its several advantages over
other solvers in relation to thermal analysis of concrete dams. These include the ability to
model heat transfer across the thickness with high accuracy and ability to simulate dam-

foundation interaction well (Labibzadeh et al. 2010).
5.2.2 Finite element idealization of concrete wall and its rock foundation

The dam wall is modeled as structure with the upstream face completely covered with water
and the entire downstream face including the crest exposed to air. A typical dam wall with a

height of 90 m has been modeled. It is modeled as 3-D deformable homogenous solid concrete
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section. The wall has been partitioned into three sections over the height (i.e bottom, middle
and top) to compute the concrete average temperature such that the variations in thermal
response at different locations are clearly observed. Additionally it was partitioned in this way
to aid in the meshing of the critical sections of the model where the structure is very responsive
to load changes and also to facilitate in applying the loads and boundary conditions.

On the other hand, in a typical finite element model the rock foundation is normally discretized
as a rigid homogeneous structure with the depth below the foundation kept equal to the height
of the dam and width of the foundation equal three times the width of the dam at foundation
level (Arya et al. 1995). The large volume of the rock foundation is usually included in the dam
model to be able to adequately capture the foundation boundary condition and its effect on
the thermo-mechanical response of the dam (Nissar et al. 2008).But for the purpose of this
investigation, the rock foundation is simplified as rectangular and modeled as 3-D homogenous

solid rock section with a depth of 60 m. Figure (5-3) shows the hypothetical 3-D finite element

model of the dam-foundation system

Figure 5-1: 3-D finite element model of the dam-foundation system
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5.3 Thermal analysis algorithm in ABAQUS

In thermal analysis, thermal loads in the form of heat fluxes and temperatures are applied in
every step. Between the time intervals, the program calculates the average values of the

thermal load. A typical finite element analysis procedure is given in Figure (5-1).

Create complex ABAQUS Ve cae ~ Pre
Geometry CAE T - Processing
binary
¢ ascii
¢ . N
L inp )
Message file
ted T e Y
Printed output =l msg )
T A e / S .
L dat )= ABAQUS — Analysis
' ) [ res )
ascil . /
Restart binary
file i
- I
( odb ) Output  mmmmeeeeeeeeeoe
e —— Database
binary
- Post
ABAQUS = ps ) Processing
Viewer - ; Tocessimng
' ™ . . .
L ) Represents files which are identified by the
) extension names
PS - Postscript files

Figure 5-2: FEA using ABAQUS

The incremental thermal analysis algorithm is presented in the flow chart in Figure (5-2). This is
the easiest way to present the sequence behind the simulation techniques.

In the algorithm, the first step presents preprocessing stage in which the user creats the
geometry, defines material properties associated with it, analysis steps, element types, any
interactions of any contact surfaces, apply boundary conditions and loads and finally mesh the
geometry.

Analysis type: 3-dimensional heat transfer analysis and this calculates the thermal quantities of
the model. The most important thermal quantities of interest are the temperature field,

thermal flux and thermal gradient.
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Figure 5-3: Finite element modeling algorithm for themal analysis

Element type: 3-D linear solid heat transfer elements have been selected. 8-node linear
hexahedron brick element (DC3D8) have been used for both the foundation and concrete wall.

Material properties: thermal and mechanical properties of rock foundation and concrete wall
required for the analysis are thermal conductivity k, density p, specific heat, ¢, and heat
coefficients (for concrete) and dimensionless constants for the analysis are given in the Table 5-

1.
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Table 5-1: Thermal and mechanical properties

Property Units (SI) Concrete Rock

Thermal Properties

Thermal conductivity, k | W/(m.K) 2.5 2.2
Specific heat, C J/(kg.K) 900 840
Solar absorptivity, a 0.65 n/a
Emissivity, e 0.9 n/a

Mechanical properties

Density, p Kg/m?> 2400 2400

Boundary condition and load parameters: This will include surface fluxes, surface films, surface
radiations, boundary specified temperatures

After preprocessing , the load step is submitted for the solution of the temperature field at
every node. This is the processing stage done by the computer

Finally the last step is the postprocessing where temperature time history are obtained for the

whole model.

5.4 Heat transfer analysis

Abaqus is capable of performing linear and nonlinear steady-state and transient heat transfer
analysis. In the steady-state analysis it is assumed that the temperature response of the dam
does not vary with time. This means that the temperature at every point within the dam wall
including the surface is independent of time. Transient thermal analysis meanwhile determines
the temperature distribution and other thermal quantities under temperature conditions that
vary over time, in which case the loads are prescribed as functions of time. In a nonlinear
analysis, the solution cannot be calculated by solving a single system of linear equations (the
finite element equations in Chapter 2), as would be done in a linear case. Instead, the solution
is found by specifying the loading as a function of time and incrementing time to obtain the
nonlinear response. Therefore, ABAQUS breaks the simulation into a number of time

increments and finds the approximate equilibrium configuration at the end of each time
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increment. Using the Newton method, several iterations are done to determine an acceptable
solution to each time increment. The procedures discussed in Chapter two,section 2.4 has been
adopted in this study.

5.4.1 Assumptions adopted in the analysis

For the purpose of temperature distribution analysis of concrete dams in operation, the
temperature of concrete varies in relatively a small range of 255-310 K (Leger et al. 1993a) and
the temperature dependence on thermal and mechanical properties of concrete are considered
negligible that is the conductivity of concrete is assumed isotropic. In this period also,the heat
transfer process is not affected by the latent heat effects during phase change. Therefore the
mechanical and thermal properties of concrete are assumed constant, isotropic and
temperature independent and the phase change phenomena is ignored.

Heat of hydration has been completed and hence the internal heat generation is neglected

At concrete-water interface, it is assumed that convection and radiation do not occur at the
interface. Thus the concrete temperature incontact with water is equal to water temperature
At dam-foundation interface the only heat tranfer mechanism taking place is conduction with

the assumption that no water flows through the interface

5.5 Treatment of boundary and initial conditions in the model

Thermal response of the model is driven by thermal loading through prescribed temperatures,
surface fluxes, heat transfer coefficients and surface radiations. The Figure (2-5) has been
adopted to implement the heat transfer processes and the boundary conditions in this study
5.5.1 Concrete-Air interface

The boundary conditions considered are heat flow from the sun (solar energy), convection
between the concrete surface and ambient, and radiation from concrete surface to the

ambient.

Air temperatures
As there were no direct site measurements for air temperatures, the Eq. (3.22) was used to
approximate the daily air temperature records to input in the finite element model. The daily

temperature records for Cape Town was obtained from South African Weather Service, and
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typical design year of 365days was established. The records cover a period of 14 years from

1995 to 2009. The daily and monthly design air temperatures were obtained by averaging the

recorded temperatures. Figure (5-4) shows the average daily and monthly design air

temperatures. The minimum average daily air temperature of 7 °C occurs in July, while the

maximum average daily air temperature of 26° C occurs in January and February.
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Figure 5-4: The average daily and the monthly design air temperatures

Heat transfer coefficients

The Equation (3.20) was adopted to define the convective heat tranfer at this interface. The

convective heat coeficient was obtained using Equation (3.21c) using the annual average wind

speed of 3.42 m/s for Cape Town shown in Table (5-2)

Table 5-2: wind speed records in Cape Town

Month Jan | Feb | Mar | Apr | May | June | July | Aug | Sept | Oct | Nov | Dec
Avg Wind | 4 4 3 3 3 3 3 3 3 4 4 4
Speed(m/s)
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Surface radiation to ambient

The Equation (3.17) was adopted and modified as per the software requirement as given below

a,=h[(T.-T) ~(7,-T.)'] [4-4]

T, is the value (i.e. 0 °C Or 273 K) of absolute zero, h, is the radiation constant defined as

h =eC [4-5]

r c~s

Where: e_ is the emissivity of the concrete surface and C, is the Stefan-Boltzmann constant

Incident solar radiation on the concrete surface

To obtain the total amount of solar energy, H, reaching the concrete surface, the Eq. (3.1) was
adopted. Based on results published by Power and Mills (2005), see Appendix A, the monthly
average of quantity H was obtained considering the effect of direct, diffuse and reflected solar
radiation components in Eqg. (3.15). This quantity was also considered variable in time and

Equation (3.22) was used to define its time variation in the finite element model
5.5.2 Concrete-Water interface

The proposed model by Bofang and Zhammei (1990) in Eq. (3.24) has been adopted here to
approximate the water temperature. Due to lack of data for reservoir temperature history, it
was assumed initially that the reservoir surface assumes the temperature of the ambient.
Based on this guess, this value was extrapolated to a depth of 20 m. Below this depth, the
reservoir temperature was assumed to attain the annual average. Based on information
obtained, the annual average temperature of natural reservoir in Western Cape lies between
10 °C and 14 °C, hence 12 °C was used to represent the annual average reservoir temperature

in the model.
5.5.3 Dam-Foundation interface

Daily and annual fluctuations in foundation temperature are mainly affected by variations in

the air temperature, solar radiation (i.e. exposed portion) and water temperature (i.e. portion
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beneath the reservoir). The proposed model in Equation (4.6) is now used to predict the
periodic variations of ground temperature with time and depth.

Due to lack of measured data for foundation temperature, 2°C was added to air temperature on
the exposed ground surface to account for the contribution from solar radiation, the
foundation temperature beneath the reservoir was assumed to have the same temperature as
that of the reservoir and the temeprature of the foundation portion underneath the wall was

obtained as the average between the exposed portion and portion beneath the reservoir.
5.5.4 Initial condition

To start the transient computations, a steady-state heat transfer analysis was done by applying
mean annual air and water temperature at the concrete-air and concrete-water interface
respectively. The mean annual air temperature was increased by 2 °C to account for solar
radiation effect. At the dam-foundation interface annual average temperature for three
portions of the foundation were prescibed. The heat tranfer results and corresponding

thermal stresses are presented in Chapter six.

5.6 Parametric investigation

The air, reservoir, and foundation temperatures as well as solar radiation have been previously
described. There are always uncertainties associated with evironmental parameters. The
uncertainties are due to the variability of climatic conditions from year to year, and lack
knowledge of the temporal and spatial distribution of temperature and heat fluxes at the
boundaries of the dam. Therefore, a parametric study is conducted to assess the influence of
variable foundation temperature and variable water level. The effect of solar radiation and air
temperature have been dealt with by Sheibany and Ghamiean (2006) and Leger et al. (1993b)

respectively.
5.6.1 Effect of reservoir temperature and variable water level

The reservoir surface temperature is approximately equal to the air temperature. Three

different cases have been selected for this investigation.
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Case 1: Full reservoir capacity: This is when the whole upstream face of the dam is assumed to
be covered with water. This was assumed to be associated with with wet and extreme cold
conditions hence the wettest was year selected for the investigation

Case 2: Half-full reservoir: This is based on the assumption that the reservoir remained half-full
for most part of the year. The average temperature used in case 1 and case 3 was applied in
this case

Case 3: Low level reservoir (1/4 of dam height): This is when most part of the upstream is left
exposed to air and solar radition. This was assumed to be associated with dry and hot conditons
for a given year hence the warmest year was used. The results to this investigation are

presented in Chapter six
5.6.2 Effect of variable foundation surface temperature

As opposed to applying a uniform constant foundation temperature and assuming adiabatic
condition at the dam-foundation interface, three partitions of the foundation have been
considered to investigate the effect of spatial and temporal variability of foundation
temperature i.e. the exposed surface, portion underneath the wall and portion beneath the
reservoir. Each section is specified with temperature of a certain magnitude which varies with
depth and time. Two years in which highest and lowest air temperature were recorded have
been used carry out the investigations. These values were chosen to simulate extreme
conditions experienced by the dam. Prescribed uniform constant foundation temperature are
compared with prescibed spatially time varying foundation surface temperature and results are

presented in Chapter six

54



CHAPTER SIX
6 RESULTS, ANALYSIS AND DISCUSSION

6.1 Convergence of Heat Transfer Analysis

The concrete wall was divided into three sections. Figure 6.1 shows the time history of the
average temperatures for the concrete wall including top, mid and bottom sections using a
time step of one day. Convergence, which is obtained for the second year of analysis, is defined
when the average concrete temperature evaluated on January first varied by no more than 1 %
for top,mid and bottom sections. If, as a convergence criterion, the temperature of a node
located at the centre of each section is considered, convergence is achieved on the third year.
Therefore 365 daily temperature distributions for the third year of analysis were chosen to
represent the typical average temperature of the concrete wall due to seasonal temperature

variations.
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Figure 6-1: Convergence of the numerical solution
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6.2 Transient thermal response of the concrete wall

Following convergence of the thermal analysis, 365 daily temperature distributions that were
assumed to be a good representation of a typical yearly response of the concrete wall were
obtained. Figure (6-2) shows the time history of the average temperatures of the dam top, mid
and bottom sections due to seasonal variations of air, reservoir, foundation and solar radiation.
A time lag of 35 days is observed between the time at which the maximum average
temperature of the concrete is reached and the time at which the maximum air temperature
occurs. The annual average temperature for the concrete wall was computed as 12.63 °C with

annual air temperature of 15 °C

22
Air temperature
4'1“; /
20 2N
U4 X L 4
U4 ) \
’ ] \
18 l,’ 35 :d_yJ ‘:/’Average T: Top section
-, | \
S FARE i e I
g y / b W\
4,’; 16 / | A\ Middle S
- : 7
g // : /( 4
qE, J ! \ Average temperature of ’I
" 14 / P . S b} \ ¢ |/

dam—\ 77

\Y
\\
147
/
/
\ ~

12 WS 77—+
- NN \ 14
i Bottom ‘N —~ 7 /
10 33 %
N

0 50 100 150 200 250 300 350

Day

Figure 6-2: Average thermal response of concrete
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6.3 Annual temperature and stress distributions in the dam

To study the temperature and stress distributions in the dam, daily temperature distributions
were used to carryout the 365 stress analysis. Figures 6-3a shows the temperature distributions
contours for the day when maximum air temperature (at day 80) was reached. High thermal
gradients are observed along the downstream face including the crest exposed to air and solar
radiation over a depth of approximately 3 m. The maximum temperature of approximately 22
°C is recorded near the crest edge of the dam. Figure 6-3b presents the maximum principal
stress contours corresponding to temperature distributions computed from heat transfer
analysis shown in 6-3a. High maximum principal stresses corresponding to these temperature
distributions are observed at the edges of the crest and near the heel and toe of the dam
model. The highest value of tensile stress recorded is 1.82 MPa near crest.

Figures 6-3c presents temperature distributions when minimum air temperature is recorded
(on day 196). On this day, maximum concrete temperature of about 18 °C is recorded
approximately 4 m from the downstream face of the dam. This result is expected due to
thermal inertia of the concrete in responding to the air temperature variations. Figure 6-3d
corresponds to stress contours for the temperature distributions shown in 6-3c. The highest

maximum principal stress recorded is 1.26 MPa occurring at an internal node near the crest.
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(c) (d)

Figure 6-3: Temperature and Stress contours: (a) day when maximum air temperature occurs; (b) Stress contours
corresponding to day of maximum air temperature; (c) day when minimum air temperature occurs; (d) stress
contours corresponding to day of minimum air temperature

6.4 Effect of variable foundation surface temperature

As mentioned, the foundation is sometimes not included in finite element transient heat flow
analysis. When it is included, adiabatic condition is assumed at the dam-foundation interface. In
this study, heat exchange is assumed at the interface through conduction considering variable
and constant foundation surface temperature. Figures (6-4) — (6-7) show the thermal response
of the dam when a spatially time varying and constant uniform foundation temperature is
prescribed. For the year considered marked difference in average temperature at the interface
is observed for a set of nodes running longitudinally and transversely through the dam wall. In
Figure (6-4a) the temperature of the concrete for the nodes in contact with the foundation is at
18.4 °C when spatially time variable foundation temperature is prescribed compared to 16.1 °C
for the when constant foundation temperature is applied in Figure (6-4b). A rapid decrease
from 18.4 °C to approximately 16.8 °C in concrete temperature is observed, 10 m from interface
when a variable foundation temperature is prescribed (see Figure (6-4a)) compared to a
gradual increase from 16.1 °C to 16.8 °C for the same set of nodes when a constant foundation

temperature is prescribed (see Fig (6-4b)). It is also observed in Figures (6-4a and 6-4b) that,
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30 m from dam-foundation interface, the concrete temperature in both cases is approximately
17 °C. This can be interpreted to signify zone in which variable foundation temperature has
negligible influence on the concrete temperature.

For transverse temperature profile across the dam wall shown in Figures (6-5a and 6-5b), the
concrete temperature remains approximately constant at 18.4 °C for a node 5 m from dam-
foundation-water interface and dam-foundation-air interface for the case in which variable
foundation temperature is prescribed compared with the 16°C observed when constant
foundation temperature is prescribed in Fig (6-5b). This clearly shows the influence foundation
temperature has on the thermal response of the dam at the interface.

A similar discussion as above can be deduced for the condition in which lowest air temperature

was recorded as shown in Figures (6-6) and (6-7)

Temperature profile through dam height
(variable foundation temperature) om
15 17 19 21 23 25 27 29 ¢
0 ~
L]
E -20 - Node
.:ED -40 ®
£
£ 60 [ ®
1]
a ®
-80
.2
-100 ol
Temperature,C

(a) Prescribed variable foundation temperature

59



Temperature profile through dam height (Constant
foundation temperature)
15 17 19 21 23 25
0 >
g -20
5 40
2
£ -60
©
0 .30
-100
Temperature,°C

(b) Prescribed constant foundation temperature

Figure 6-4: Longitudinal temperature profile through the dam wall for maximum air temperature
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Figure 6-5: Transverse temperature profile across the dam wall for maximum air temperature
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Figure 6-7: Transverse temperature profile across the wall for minimum air temperature

The effect of variable foundation temperature on thermal stress response of the dam was
investigated for two nodes; node 1 located at the dam-foundation interface and node 2 located
approximately 7 m from the interface are considered. As shown in Table 6-1, the effect of
foundation on thermal response of the dam is significant. When spatially time varying
foundation temperature is prescribed, the maximum increase in the nodal temperature is
17.6% and 3% for nodes 1 and 2 respectively. This occurred on day 63 and 172 for node 1 and 2
respectively. These results also indicate the effect is significant at the interface and has very
little effect on the response away from the dam-foundation interface. It can be seen from Table
6-1 that the foundation temperature has negligible effect on thermal stress response at the
interface for the corresponding temperature distributions computed from the heat transfer
analysis. However a 9% increase is observed in the maximum thermal stress obtained at node 2.
It should be noted that the day of maximum temperature does not correspond to day of

maximum tensile stress for nodes considered
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Table 6-1: Influence of foundation temperature on thermal stress response of the dam wall

Case Max Temperature Min Temperature Max Tensile Stress | Min Tensile Stress

(°C) (°C) (MPa) (MPa)

Node 1 Node 2 Node 1 Node 2 | Nodel | Node2 | Nodel | Node2

Variable |20.05®) |17.18%7? | 13.94?* | 16.29" | 1.98®) | 3.46®Y | 1.28?%) | 0.86"

Constant | 17 16.72 17 16.63 2.01 3.18 1.27 0.89

(*) day in which results were obtained

6.5 Effect of variable water level

Because the temperature of concrete is influenced by the temperature of the impounded
water, to investigate the effect of variable reservoir level on the thermal response of the wall,
the annual average concrete temperature have been compared for the three different
scenarios under study. The results in Table 6-2 shows that the average concrete temperature
is highest when the upstream face is exposed to air and solar for most part of the year and
lowest average temperature when reservoir is full. This therefore means that exposure to air
temperature and solar radiation on the upstream face increases the concrete average
temperature by 53.7 % hence water level on the upstream has significant effect on the overall

concrete average temperature

Table 6-2: Effect of variable reservoir water level on concrete temperature

Water level Concrete Average temperature (°C)
Full 12.63
Half-full 16.69
Low 19.41
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Further investigation was carried on two nodes at mid height of the dam; node 3 located on the
dam-water interface and node 4 approximately located 0.5 m from the dam-water interface
were chosen to investigate the effect of water level to thermal stress response of the dam.
Two cases have considered here i.e full reservoir and low reservoir water level. The results in
Table 6-3 indicate that high temperature and stresses are recorded for low reservoir level. This

further confirms the effect of water level to thermal stress response of the concrete.

Table 6-3: Effect of variable water level on the thermal stress response of the dam

Water Max Temperature | Min Temperature | Max Tensile Stress | Min Tensile Stress
Level
(°C) (°C) (MPa) (MPa)
Node3 | Node4 | Node3 | Node4 | Node3 | Node4 | Node3 | Node4d
Full 10.00 10.87 6.00 9.47 0.51 0.51 -0.05 -0.05
Low 25.39 20.66 14.48 17.89 0.71 0.71 -0.18 0.18

65




CHAPTER SEVEN
7 CONCLUSION AND RECOMENDATION

7.1 Summary

This dissertation has provided a detailed literature review on the current state-of-the-art
temeprature models for establsihing temperature distribution in existing concrete dams. It
then extended further to provide a comprehensive review on the environmental paramaters
that affect the temperature distribution for concrete dams in operational stages. After which an
investigation is carried out to establish the influence of variable foundation foundation

temperature and fluctuating water level on temperature distribution in concrete dam walls.

This Chapter therefore re-examines the results in light of the original thesis and provide basis
for claims made in chapter one. It concludes with an exploration of possible future directions

for the research

Through an extensive literature review on the temperature models, it was observed that,
currently, the Fourier heat conduction equation is the only adopted mathematical model to
describe the mechanism of heat flow phenomena in the concrete dam wall. Much as there is
only one equation used to explain heat transfer mencahisms in dam wall, several other models
to understand the heat transfer mechanisms at the dam boundaries have also been presented

such as the convection, radiation models as well conduction models.

A number of numerical techniques have been adopted to obtain the complete solution to the
Fourier heat conduction models and to implement other boundary condition models in order
to establish the temperature field in the dam. These include meethods such as finite element
method (FEM), finite difference method (FDM), finite volume method (FVM) and Fourier series

analysis (FSA).

The finite element analysis (FEA) approach besides its limitations such as large computational

effort and required expertise, is currently the most preferred approach to the solution of heat
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transfer equations. This is particularly due to its ability to deal with irregular geometries and

complex boundary conditions and loadings which are the limitations of FDM and FVM.

From the available literature obtained, it is noted that temperature distribution in concrete
dams in operation is controlled by seasonal temperature changes and climatic conditions. The
seasonal variations in air, reservoir and foundation temperature as well as solar radiation
including wind effects are responsible for temperature field in concrete dams in operational

stages.

Knowledge of concrete temperature condition is essential for the analysis of thermally induced
stresses within the dam structure. Transient changes of the temperature distribution inside the
concrete result in significant thermal tensile stresses in the structure. Therefore transient
temperature distribution analysis on concrete dams forms the basis of thermally induced stress
computations. A reliable thermal analysis method in finitre element technique and
computational procedures has been established. The computation problems encountered in
the method are the initial and boundary conditions. All the boundary conditions considered are
environment dependent which are extremely difficult to implement. An initial temperature
field must be assumed to start the transient heat flow analysis. This means that an error is
introduced at the beginning of the analysis. Studies have shown that after a certain time, this

error decreases to a negligible level in other words the solution converges to a real one.

To investigate the influence of variable foundation temperature and fluctuating water level on
concrete dam temperature distribution, a 3-D hypothetical finite element model of concrete
dam was developed. A transient heat transfer analysis was performed based on the recorded
air temperature data of Cape Town for a period of 14 years. The influence of heat fluxes from
air, sun, reservoir and foundation on the thermal response of the dam have been considered in

the analysis.

The direct integration scheme of the first order finite element equations by using the finite
difference method was used for the analysis of the transient heat flow process due to its

efficiency and ease of implementation. The integration time step was determined based on the
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cyclic nature of seasonal temperature variations. It was observed in the analysis after several
trials that daily average scheme performs well for capturing the thermal response of the dam
due to variable air temperature. An annual variation of the influencing parameters was

therefore used to obtain the overall dam thermal response.

To ensure a rapid convergence of the cyclical thermal response of the dam-foundation system,
with seasonal temperature variations precribed at the boundaries of the system, the initial
condition was assumed as near to the mean annual temperature distribution of the dam as
possible. The temperature distribution obtained from the steady-state analysis was later used

to perform the transient thermal analysis analysis.

7.2 Conclusion

Based on the literature and results obtained from the finite element analysis by

implementation of the proposed foundation model the following conclusions have been drawn

from the study:
¢ Transient Fourier heat conduction model is only mathematical model used to describe
the transient heat flow mechanism in concrete dam walls.

+* Finite element method is most relaible solution technique to perform thermal analysis
in concrete dams

*» 1-D heat tranfer analysis can not give accurate results thermal analysis of concrete dams
due to the fact heat flow occurs in the direction normal to the longitudinal section.
Whereas 2-D thermal analysis may considered accurate enough, relaiblereults can only
be achieved in the case of gravity concrete dams where solar radiation shares on the
exposed surface of the dam don not vary. Thus 3-D thermal analysis is inevitable when
dealing with concrete arch dames.

< The main environmental factors affecting the concrete temperature for dams in
operation are air temperature, reservoir temperature, foundation temperature, solar
radiation and wind velocity.

¢ Foundation temperature is influenced by geothermal heat and variable atmospheric

temperature. What is however of concern to a dam engineer is the effect of variable
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foundation temperature which occurs to a depth of 20 m below the surface to overall
dam wall temperature distribution.

A model for predicting variation in foundation temperature using measured air
temperature in the absence of measured foundation temperature has been proposed. It
is further stressed here that measured data if used would give a more reliable result and
hence use of measured records of foundation temperature if available must be used.
The temperature distribution obtained from the steady-state analysis has been found to
give a very good estimate of initial temperature distribution of thedam when annual
average temperatures are applied at the boundaries. This very good results can only be
achieved if and only if the initial approximations are very close to the annual mean
temperatures.

From the model, high thermal gradients are observed to a depth of about (3 m) from
the downstream face and near the crest of the dam. Maximum principal tensile stresses
observed corresponds to regions of high thermal gradients for the days considered. It
must be noted that, thermally induced tensile stresses may produce surface cracking
that will not affect the structural resistance of the dam significantly. However, when
water is able to penetrate through, then these surface cracks may be of a serviceability
concern and in the most extreme cases the structural integrity of the dam system may
be compromised.

Thermal response results indicate that variable foundation temperature has negligible
effect on the thermal response of the dam away from the dam-foundation interface
with 9% increase recorded for an internal node (7 m) from foundation interface. This
statement would mean yes it is possible to get relative good representative results
when thermal analysis of the dam is carried out without including the foundation in the
model (Sheibany and Ghammian, 2006; Leger et al. 1993)

Variable foundation temperature is observed to influence the concrete temperature to
approximately 30 m from the dam-foundation interface.

Water level on the upstream face of the dam is found to significantly influence the

average concrete temperature by more than 50 % when most part (nearly 75%) of the
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upstream face is left exposed. Slightly higher tensile stresses are recorded for the same
case.

The water temperature is found to have a negligible effect on thermal response across
the dam thickness compared to when exposed to air and solar radiation effects for the
case studied. This is true because the presence of the reservoir insulates the upstream
face of the dam and thus prevents the possible developments of large thermal gradients
and associated thermal stresses near this face. The former statement does not aggree
with the one reported by Sheibany and Ghaemian (2006) where in their study they
found that water temperature influences the temperature distribution across the dam

thickness more than air temperature

7.3 Recommendations for further research

L)

*

Perhaps the most crucial improvement to this study at its present state is a full scale
implementation of the proposed foundation temperature model is needed in a real
concrete dam finite element model and results correlated with those obtained from
thermometric records embedded in the dam.

Temperature thermal properties such as heat convection coefficient and thermal
conductivity need to be considered to correctly simulate the heat transfer mechanism
occurring in and at the dam boundaries

Large measured data sets that reflect tha actual occurance need to be collected and
analyzed to provide a better thermal and stress response for the different parameters
investigated.

The effect of spatially variable air temperature on downstream face of the dam needs to
be investigated as it may affect thermal and stress response due to changes in dam
orientation and variable dam heights

Analysis of the effect of climate change on foundation temperature using the finite
model of dam-foundation system is required to define extreme conditions which have
never been experienced by the dam-foundation system. This would enable adequate

dam safety evaluation measures to be taken
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¢ Regression models need to be explored and their effectiveness in establishing the
temperature distribution in concrete dams. These would provide cheap and easy
alternative rather than the finite element method which requires a good deal of

experience and knowledge to implement.
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APPENDIX A:SOLAR RADIATION SHARES IN SOUTH AFRICAN
MAJOR CITIES
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Fig.2: Monthly averages for direct irradiation
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Fig.3: Annual averages for diffuse irradiation
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Fig.6: Statistical analysis for global irradiation
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Fig.7: Annual average for global irradiation
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