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ABSTRACT

Reservoirs located in temperate climates undergo seasonal temperature fluctuations, warm in the
summer and cold in the winter. As a result, the temperature of the water seeping through
embankment varies with the season. Heat from the reservoir propagates through dams by two
main processes: convection and conduction. The variation in seepage water temperature can be
used as a tracer to detect and monitor seepage flow through dams. Temperature measurements
- from the saturated zone of dams have been collected and qualitative and simplified quantitative
methods of data analysis have been used to detect relative changes in the seepage regime.

This thesis used two dimensional, uncoupled (fluid and heat flows) numerical models to simulate
heat flow through dams and determine seepage velocities. The numerical programs used in this
thesis were SEEP/W and a modification of CTRAN/W, produced by GEO SLOPE International

- Inc. of Calgary. The programs were run in succession, beginning with SEEP/W. The analytical
method was first tested by comparing results to a closed form solution simulating one
dimensional flow (heat and .water) through a homogenous material. Secondly the numerical
method was applied to analyse heat flow through a field scale model dam in Germany, followed
by an analysis of BC Hydro’s Coquitlam Dam.

The numerical method was successful in simulating one dimensional flow. The method was also
-capable of simulating fluid and heat flow through the field scale dam, which had a simple
stratigraphy. However, the hydraulic conditions at Coquitlam Dam are more complex and a two
dimensional model was not able to account for the flow variations at this dam. A three
dimensional model appears necessary to accurately simulate the fluid and heat flow conditions of
Coquitlam Dam. Temperature data collected from Coquitlam Dam was qualitatively assessed.
No obvious signs of preferential seepage paths were detected.

Although the numerical models used in this thesis were shown to effectively model fluid and heat
flow, the three step process required to use these modelling programs became cumbersome for

- more complicated flow conditions. It is recommended that an integrated program be utilized to
analyse complex systems, such as Coquitlam Dam.

Key words: heat transfer, embankment dams, dam monitoring, seepage monitoring,
numerical modelling
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CHAPTER 1: INTRODUCTION

Dams are used for water supply, flood management, navigation, irrigation, mining, other
industries, power generation, and recreation. There are tens of thousands of dams currently in
operation, of all sizes and types (Yong, 2000). Dams and their associated reservoirs create many
benefits for societies, but also have detrimental effects. Many dams have the potential to severely
impact the natural environment and downstream communities if they were to fail. As a result,
dam owners and operators are required to demonstrate that their dam is effectively managed and
maintained to:

protect the public,
protect the dam owners’ investment;
ensure the integrity of the dam and that the benefits it was designed to provide are achieved;
and
e prevent catastrophic failure.

This requires dam operators and owners to utilize best management practices during design,
construction and operation, including long term monitoring. In 1995, the International
Commission on Large Dams (ICOLD) published Bulletin 99, on Dam Failures — Statistical
Analysis. Based on their findings 15% of embankment dam failures were attributed to internal
erosion in the dam’s body and 12% were attributed to erosion in the foundation. These statistics
emphasize the need to monitor and detect changes in seepage through dams, in order to identify
problems prior to dam failure. Seepage through dams has been monitored for many years using
various types of piezometers and weirs. Due to the significance of seepage measurements and
their implications on monitoring dam performance and integrity, new and/or improved methods
for monitoring seepage through dams are continually sought.

One method of obtaining additional information about the seepage regime through dams is
through the collection and analysis of temperature data from within the saturated zone of the dam
and from the reservoir. This method is applicable for dams located in temperate climates in
which the accompanying reservoir undergoes annual temperature fluctuations. Since the
reservoir temperature varies throughout the year, the temperature of seepage water entering the
dam at any given point also varies. The temperature (heat) of the reservoir propagates through
the dam by two primary processes: convection, and conduction. Convection refers to the transfer
of heat by flowing fluid. Conduction is the transfer of heat through the fluid and the solid phase
of elements in contact with one another as a result of temperature gradients (i.e. flow of heat from
warm to cold region). Essentially, the temperature (heat) of the seepage water acts as a tracer of
the seepage water as it moves through the dam, in a similar manner as chemicals can be used as
tracers. The heat of seepage water can then be measured and used in conjunction with traditional
piezometric data to infer seepage water velocities and to detect variations in seepage velocities.

Temperature measurements can be collected from existing dams or within newly constructed
dams. Temperature measurements within a dam can be collected through dedicated temperature
monitoring installations such as thermisters or fibre optic cables. Alternatively, measurements
can be taken within existing piezometers using a temperature probe that can be slowly lowered
through the piezometer into the water column. Regardless of which measuring system is utilized,
data are typically collected at one metre intervals throughout the water column. The collection
and analysis of these data primary benefit is achieved due to the significant increase in the array
of seepage velocity monitoring locations beyond what is otherwise monitored using piezometers,
thus enhancing overall dam performance monitoring capabilities.




1.1 THESIS OBJECTIVES
The objectives of this thesis are to:

1. Develop an understanding for seepage and heat flow through porous media. Develop and
apply a numerical modelling procedure to simulate heat and seepage flow in one
dimension through porous media. Compare simulated results to results obtained from a
closed form solution.

2. Utilize a two dimensional, numerical model to characterize the temperature distribution
and seepage regime measured within the homogeneous, field scale model dam
constructed in Karlsruhe, Germany.

3. Collect temperature measurements from Coquitlam Dam and reservoir. Evaluate and
monitor the performance of Coquitlam Dam by qualitatively analysing heat flow through
the dam.

4. Apply the numerical model and procedure used to evaluate seepage and heat flow
through the field scale model dam built in Karlsruhe to Coquitlam Dam.

5. Use piezometric and temperature data to assess and monitor the seepage regime within an

embankment dam. Assess if temperature data would be a useful tool for dam
performance monitoring. '

1.2 SCOPE OF THESIS

The theoretical equations relating heat transport and fluid flow through porous media have been
studied to develop an understanding of their applications and limitations toanalysing heat flow
through dams. The inter-relation of these equations when used to examine seepage flow through
dams was examined to develop an understanding of how temperature measurements in dams can
be used as an indicator of seepage velocity.

This thesis used the uncoupled solution of water flow and heat flow equations to numerically
study the application of heat flow through dams as a potential method for monitoring and
detecting changes in seepage through dams. The computer programs SEEP/W and CTRAN/W
were utilized in the numerical analysis. A comparison was performed to test the procedure for
using these two programs to model water and heat flow through porous media. The results
obtained from the numerical programs were compared to two closed form solution results for the
one dimensional heat flow and water flow through porous media. Then, the numerical programs
and method of analysis were applied to model seepage water flow and heat flow through a field
scale model dam, constructed in Karlsruhe, Germany.

Concurrently with the numerical modelling, temperature data from the saturated zone of BC
Hydro’s Coquitlam Dam and the reservoir was collected over a one and a half year period. The
numerical modelling programs and procedure used to evaluated the Karlsruhe Germany dam were
then applied to analyse the measured temperature data collected from Coquitlam dam and to
determine the applicability of the programs and procedure to simulate seepage and heat flow
through this dam.




1.3 ORGANIZATION

The concept of using temperature measurement data to infer groundwater and seepage flow is
introduced and discussed in Chapter 2. Chapter 2 also presents the theoretical equations used to
evaluate heat and water flow through porous media, and describes their application to dams. The
importance and potential benefits that this type of monitoring system could provide for dam
owners and operators is also discussed. Chapter 3 describes the numerical modelling programs,
modelling procedures, and the results of the model verification performed.

Chapter 4 presents the results of the numerical analysis performed on the field scale model dam,
constructed in Karlsruhe Germany. Chapter 5 describes the field work component of this thesis
and a description of Coquitlam Dam. Temperature and hydraulic monitoring results from
Coquitlam Dam are also presented in this chapter. The numerical modelling results for
Coquitlam Dam are presented in Chapter 6.

Chapter 7, the final chapter, contains concluding remarks regarding the potential to use
temperature measurement data and heat flow modelling as a method of monitoring seepage
through dams.

Figures and Tables referenced in the text are presented at the conclusion of each chapter.
This thesis has been written at a level to enable easy understanding of the concept of using
temperature measurement data to monitor the seepage condition of an embankment dam. This

includes the understanding of heat flows through a dam, of how heat flow is related to seepage,
and for what engineering applications it can be used.

1.4 SPONSORSHIP

This thesis was conducted as part of the BC Hydro/UBC Professional Partnership Program. The
thesis topic was selected through discussions with BC Hydro. UBC and BC Hydro staff provided
technical assistance, support and guidance for this research project and thesis preparation. BC
Hydro provided the financial support for the thesis and provided access and information about
Coquitlam Dam that has been used and presented in this thesis.




CHAPTER 2: BACKGROUND AND THEORY
2.1 INTRODUCTION

The concept of using temperature data to infer seepage velocities is introduced and discussed in
this Chapter. Section 2.2 provides a brief historic perspective on the use and applications of
temperature measurement data. Section 2.3 describes the extension of temperature measurement
data for the assessment of groundwater velocity to seepage monitoring of embankment dams.
The basic theory of heat flow, and groundwater flow are described in Section 2.4. The uncoupled
solution of these equations and the required assumptions are presented in Section 2.5. Section 2.5
also describes and presents the coupled solution for heat and fluid transport. Section 2.6
describes the similarity between the heat and contaminant transport equations. Sections 2.7 and
2.8 explain temperature variations that occur in bodies of water and within dams, respectively.
Section 2.9 and Section 2.10 discuss the benefits and drawbacks of dams and the principal causes
for dam failures. Section 2.11 introduces the concepts of dam performance monitoring and
briefly discusses techniques used to monitor dam performance. The benefits of incorporating
temperature measurements as one component of dam performance monitoring are outlined in
Section 2.12. Section 2.13 outlines the general requirement for the implementation of a dam
temperature monitoring program, and a summary is provided in Section 2.14.

2.2 HISTORICAL PERSPECTIVE

Temperature logging of boreholes in the United States began in the 1890’s by W.B. Hallock in
1897. Downhole temperature data was plotted and anomalous readings were used to identify
zones of escaping gas and flowing water (Keys and MacCary, 1971). Thermal logging of
boreholes continues to be used in geophysics along with an array of other logging techniques.

More recently, the idea to utilize temperature data and heat transmission as an indicator of
groundwater flow velocity and direction began in the 1960°s. In 1960, Taylor and Cary published
a paper describing laboratory experiments involving the analysis of water and heat flow through
soil columns. Kunii and others (1961, 1962) published a series of papers describing other
laboratory experiments conducted to analyse heat transfer through porous media and to obtain
measurements of thermal conductivity (Stevens, Ficke and Smoot, 1975).

Between 1960 and 1965, Stallman, in association with others, presented some of the first
quantitative estimates of groundwater velocities using temperature measurement data (Stallman,
1965). He presented differential equations for the one dimensional, coupled flow of water and
heat through porous media. In 1965, Bredehoeft and Papadopulos used these equations to
generate type curves of temperature versus depth below ground surface that could be compared to
measured data. Matching measured data to the type curves provided estimates of vertical
groundwater flow. Stallman in 1967 and Sorey in 1971 also applied the equations to estimate
flow rates through semiconfined aquifers. Cartwright also used Stallman’s equations in 1970 to
estimate the quantity and rate of water discharged from an aquifer (Stevens, Ficke and Smoot,
1975). Since the late 1960’s numerous studies have applied the equations to evaluate flow rates,
and quantities, hydraulic conductivity, and the hydraulic transmissivity.

Other studies were conducted to show the effect of recharge and discharge zones on groundwater
such as those by Flynn, Silliman, and Simpson, in 1985, and Ingebritsen, Sherrod and Mariner, in
1992,



Another application of groundwater and temperature measurements is to monitor man-induced
changes in the groundwater environment, for example through the injection of waste materials
that produce heat (i.e. radioactive) or the injection of steam to enhance oil recovery (Stevens,
Ficke, and Smoot, 1975; and Domenico and Schwartz, 1998).

Studies of groundwater and temperature have also been conducted in relation to geothermal
exploration. However, due to the high temperature gradients that may occur in geothermally
active areas, the equations used in these analyses are much more complex. Density driven flow
(caused by variations in fluid temperature) may significantly influence overall fluid movement

and the potential for water to exist as steam as well as in a liquid state (Ingerbritsen and Sanford,
1998).

23 APPLICATION OF METHOD TO EMBANKMENT DAMS

In more recent years, the application of temperature measurement data has expanded to include
the assessment of seepage through embankment dams. The application of temperature
measurement data for the evaluation of seepage through dams began in the 1980°s with the
studies of Sam Johansson in Sweden, and others in Germany. Initially, temperature data
measured within a dam was compared to reservoir temperature data on a qualitative basis. Then
gradually, numerical procedures were adopted based on:

e lag time of peak temperatures in the reservoir to those measured within the dam; and
e annual temperature variations (minimum and maximum variation within the reservoir and
within the dam).

Research has continued in this field to improve methods of data collection and analysis. Today
temperature measurements are being collected from dams in Sweden, Germany, the United
States, Canada (British Columbia and Quebec), at least.

- BC Hydro has been involved in this research, through the support of Sam Johansson’s work and

Martin Artéus and Thomas Johansson. Temperature data have been collected on a number of

~ dams including Coquitlam Dam.

24 HEAT FLOW THEORY
Heat is transferred through porous media by:

conduction through the solid and liquid phase;

convection through the liquid phase;

radiation through the solid phase at the material boundary; and
thermal dispersion through the liquid phase.

Although each of these modes of heat transfer is described by separate equations, they do not act

.independently from one another. The following subsections will describe each mode of heat

transfer.



2.4.1 Conduction

Conduction is the transfer of heat from a warmer region to a cooler region, as a result of a
temperature gradient. Fourier’s Law describes this process. The general form of the equation is:

dr

=-A— 2-1
qn dl (2-1)
where: g = conductive heat flux per unit area [E/Lt]
A = thermal conductivity of the medium (or K,) [E/LT]
T
%’7 = temperature gradient [T/L]

Thermal conductivity (A) is a property of materials that expresses the heat flux that will flow
through the material if a certain temperature gradient exists across the material. Thermal
conductivity varies for different substances. For example the thermal conductivity of water is
about 0.6 J/ms°K (at 25°C), of granite is about 3 J/ms°K, and of air is 0.026 J/ms°K (at 25°C)
(Ingebritsen and Sanford, 1998). For these three substances heat is transferred best through
granite, followed by water and then air.

The following assumptions apply to Equation 2-1:

e media is homogeneous and isotropic;
¢ flow is steady state; and
e porous media is incompressible.

In porous media where there are solid grains and fluid, heat can be transferred by conduction in
any of the following ways:

from fluid to fluid;
from solid to fluid;
from fluid to solid; and
from solid to solid.

As a result of the complex interaction of heat transfer between the solid and fluid, for analytical
purposes when the problems are analyzed on a macroscopic scale, the assumption that the solid
and fluid are in thermal equilibrium (i.e. same temperature), for a localized zone is frequently
used. This assumption is made for this thesis. Consequently, an effective thermal conductivity
value (i.e. average) for the solid and fluid will be used in place of individual thermal conductivity
values. The effective conductivity is calculated by:

ﬂ‘eﬁective = nﬂ’w + (1 - n)ﬂ’s (2'2)
where: n = porosity [L*/L%]

Aw = thermal conductivity of fluid (i.e. water) [E/LT]

As = thermal conductivity of the solid (i.e. soil) [E/LT]

Aegecive = effective thermal conductivity [E/LT]




For this thesis the effective thermal conductivity was calculated using Equation 2-2, assuming
parallel heat conduction through the solid and liquid phase (Bear 1988; Domenico and Schwartz,
1998; Jumikis, 1977).

2.4.2  Convection

Convection is the transfer of heat by moving fluid (liquid or air). Convection can be subdivided
into forced convection and free convection. Forced convection is when external forces such as a
hydraulic gradient cause the fluid flow in groundwater systems. In this case Darcy’s Law applies.
Free convection occurs when the motion of fluid is a result of density variations caused by
temperature gradients. In this case, Darcy’s Law does not describe the fluid motion: the
equations for determining free convection are therefore based on buoyancy.

In analysing heat flow through a dam, the driving force causing water movement is dominated by
external forces the hydraulic gradient thus Darcy’s Law applies.

Darcy’s Law was published in 1856 (Freeze and Cherry, 1979). The general form of this
equation is:

dh

0=-KZ14 (2-3)
where: O = hydraulic flow rate [L*/t]

K = hydraulic conductivity [L/t]

%}; = hydraulic gradient (change in head/change in length) [L/L]

A = discharge area [L’]

The following assumptions apply to Equation 2-3:

porous media is homogeneous and isotropic;
steady state, saturated flow;
fluid is single phase and Newtonian;
fluid is incompressible and homogeneous;
porous media is incompressible; and

* flow is laminar.

Darcy’s Law can be expanded to two and three dimensions. These equations have been studied
and applied to numerous problems analysing the flow of groundwater through porous media,
including dams and used as the basis for the analysis and solution of seepage problems in this
thesis.

The forced convective flow of heat through a saturated porous media is calculated by (Bear,
1988):

or _ o (Vx pwcwnT] 2-4)
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where: T = temperature [T]

x = distance [L]

Yy = seepage velocity [L/t]

Yol = effective density of soil [M/L?]

P = density of pore fluid/water [M/L"]

n = porosity [dimensionless]

c = effective specific heat of the soil [E/MT]
Cw = specific heat of water [E/MT]

t = time [t]

The terms identified as effective density, and specific heat are calculated by the following:
p=np,+({1-n)p, (2-5)

c_ npwcw +(1_n)pscs
P

(2-6)

The calculation of effective specific heat (Equation 2-6) uses a volumetric average of specific
heat for the soil and water (Bear, 1988). Specific heat is a measure of the quantity of heat
(energy) required to raise 1.0 grams of a substance by 1.0 degrees Celsius or Kelvin. Not all
substances warm and cool at the same rate. The specific heat of a substance describes how
efficient the substance heats and cools. For example, the specific heat of air is lower than that of
soil. As a result air heats and cools faster than soil.

2.4.3 Radiation

Radiation is the emission of electromagnetic waves from a body that allows energy (heat) to be
transported with the speed of light through regions of space or other gases (i.e. air) to another
body, without altering the temperature of the intervening air. The earth radiates heat to the
atmosphere and the sun radiates energy (heat) to the earth. Radiant energy or heat is only
transmitted through the solid grains in a porous media. The effective of thermal radiation is
relatively shallow and typically does not exceed 10 meters below the ground surface (Domenico
and Schwartz, 1998). The effect.of heat transport by radiation was neglected in this thesis.

2.4.4 Dispersion

Heat is also transported through porous media by thermal dispersion in the flowing fluid. This
form of heat transfer is analogous to the transfer of contaminants by hydrodynamic dispersion.
Thermal dispersion is due to distribution of local velocities around soil particles and
interconnected pore systems and the subsequent variation in heat within the pore fluid and
conduction of heat to the solid (Bear, 1988). Figure 2.1 schematically illustrates the velocity
distribution between soil grains, and the variation in heat transported by the fluid. Thermal
dispersion tends to promote further spreading of the heat carried by the fluid both in the
longitudinal and transverse direction. In a similar manner to hydrodynamic dispersion,
longitudinal dispersion is greater than transverse dispersion. Thermal dispersion results in the
apparent increase in the thermal conductivity of a porous media (Kuznetsov, 2001). In the
absence of fluid motion there is no thermal dispersion.



Numerous experiments and numerical simulations have been conducted to understand the physics
of thermal dispersion and to enable this effect to be incorporated into equations used to solve for
the heat transport through porous media (Amiri and Vafai, 1994; Wang, and Du, 1993; Hsu and
Cheng, 1990; Yuan, Somerton, and Udell, 1991). As described in Moyne et.al. (2000), methods
of incorporating the effects of thermal dispersion include: method of moments (Brenner, 1980),
volume average method (Hsu and Cheng, 1990), homogenization method (Auriauit and Adler,
1995), and ensamble average method (Koch and Brady, 1995). Many of these methods use
model constants determined on the basis of comparisons to experimental data. Although
numerous methods exist for estimating or incorporating the effects of thermal dispersion into heat
transport analyses, inputs parameters are highly idealized (i.e. particle diameter) and may be
difficult to apply to more variable porous media, that occur in nature. Another method of
calculating thermal dispersion was presented by Bear (1988) as follows (Golder Associates,
2001):

npwcw
Elong = 6xlong pe vi ’
(2-7)
np.c
E trans = alrans pW = vi
where: v, = seepage velocity (k; * i/n) [L/t]
Quong = longitudinal thermal diffusivity [L]
Oians = transverse thermal diffusivity [L]

Equation 2-7 was used to estimate thermal dispersion in this thesis.

In general, thermal dispersion is less significant in the overall heat transport equation for flow
through porous media, at low Reynolds numbers (<10) (Kuwahara, Nakayama, and Koyama,
1996) than hydrodynamic dispersion is for the solution of the contaminant transport equation. In
.. heat transport thermal conduction plays a more significant role than molecular diffusion in the
contaminant transport equation (Bear, 1988). Dispersion is also small in comparison to the
convective component of the heat transport equation at low Reynolds numbers.

As flow rates increase through porous media, and turbulent flow results, then the effect of thermal
dispersion may play a significant role in the overall transfer of heat (Kuznetsov, 2001; Wang and
Du, 1993). In turbulent flow some have suggested that longitudinal thermal dispersion can be
neglected, as it is relatively insignificant in comparison to the convective heat transport
component of the equation (Kuznetsov, 2001).

Thermal dispersion is neglected in many solutions of the heat transport equation for natural
systems or geologic materials, such as in the heat transport program HYDROTHERM (Hayba
and Ingebritsen, 1994). However, other programs such as FEFLOW allow the user to include
thermal dispersion in the solution of the heat transport equation. Thermal dispersion was included
as a very small component in the overall heat transport equation used in this thesis.



2.5 HEAT FLOW EQUATIONS

To determine the overall quantity of heat flowing through a system all components of heat
transfer discussed in Section 2.4 must be considered. This can be described in simple terms by:

(energy inflow rate) — (energy outflow rate) = (change in energy storage with respect to time) (2-8)

' The heat flow equation (Equation 2-8) can be coupled with the fluid flow equation (Equation 2-3)
or uncoupled. The following sections will describe the circumstances and provide examples
when each type of equation is appropriate for solving the heat flow equation.

2.5.1 Coupled Heat and Fluid Flow Equations

The flow of water can be induced by hydraulic gradients, as described in Equation 2-3. In
addition, temperature gradients, electrical gradients, and chemical concentrations can also induce
water flow. In general, heat can be transferred as a result of temperature gradients and also by
flowing water (hydraulic gradients in forced convection). It is apparent that these two processes
are linked, or coupled and very complex.

One dimensional forms of the coupled heat and water flow equations are (Ingebritsen and
Sanford, 1998):

a[ p.kk (P + png)} a[ pukk AP+ png)]
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where: n = porosity [L*/L’]
Prs Pss Pw, pr = density of: fluid (single or two phases), steam, liquid water, and, rock,
respectively [M/L’]
kys , kny = relative permeability of: steam, and liquid water, respectively
[dimensionless]
k = intrinsic permeability [L*)
P = pressure [M/Lt’]
g = gravitational acceleration [L/£]
z = elevation head [L]

H;, H; ,H, =enthalpy of: fluid (single or two phase), stream, and liquid water,
respectively [E]. Enthalpy is a property of the substance and is equal
to the internal energy plus the product of the pressure and volume

(E+PV)
K, = thermal conductivity of porous media [E/LT]
T = temperature [T]
4 = time [t]

M, 1 = dynamic viscosity of: stream, and liquid water, respectively [M/Lt]

10




These equations can be extended to two and three dimensions as well.

The use of these coupled equations is necessary for the solution of geothermal problems and other
problems involving water at high temperatures and relatively low hydraulic head differences. In
these types of problems, the two driving forces, water density changes caused by temperature
differences, and hydraulic gradients, both play a significant role in determining the overall
groundwater velocity. Specific computer modelling programs exist which compute coupled heat
and fluid transport, such as HYDROTHERM (Hayba and Ingebritsen, 1994), SUTRA (Voss,
1984) and CFEST (Gupta et.al., 1987). HYDROTHERM is a finite-difference program for
modelling three-dimensional, multiphase flow of pure water and heat over a temperature range
from 0 °C to 1,200 °C and a pressure range of 0.5 to 10,000 bars. The program was written by
the U.S. Geological Survey for modelling magmatic and hydrothermal systems. SUTRA is also
available from the U.S. Geological Survey. It is a finite-element program for modelling saturated
and unsaturated, fluid-density-dependent groundwater flow with energy transport or chemically
reactive single species solute transport. The energy transport component of SUTRA may be used
to model thermal regimes in aquifers, subsurface heat conduction, aquifer thermal energy storage
systems, geothermal reservoirs, thermal pollution of aquifers, and natural hydrogeologic
convection systems. CFEST is a coupled fluid, energy, and solute transport code for the study of
multi layered, nonisothermal, groundwater systems. It was written by Pacific Northwest
Laboratory, Battelle Division, for the nuclear waste industry.

2.5.2  Uncoupled Heat and Fluid Flow Equations

The density of water is affected by temperature. Figure 2.2 plots water density versus
temperature. The maximum density of water is 1.0 g/ml (grams per millilitre) at 3.94°C, below
this temperature density decreases slightly to 0.9998679 g/ml at 0°C. At temperatures above
3.94°C, density also decreases as temperature increases. The water density, temperature relation
shown on Figure 2.2, is nonlinear. The change in density between water at 5°C and 15°C is less
" than between water at 15°C and 25°C (Stevens, Ficke, and Smoot, 1975).

In many geotechnical groundwater flow problems and some natural circumstances, the two
driving forces (pressure gradient and density gradient) that can cause water flow do not play an
equal role in determining the overall groundwater velocity. For example, the seepage -of water
through embankment dams (Golder Associates, 2000). In these cases the hydraulic (pressure)
gradient is the primary driver of water flow (Domenico and Schwartz, 1998).

The temperature variation within Canadian reservoirs typically ranges between 0°C and 20°C.
However, the temperature variation within the main body of embankment dams in Canada is
usually less, approximately between 4°C and 15°C, with many dams experiencing less
temperature variation. Based on this observation and work conducted by Golder Associates
(2000), the density driven component of seepage flow through embankment dams is minor in
comparison to the hydraulic gradient component. The density driven flow component caused by
differences in water density (caused by temperature variations) is negligible. The groundwater
flow component of the problem can be solved independently from the heat transport problem. In
other words, uncoupled equations can be used to solve the problems. This means a simplified
form of Equation 2-9 can be used to solve the groundwater seepage problem. The velocity values
obtained from the solution of the seepage flow equation can then be used to solve the following
heat transport equation (Bear, 1988).
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where: T = temperature [T]
Xi = distance [L]
Vi = seepage velocity [L/t]
E; = thermal conductivity and dispersion tensor
Yo, = effective density of soil [M/L’]
P = density of pore fluid/water [M/L’]
D = density of solid [M/L?]
n = porosity [dimensionless]
Cs = effective specific heat of the soil [E/MT]
Cw = specific heat of water [E/MT]
A pcC = effective values
As, ps, ¢s = values for soil/solid

Aws P Cw = values for water

The thermal conductivity and dispersion tensor (Ejj) combines the terms from the conduction
component of the heat transport equation with the dispersion component as they are both second
order terms in the overall heat transport equation. This tensor is calculated using:

E, =y 2220y, 4 B* = Eiong + E*
pc
E; =Gy 22252y, 4 E* = Eans + E*
£C
P s
pe (2-12)
where: E*=  is commonly referred to as the materials thermal diffusivity [L*t]

(Kreith and Bohn, 1993)

Equation 2-11 calculates the rate of temperature change with respect to time, at each point. The
first term on the right hand side of the equation represents the diffusion of heat. Two mechanisms
cause heat diffusion:

e thermal conduction through solid and liquid filled pores; and
e dispersion due to microscopic variations in pore fluid velocity.

The second term on the right side of the equation represents the convective component, or heat
transported by the moving fluid.

When temperature and/or density gradients do not play an important role in fluid flow:
e Equation 2-9 becomes the standard consolidation (or transient seepage flow) equation

(Equation 2-3); and
o Equation 2-10 simplifies to equation 2-11.
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In this case, the fluid/heat flow equations are not fully coupled but a ‘weak’ coupling exists. That
is, the velocity field, v, calculated using the transient flow equation 2-3 is used in equation 2-11 to
calculate the temperature field.

2.5.3  Assumptions for Uncoupled Heat and Fluid

At this point, it is important that we review the assumptions and limitations of the uncoupled heat
and fluid flow modelling approach, discussed above. The following assumptions apply:

the seepage regime is independent of temperature;

on the microscopic scale, the soil and water are considered to be in thermal equilibrium, or in
other words have the same temperature;

the fluid must be single phase and Newtonian;

the flow is laminar, the fluid is incompressible, and homogeneous;

the solid is non deformable and chemically inert with respect to the fluid,;

for each material there is a constant coefficient of thermal dispersion; and

no heat sources or sinks must exist within the fluid.

This section has outlined the basic heat flow equations that will be used in this thesis for
modelling. The basic heat flow Equation 2-11 is very similar to the equation for contaminant
transport. The similarities between these two equations will be discussed in the next section.

2.6 HEAT TRANSPORT AND CONTAMINANT TRANSPORT EQUATIONS

The standard equation used for the solution of contaminant transport problems is presented
below.

%:i Dijﬂ —i(v,C) (2-13)
ot O, ox Oox;
where: C = concentration of dissolved contaminants [M/L]

coefficient of molecular diffusion [L*/t]
seepage velocity [L/t]

time [t]

= distance [L]

%o~ oty
I

The solution of the contaminant transport equation can be solved as a coupled equation with the
groundwater flow equation or solved sequentially (i.e. uncoupled). If solved sequentially, the
groundwater flow equation is solved first, then the velocity values from this solution are used in
the solution of the contaminant transport equation. For most applications, an uncoupled solution
is adequate, as the concentration gradients have limited effect on the overall groundwater flow
system.

Equation 2-13 is very similar to Equation 2-11. The only difference between the two is the
constant term that is multiplied with the seepage velocity term. Theone dimensional forms of
Equation 2-11 and Equation 2-13 are:
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where: u = Darcian velocity

Equation 2-15 can be converted into Eqﬁation 2-14 if the following substitution for porosity is
applied to Equation 2-14,

folu
pwcw

n= (2-16)

This means that contaminant transport programs could be used to solve the uncoupled, heat
transport problem, by utilizing the porosity substitution described by Equation 2-16, and
providing the appropriate thermal dispersion values were used.

2.7 TEMPERATURE VARIATION IN BODIES OF WATER

In temperate climates, such as Canada experiences, there are annual cycles of cold and warm
weather. The changes in climate throughout the year result in water bodies being warmer for a
portion of the year, summer, and then cooler for another portion of the year, winter. Bodies of
water go through a transition phase, between these two temperature extremes, in the spring and
fall. The actual temperature of any given body of water depends on various climatic factors as
well as particular details about the body of water and its surroundings. However, the general
shape of the temperature profile, or temperature variation with depth, for each season has been
observed to be predictable. The temperature profile for shallow bodies of water and deep bodies
of water are significantly different, as shown schematically in Figure 2.3 and Figure 2.4,
respectively.

For shallow bodies of water, generally less than 10 metres, during the summer months, the
surface temperature is warmest and the temperature gradually decreases as depth of water
increases (Stevens, Ficke, and Smoot, 1975). Then in the fall, as air temperatures moderate, the
surface temperature along with the rest of the water body gradually decreases. In the winter, ice
may form on the water surface, in this case, the surface will be cooler and the water temperature

will gradually increase as depth increases, to about 4°C. If ice does not form on the water
surface, the temperature will either be constant with depth, or show a slight increase with depth in
the top one to two metres, below which the temperature will be constant. Then as temperatures in
the spring increase, the surface temperature of the water increases first, and this heat is gradually
transmitted to greater depths within the body of water.

For deep bodies of water, thermal stratification occurs, as shown on Figure 2.4. Thermal
stratification occurs when temperature differences within the water body, causes density
differences, that effectively isolates the warmer and cooler water zones. For example, in the
summer the upper portion of the water is warmer, and the water has a lower density. Below a
certain depth the water is significantly cooler and has a higher density than the warm surface
water. Between the two zones is a zone of rapid temperature change. As surface temperatures
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decrease in the autumn, the upper warm water zone gradually cools, and moves deeper into the
water column. Complete mixing occurs when the surface water temperature is approximately
equal to the temperature at the base. The temperature of the water body will be constant or nearly
constant with depth during the winter, if ice does not form on the surface. If ice does form on the
water’s surface, then thermal stratification may again result. In this case, the frozen water has a
lower density, and therefore floats above the warmer water which has a higher density.
Figure 2.4 schematically demonstrates a winter profile, when ice forms on the water’s surface.
Then in spring, surface temperatures again increase and this heat is transmitted gradually through
the water column, until the density differences become significant enough. At this point, thermal
stratification will again result and minimize any further mixing of warm surface water and cool
base water.

These seasonal changes in water temperature described above also occur in reservoirs. As a
result, the temperature of seepage water entering a dam varies throughout the year. This
temperature variation can be used as a tracer to indicate groundwater velocity.

2.8 ° TEMPERATURE VARIATION WITHIN DAMS
The actual temperature measured within a dam can be influenced by many factors including:

reservoir temperature and annual fluctuation;

reservoir depth;

hydraulic flow rate through the dam,;

air temperature and climatic region;

groundwater flow, especially near the foundation, abutments and dam toe;
geothermal gradient;

sun’s radiation; and

vegetative cover.

" As discussed in section 2.4.1 the reservoir temperature varies throughout the year and varies with
depth. Since the majority of the seepage water within the dam originates from the reservoir, the
reservoir’s temperature naturally has a significant influence on the water temperature within the
dam. Similarly, the source of seepage water’s depth is also significant. Seepage water that
originates near the reservoir’s surface will have a larger annual fluctuation in temperature, in
© comparison to seepage water that originates from the base of the reservoir.

Seepage through a soil unit with higher hydraulic conductivity will respond faster to changes in
reservoir elevations. Similarly, the temperature of a higher conductivity layer will responded
faster to changes in the reservoir temperature, and will have a greater annual fluctuation, than a
lower conductivity unit, located at the same distance from the reservoir.

The climatic region plays an important role in the temperature measured within the dam, as it
significantly affects the reservoir temperature and annual variation. In addition, changes in air
temperature also affect the temperature of soil near the surface. This heat or cool temperature
then propagates down by conduction to other soil grains. Typically air temperature will affect
temperatures measured within the top ten metres for soil, below ground surface (Stevens, Ficke,
and Smoot, 1975; Domenico, 1972).

Groundwater temperatures are typically very constant throughout the year. Shallow groundwater
is influenced by heat conduction from the ground surface, but this attenuates with depth.
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Groundwater located more than ten metres below ground surface generally will show less than

0.5 °C fluctuation annually (Stevens, Ficke, and Smoot, 1975). Groundwater located ten to
twenty metres below the ground surface generally exceeds the local mean annual air temperature
by 1°C to 2°C (Stevens, Ficke, and Smoot, 1975). Typically, the temperature of groundwater
located 20 metres or more below the ground surface increases with depth due to the geothermal
gradient. The magnitude of the geothermal gradient can vary depending on geographic location,
type of rock, presence of thermal sources, volcanic activity, and other factors (Bear, 1988).
Stevens, Ficke, and Smoot (1975) reported a typical temperature increase, caused by the
geothermal gradient, of 2°C to 3°C for a 100 metre increase in depth. Bear (1998) reported an
increase of 1°C for a 20 to 40 metre increase in depth. Jakosky (1957) reported a geothermal
gradient of 1°C for a 60 metre increase in depth. In areas of the dam where groundwater and
reservoir seepage water mix, the recorded temperature will be influenced by both the reservoir
temperature and groundwater temperature.

Geothermal gradients influence groundwater temperatures as depth below the ground surface
increases. The geothermal heat source may increase the temperature of the soil, and seepage
water through conduction in high dams or dams located in regions with high geothermal activity.

The sun’s radiation adds energy in the form of heat to the surface soil particles and to the water’s
surface in the reservoir. The depth of influence of the sun’s radiation attenuates rapidly.
Vegetation on the dam’s surface reflects the sun’s radiation, therefore decreasing the surface
soil’s temperature, during the daytime. However, vegetation can act as an insulating blanket to
keep the surface of the dam warmer during the night. Both of these factors are less significant,
except in very small dams.

As part of the modelling process, it is important to conceptually understand the movement of heat
from the reservoir into a dam. This is important in any modelling procedure in order to verify the
output generated from a computer model. If we consider the annual temperature variation in a
reservoir as a wave of heat, then we can look at how the heat wave is propagated through a
section of the dam. If we consider a homogeneous dam, constructed of low conductivity, then
heat from the reservoir will be carried by the seepage water (convection) and also through
“conduction of heat through the soil and water. The amplitude of the heat wave (annual
temperature variation) will decrease along the flow path. In addition, as distance from the
reservoir increases the response time to changes in reservoir temperature will increase. Figure 2.5
schematically shows the propagation of the maximum and minimum annual temperatures and
how the heat from these two seasons moves through the dam. Now if we consider the heat
propagation through a section of a homogeneous dam with a higher hydraulic conductivity, we
would see a similar pattern as depicted in Figure 2.5. However, the annual temperature variation
at any given distance from the reservoir would be larger. Figure 2.6 schematically compares the
temperature variations for a low conductivity dam to that of higher conductivity dam.

A second way to look at the measured temperature data in the dam is by considering the annual
temperature profile measurements made in a piezometer. Figure 2.7 shows typical temperature
profile data measured within a dam’s piezometer. The annual temperature variation depicted in
Figure 2.7a is for a piezometer with minimal air temperature effects. In contrast, the temperature
distribution shown in Figure 2.7b is for a piezometer that is significantly influenced by changes in
air temperature. No high conductivity layers are apparent from the temperature data shown in
Figure 2.7. If a higher conductivity layer did exist, we would expect that there would be a change
in the temperature profile data. Figure 2.8a schematically compares the profile for a constant
hydraulic conductivity zone to one with a higher conductivity zone between two low conductivity
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zones. There is a change in the slope of the profile data that corresponds to the higher
conductivity layer. In addition, the annual temperature variation is greater in the high
conductivity layer. Figure 2.8b shows real data with a higher conductivity layer at the 125 metre
elevation. In this case a lower temperature occurs at the 125 metre elevation and there is a
general change in slope of the profile data, but the maximum temperature does not occur at this
elevation.

2.9 DAMS

Throughout the world, there are tens of thousands of dams of all sizes and types currently in
operation (Yong, 2000). Approximately 45,000 of these dams are higher than 15 metres
(Williams, 2000). The number of dams continues to increase each year. Harry Blohm, Chairman
of the International Commission on Large Dams (ICOLD) stated the major driving force for dams
throughout the world will be the need for reliable safe water supply, and in particular in the
developing world (Blohm, 2000).

Dams are used for water supply, flood management, navigation, irrigation, mining or other
industries, power generation, and recreation. Dams and their associated reservoirs create many
benefits, but also have negative impacts.

Recently, the negative impacts of dams have received greater attention in the North American
media and general public. The public and media’s focus has primarily related to dams impacts on
salmon and their aquatic habitat, due to the declining populations of many salmon species (i.e.
McClure, 2000; Paulson, 1999; Cantrell and Helm, 2001). This concern has lead to the removal
of some dams including; Rat Lake Dam on Whitestone Creek (Washington), Marine Dorian Dam
on the Walla Walla River (Oregon), Lewiston Dam on the Clearwater River (Idaho), and
Goldsborough Dam on the Goldsborough Creek (Washington) (Cantrell and Helm, 2001). The
increased awareness and concerns regarding dams led ICOLD to include this as one of their four
topics at the 20™ Congress of the ICOLD, September 2000, held in Beijing, China.

With increased public focus on dams and their potential impacts, there is a need for dam owners
and operators to demonstrate that each dam is effectively managed and maintained. This
management provides protection for the public, protection of the owner’s investment, insurance
that objectives of the dam are obtained, and prevention of a catastrophic failure. This requires
dam operators and owners to utilize best management practices during design, construction and
operation, including long term monitoring.

2.10 DAM FAILURES

As is customary with most engineering disciplines, the analysis of failures or problems is key to
improving, and preventing future failures. Since the early 1900’s, engineers have been compiling
information on dam failures and incidents to improve their knowledge and the safety of these
structures (ICOLD, 1995). In 1995, ICOLD published Bulletin 99, on Dam Failures — Statistical
Analysis. Based on this study the following conclusions were reached regarding dam failures.-

e Prior to 1950, 5,268 dams were constructed. Between 1951 and 1986, 12,138 dams were
constructed. These numbers exclude dams constructed in China.

e Of the dams constructed prior to 1950, 117 failures were reported (2.2%). Only 0.5% (51) of
the dams constructed between 1951 and 1986 have failed.
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e The largest number of dam failures has occurred in dams less than 30 metres in height.
However, this is because more dams in this height category have been constructed. When the
data is normalized, to the number of dams built in each height category, then there is no
appreciable difference in number of dam failures, for each height category (less than 30
metres, 30 to 60 metres, and greater than 60 metres).

e Most dams that have failed were embankment dams constructed of soil and/or rock. When
the dam failure data is normalized according to the number of dams constructed in each
category, then there are just slightly more failures in the embankment dam category than the
other dam type categories.

e Seventy percent of dam failures occur in the first ten years of operation, with sixty one
percent of failures occurring during the first year of operation.

e Most concrete dam failures have been attributed to problems with the foundation. Internal
erosion and insufficient shear strength of the foundation were reported as the primary causes
of the foundation failures.

e Forty-three percent of masonry dams failed due to overtopping and twenty-nine percent failed
as a result of internal erosion in the foundation units. '

e The primary cause of embankment dam failure was overtopping (31%). Subsequently rated
failure causes were attributed to internal erosion in the dam’s body (15%) and erosion in the
foundation (12%).

With the relatively high incidences of failures due to internal erosion, methods of assessing
abnormal seepage flow, such as temperature measurements, which is likely to accompany erosion
is very important.

2.11 MONITORING DAM PERFORMANCE

Catastrophic failure of dams, such as the Malpasset Dam in France, 1959, has served to
emphasize the potential risk associated with dams and the importance of monitoring dam
performance (Yong, 2000). Monitoring the status and performance of dams is important for all
dam operators and owners, however, it is particularly important for large dams or dams classified
as high risk. Dam performance monitoring is a standard of practice. It is conducted to ensure the
integrity of the dam is maintained, to detect potential problems, and to protect the safety of
surrounding populations. The ICOLD recognized the importance of establishing standards and
procedures for the monitoring of dams in 1965. ICOLD released their first publication “Dam
Monitoring” in 1969 (Bulletin 21). Since that time, revised versions dealing with this subject
have been published by ICOLD including:

e Dam Monitoring, Bulletin 60, 1988;
e Monitoring of Dams and Their Foundations, Bulletin 68, 1989; and
e Improvement of Existing Dam Monitoring, Bulletin 87, 1992.

These publications along with numerous others have introduced and discussed methods, and
applications for various dam monitoring techniques, that are applicable during dam construction,
reservoir filling, and for post construction monitoring. Post-construction monitoring techniques
for embankment dams may include the measurement of:

e pore pressures using piezometers;
e seepage rates using weirs or other flow measuring devices;
e settlement using settlement gauges, plates, or other survey instruments;
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turbidity in seepage water discharges;

vertical movements using inclinometers;

horizontal movements using survey measurements, or other geodetic measurements;
differential displacements using extensometers;

strain measurements using strain gauges;

seismic movements using ground motion detectors and recorders;

seepage measurements using streaming potential, temperature measurements within the
saturated zone of the dam;

surface temperature measurements using thermography; and

visual inspections.

Through the use and effective implementation of dam monitoring techniques the safety
performance of dams can be increased, the potential risk of dam failure can be decreased, the
performance of dams can be improved and the security for surrounding communities can be
improved (Yong, 2000).

As stated previously, the focus of this thesis is the use of temperature measurements at points
within dams, as an indicator of seepage through a dam.

212 POTENTIAL BENEFITS OF INCORPORATING TEMPERATURE MONITORING INTO A

DAM MONITORING PROGRAM

Temperature measurement data collected from the saturated zone within a dam when compared to
the temperature variation within the reservoir can be used as an indicator of seepage through a
dam. The annual warm and cool cycles of a reservoir can act as a tracer of the seepage water and
seepage velocity through the dam. Since the early 1990’s temperature measurements have been
collected from within selected dams, and analysed in a qualitative manner, as section 2.4.6
described, to evaluate seepage. Gradually more quantitative and numerical methods are
developing for the analysis of heat flow through dams, such as the work conducted by Konrad
et.al. (2000), Johansson (2001), this thesis, and others.

The ‘incorporation of temperature monitoring into a dam monitoring program may provide the
following benefits to monitor seepage flow in addition to more traditional piezometric
monitoring:

e there is flexibility in implementation, as temperature data can be collected from within
existing piezometers or specifically designed installations;
temperature data can be collected manually or using automated systems; and
temperature readings can provide a far denser array of readings that can be used to monitor
seepage.
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2.13 GENERAL REQUIREMENTS FOR THE IMPLEMENTATION OF A TEMPERATURE
MONITORING PROGRAM

To implement a program to collect temperature data from a new dam or an existing dam,
temperature readings need to be collected from the reservoir and from within the dam’s saturated
zone. Temperature readings can be collected manually using a temperature probe or a multi-
probe that includes temperature as one component array of monitoring parameters. Alternatively,
temperature data may be collected using thermisters, vibrating wire sensors, or fibre optic cables.
If any of these devices are used it is possible that readings could be automatically collected,
stored and remotely assessed using data loggers or other data acquisition systems. If manual
devices, such as a temperature probe are utilized, then they can be used in the reservoir (fixed
location) in existing piezometers, or specifically installed tubes filled with water. The
piezometers should not have vertical flow (i.e. not within leaky piezometers) and should be less
than 7 centimetres in diameter. The diameter restriction comes from research conducted by
Sammel (1968) who found that the potential for thermal disturbance in a piezometer caused by
buoyancy effects is minimized if readings are collected from small diameter piezometers.
Regardless of which type of instrument is used to measure the temperature, a minimum accuracy
of 0.1°C is required in order to accurately detect the small fluctuations that may be necessary to
indicate changes in seepage. Temperature readings are typically collected at one metre intervals
throughout the water column and within the reservoir, and generally should be collected on a
monthly basis in order to provide sufficient information on annual temperature variations
(Johansson and Hellstrém, 2001).

More specific information about the temperature monitoring program implemented atCoquitlam
Dam is presented in Chapter 5.

2.14 SUMMARY AND CONCLUSIONS

The initial concepts of using temperature measurements to indicate zones of groundwater flow,
flow direction and velocity have existed since the late 1890’s. Applications and implementation
of these ideas became more widespread in the 1960°s and 1970’s and has continued to expand. In
the 1980°s these concepts were expanded to include the assessment of seepage through dams.
Research has been conducted to evaluate the potential benefit of using temperature measurement
data to detect concentrated zones of seepage that may indicate problems within a dam: Dam
owner’s and operators are cognizant of the need to protect public safety and the environment
from potential dam failures, as well as to protect the large capital investment required to build and
maintain dams. The inclusion of a temperature monitoring program and the associated heat flow
analysis for dams which are classified as high risk or could cause severe consequences if failure
occurred, could be beneficial.
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Figure 2.1: Velocity Variation Due to Pore Systems and Resulting Temperature Variation
Schematic of Thermal Dispersion (Bear and Bachmat, 1990) -
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Figure 2.2: Temperature Density Relation of Water at 1 Atmosphere
(Stevens, Ficke, and Smoot, 1975)
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Schematic Temperature Profile - Shallow Water Body
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Figure 2.3: Schematic Temperature Profile — Shallow Body of Water
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Typical Propagation of the Heat Wave Through a Dam
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Figure 2.5: Schematic View of a Heat Waves Propagation Through a Homogenous Dam
Comparison of a Heat Wave Propagation Through an Earth Dam
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CHAPTER 3: NUMERICAL MODELLING

.31 INTRODUCTION

. The numerical models used to simulate groundwater flow and heat propagation through
. embankment dams are described in this Chapter. Section 3.2 describes SEEP/W, the finite
element, groundwater modelling program utilized to determine seepage rates through dams.
Section 3.3 describes CTRAN/W, the finite element, contaminant transport program that was
. modified to model heat propagation through dams. SEEP/W and CTRAN/W are integrated,
software programs produced and distributed by GEO-SLOPE International Inc. of Calgary.
Section 3.4 summarizes the modelling procedures. Section 3.5 presents the results of the model
- verification, comparing the closed form solution for one dimensional heat transport through a
semi-infinite, homogeneous media, with the results from SEEP/W and CTRAN/W. Section 3.6
contains summary remarks and conclusions for Chapter 3.

- 3.2 SEEP/W

SEEP/W is a two-dimensional, finite element program used to model groundwater movement and
- calculate pore water pressure distributions in porous media. SEEP/W can perform steady state
" and transient seepage analysis, in confined and unconfined aquifers. It models both saturated and
unsaturated flow. SEEP/W is integrated with GEO-SLOPE International Inc.’s other software
programs that perform slope stability analysis (SLOPE/W), contaminant transport analysis
(CTRAN/W), and stress and deformation analysis (SIGMA/W).

SEEP/W is formulated using Darcy’s Law for both saturated and unsaturated flow. The governing
differential equation used in SEEP/W is:

z(kxa_H)Jrg(k %)+Q=@ G3-1)
ox ox o\ oy ot
where: H =total head

ky = hydraulic conductivity in the x-direction
ky = hydraulic conductivity in the y-direction
Q = applied boundary flux

® = volumetric water content
t =time

For unsaturated flow conditions, the hydraulic conductivity is not constant, but varies as a
function of the pore water pressure. To conduct a saturated-unsaturated seepage analysis, a
conductivity function for each soil type is required.

SEEP/W permits a variety of boundary conditions to be applied, total head, nodal seepage flux,
and area seepage flux. In addition, boundary conditions may be specified as:

e transient such that the user may define a boundary function that varies with time;
e zero pressure boundaries may be used to create a free surface, by setting the total head equal
to the nodal elevation;
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e head as a function of volume groundwater flow into or out of the system, for boundaries that
fluctuate between discharge and recharge zones; and

* review boundaries, which allow water to exit the system where pore water pressures exceed
atmospheric pressure (i.e. on a seepage face). SEEP/W uses an iterative procedure to
determine the correct boundary condition on seepage face.

SEEP/W also permits the use of infinite elements at the boundaries of a problem for situations
where the domain is unbounded. This enables the model domain size to be reduced. In addition,
- SEEP/W also allows anisotriopic soil properties to be specified as a hydraulic conductivity ratio
- (ky/ky) with or without a rotation of the principal axes from the x and y directions (GEO-SLOPE
International Inc, 1998). Version 4.22 of SEEP/W was used in this thesis.

.33 CTRAN/W

CTRAN/W is a two-dimensional, finite element program used to model contaminant migration
through porous media. CTRAN/W must be used in conjunction with SEEP/W. CTRAN/W
utilizes the Darcian velocities calculated in SEEP/W to compute the movement of dissolved
constituents in the pore water. The same grid is required for both the SEEP/W and CTRAN/W
analysis. CTRAN/W allows problems to be analysed in a simplified manner, through particle
© tracking or in a more complete approach by utilizing the advection dispersion equation. In
- addition, problems including diffusion, adsorption, radioactive decay, and density dependent flow
may be analysed.

The one dimensional formulation of the advection dispersion equation for contaminant transport,
including adsorption, and radioactive decay, solved by CTRAN/W is:

a A C o*C a
®—+p,——=0D -U—-A0C-AS 3-2
a a a a & P G-2)
where: advection = -U §—
&
2
dispersion = ®D 0;}?
adsorption= - p, §£
rp dO’C a

radioactive decay = - A@C-ASp,

v = average linear velocity = U/® S =U/n
® = volumetric water content

C = concentration

D = hydrodynamic dispersion coefficient

U = Darcian velocity (specific discharge)

S = adsorption = (mass of solute attached to the solids) / (mass of the solids)
pa = mass of solids

A =decay coefficient

t =time

27




Only the advective (convection) and dispersive (conduction and thermal dispersion) terms of
Equation 3-2 are used in the heat transport analysis. As previously discussed in section 2.4.5, due
to the similarity in the heat and contaminant transport equations, the contaminant transport
equation can be converted into the heat transport equation if the value for the porosity (n) is
replaced by:

n,, = (3-3)

This substitution is correct aséuming that the groundwater velocity is independent of temperature
(uncoupled solution of the groundwater flow and heat transport equations). For further discussion
regarding this assumption and its applicability to modelling heat transport through dams, see
section 2.4.4.

Porosity is not directly specified as an input parameter for the CTRAN/W analysis. Since
CTRAN/W uses the pore water velocities calculated in SEEP/W for further computations, it is
actually in SEEP/W where the porosity substitution is required. As seen in section 3.2 and in
Equation 3-2, SEEP/W and CTRAN/W equations are written and solved in terms of the
volumetric water content function, ® , defined by:

® =nS=V,/V (3-4)

where: n = porosity
S =degree of saturation
V. =volume of water
V =total volume

In SEEP/W the volumetric water content is entered into the program as a function of pore water
pressure. When the degree of saturation is 100%, the volumetric water content is equivalent to
the soil porosity. Figure 3.1 presents the relation between volumetric water content and pore
water pressure. This relation is also known as the soil water characteristic function
(Fredlund, D.G. and Rahardjo, H., 1993). The shape of the curves will vary due to the
characteristics of the soil structure and their ability to retain water, as shown in Figure 3.2. The
curves presented in Figure 3.2 are values obtained by Ho, 1979 for fine sand, silt and clay. The
slope (my,) of the volumetric water content function (Figure 3.1) is required in transient seepage
analysis.

Contaminant dispersion (D), in Equation 3-2, for one dimensional flow is defined as:
D=av+D* (3-5)
where: «a = dispersivity (material property)
v = Darcian velocity divided by volumetric water content (UB®)

D* = coefficient of molecular diffusion

The dispersion coefficient is defined in matrix form, for two dimensional flow:
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v
v v,
|:D11 D12:| Dy, =aT7x+aL7+D* (3-6)
D, Dy vy ’
Dy, =Dy =(a,-a;) xvy

where: o, = longitudinal dispersivity
or = transverse dispersivity

As seen in Equation 3-6, the dispersion coefficient entered into CTRAN/W consists of the two
components: the dispersivity terms (oy, and or) and the coefficient of diffusion (D*). CTRAN/W
permits the coefficient of diffusion to be defined as a function of volumetric water content. This
relationship is important for unsaturated flow conditions.

It is important to note the similarity between Equation 3-6 and the thermal conduction and
dispersion tensor (Equation 2-12) used in the heat transport equation.

In addition the longitudinal and transverse dispersivity terms can be specified for each material in
CTRAN/W. Transverse dispersivity is typically less than the longitudinal dispersivity. The
dispersivity terms (o, and o) for solving the heat transport equation (using CTRAN/W), are
calculated by:

nOCw nOWCw
P ap = Qarans -

pc pc

&, = Oliong (3'7)

where: Oong and oyans = the longitudinal and transverse thermal diffusivity of the soil.

Thermal boundary conditions must be specified in order to conduct the heat transport modelling.
Options for boundary types are:

constant temperature (degrees);

total nodal heat flux (degrees/time unit);

unit heat flux (degrees/length**time unit);

boundary functions for the three types listed above; and
exit review boundaries.

The constant temperature boundary is applied to a boundary of a problem when a known, fixed
temperature occurs at that surface over the length of the analysis period. CTRAN/W then
calculates a flux across the boundary based on the flow of water across that boundary (as
determined by the SEEP/W analysis).

The total nodal heat flux boundary condition can be used when the flux of heat across a point
(i.e. node) is known.

29




The unit heat flux across the boundary condition can be specified for problems when the heat flux
along the entire edge of the problem is constant and known.

The boundary function option allows the constant temperature, total nodal heat flux, and unit heat
flux boundary conditions to be specified as a function of time, or in other words varying with
time. For example, if the boundary temperature varies throughout the year, such as the air
temperature may in a problem, then the temperature versus time function could be selected.
Allowing the user to define the change in temperature through out the analysis period.

If an exit review boundary is specified, then at each time step, the program checks whether the
water flux is negative, and if so, applies an exit boundary condition. If not, then no boundary
condition is applied. An exit review boundary should be applied when neither the heat flux nor
the temperature is known, or where the nodal water flux may reverse directions. If CTRAN/W
applies an exit boundary to a node that was specified as an exit review node, two options exist.
The first option assumes that heat leaves the boundary by advection only and the dispersive flux
is set to zero (Q;~0). The second and more realistic option allows heat to leave the system by
advection and dispersion (Q;>0). This is called a free exit boundary (Frind, 1988). If no boundary
is specified, then CTRAN/W assumes that there is no heat flux across the boundary (neither gain
or loss of heat). Initial thermal conditions may be specified directly in CTRAN/W or from a
previous model simulation (i.e. separate file).

CTRAN/W requires the user to specify the time steps to be used for the analysis and at what
intervals data is to be saved. If a transient seepage analysis was performed, the same time steps
should be selected for the heat transport analysis (GEO-SLOPE International Inc, 1998a).
Version 4.23 of CTRAN/W was used in this thesis.

3.4 GENERAL MODELLING PROCEDURE

In order to use SEEP/W and CTRAN/W to analyse the heat transport equation and resulting
temperature distribution in a dam, the following steps are required. Initially, SEEP/W is used to
model the phreatic surface measured in the dam and, if available, the discharge volume, or
discharge rate measured in the field. Either a steady state or transient seepage analysis is
selected, to best simulate field conditions. The SEEP/W analysis is performed using the best
estimate of parameters (geometry, soil stratigraphy, boundary conditions, and for each soil type:
hydraulic conductivity ratio (k,/k), volumetric water content function, and hydraulic conductivity
function). Depending on the quality and quantity of data available to determine values for the
input parameters, a range of values for each soil type may exist. In this case, several SEEP/W
runs may be performed until the best fit to the measured hydraulic data is achieved, using the
range of parameter values. Once a satisfactory hydraulic model is achieved, the SEEP/W analysis
is re-analysed with the modified volumetric water content function for each soil unit in place

(® ,=Spclpsey). The average linear velocities (U/® which is the Darcian velocity divided by

the volumetric water content) generated from this SEEP/W analysis are then utilized in the
CTRAN/W analysis.

The grid used for the SEEP/W analysis is imported into CTRAN/W. To perform the heat
transport analysis using CTRAN/W, the analysis type must be set toadvection dispersion. Then,
the appropriate thermal boundaries and initial thermal conditions must be assigned to the model
domain. Under the heading material properties, the dispersion (D*), and dispersivity (o, and o)
values for each soil type should be assigned. Lastly, the time step size, and increments for saving
the analysis must be specified. If a transient seepage analysis was performed in SEEP/W, then it
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is better if the same time step increments are selected in CTRAN/W. If the time step selected in
CTRAN/W is smaller than that used in SEEP/W, then CTRAN/W will interpolate a velocity for
use in the CTRAN/W analysis.

Next SOLVE command in CTRAN/W was run. The resulting solution can be viewed under the
CONTOUR portion of the program. The solution can be viewed graphically, as data points, or as
a contour plot. The graphical plots display results as concentration, instead of temperature, but
the data can easily be exported to another spreadsheet and a graph created with the appropriate
labeling. ' :

35 MODEL VERIFICATION

In order to verify the combined use of SEEP/W and CTRAN/W as an appropriate method for
modelling heat transport through porous media, a comparison was conducted between the results
obtained from these programs and the closed form analytical solution for the one dimensional
advective dispersion equation (Equation 2-5 and Equation 2-11, described in Chapter 2).

Numerous analytical solutions exist for the advective dispersion equation; each solution is distinct
for a particular set of initial conditions and boundary conditions. Two particular boundary
condition scenarios, and hence analytical solutions, were selected for the model verification.
Each is discussed in the following subsections.

3.5.1 | Analytical Solution using a Step Temperature Change Boundary

The first analytical solution used for the comparison was a semi-infinite, one dimensional,
homogeneous medium, with a step change in the finite boundary temperature. The analytical
solution for this scenario, was derived by Ogata, A. and Banks R.B. (1961), as presented herein:

AT -Ut U Ut
- Sl (Sh5im))

where: T = temperature
T, initial temperature
AT = change in temperature at the finite boundary
(new temperature — initial temperature)
= time
= distance from the finite/upstream boundary
= dispersion coefficient
= transformed seepage velocity, U = np,c,/pcv
= seepage velocity

Cqbk"

The analytical solution was implemented using as a visual basic function in an excel spreadsheet,
prepared by Golder Associates (Golder Associates, 2000). Table 3.1 lists the values entered into
the closed form solution spreadsheet used for the model verification. The visual basic function
and spreadsheets for this comparison are included in Appendix A-1.




3.5.2  Analytical Solution using a Sinusoidal Temperature Boundary
The second analytical solution used for the model verification simulated a semi-infinite, one
dimensional, homogeneous medium, with a sinusoidal variation in temperature at the finite

boundary. The analytical solution for this scenario was derived by Ogata, A. and Banks R.B.
(1961), as presented herein:

T =AT exp(;j—D —-xa cos(¢/) cos(wt — xa sm(‘V) +0)+1T,

where: a=
[16D“ J

= arctan| —
¢ (D U’
&= phase shift

(3-9)

The analytical solution was implemented using as a visual basic function in an excel spreadsheet,
prepared by Golder Associates (Golder Associates, 2000). Table 3.1 lists the values entered into
the closed form solution spreadsheet used for the model verification. The visual basic function
and spreadsheets for this comparison are included in Appendix A-1.

3.5.3 Model Parameters

Table 3.1 presents the input parameters utilized for model verification. Appendix A-2 presents
detailed calculations for the values presented in Table 3.1.

3.5.4  Setup and Analysis of SEEP/W and CTRAN/W Models

To compare the results of the closed form solution presented in section 3.5.1 and 3.5.2, to the
results obtained from the combined, SEEP/W and CTRAN/W analysis, a grid was generated in
SEEP/W. The selected grid had dimensions 100 metres in length, 10 metres high, and one metre
wide, to simulate groundwater flow and heat propagation through a one dimensional zone, of
homogeneous porous media. The domain was subdivided into 40 grid cells in the x-direction and
6 grid cells in the y-direction, for a total of 240 cells. Six grid cells were used in the y-direction
to confirm that the analysis method works with more than just one row, and to evaluate some two
dimensional aspects. A head of 110 metres was specified on the upstream boundary (left), and a
head of 10 metres on the downstream boundary (right), such that the hydraulic gradient was equal
to one. The top and bottom boundaries were specified as no flow, so that water could neither
enter nor leave the system. The material properties listed in Table 3.1 were then entered into the
program. A flux section was placed at approximately 98 metres so that SEEP/W would calculate
the flow out of the section. The steady-state velocities and head distribution were obtained from
SEEP/W. A diagram showing the SEEP/W grid, and results of the one dimensional seepage
analysis are presented on Figure 3.3.
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A second SEEP/W grid was generated by adding infinite elements on the downstream boundary
to the grid presented in Figure 3.3. A diagram of the new grid, and the results from this seepage
analysis, are shown in Figure 3.4. In place of the downstream head, a boundary flux (flow out of
the cells) was utilized for this analysis, to create the same groundwater velocities and head
distribution that was generated from the first seepage analysis.

The SEEP/W models presented in Figure 3.3 and Figure 3.4 were then reanalysed using the
substituted volumetric water content function, ® b of 1.39.

The second grid (Figure 3.4), with the infinite elements was imported into CTRAN/W, and used
to solve the heat transfer component of the equation described in subsection 3.5.1. A step
temperature change on the upstream boundary, from 3°C to 12°C was selected for the simulation.
To create the step change boundary condition in CTRAN/W, a boundary function was utilized.
The function started with an initial temperature of 3°C and was instantly increased and then held
constant at 12°C for the length of analysis. On the downstream boundary, a constant temperature
of 3°C was specified. An initial temperature of 3°C was specified for all nodes. The top and
bottom boundaries were specified as no flow meaning heat could not enter or leave the system
through the sides. A time step of 10 days (864,000 seconds) was used for the analysis. Table 3.1
list the additional input parameters used for the CTRAN/W analysis. The SOLVE command in
CTRAN/W was then used. A solution for the temperature distribution along the flow path was
generated. The advective component of the heat transfer equation was calculated in CTRAN/W,
using the groundwater velocities obtained from the SEEP/W analysis, with® _ of 1.39.

The equation described in subsection 3.5.2 can be used to solve the temperature distribution along
a flow path (one dimensional flow) with a sinusoidal temperature variation on the upstream
boundary. This problem was initially analysed using the same SEEP/W grid and velocities
presented in Figure 3.4, and ®  of 1.39. The CTRAN/W model was set up with a boundary
function on the upstream boundary. The annual variation was specified, as a sine wave with a
minimum temperature of 3°C on January 1* and a maximum temperature of 12°C on July 1%.
The initial temperature at all nodes was specified as 3°C and the downstream temperature was
specified as 7.5°C, which is the mean temperature of the sine wave. The top and -bottom
boundary conditions were set as no heat flow. Table 3.1 list the additional input parameters used
for the CTRAN/W analysis. The SOLVE command in CTRAN/W was then utilized to determine
the temperature variation along the flow path for the particular boundary conditions. As shown in
Figure 3.5, numerical dispersion occurred near the downstream boundary. This is caused by the
use of infinite elements on the downstream boundary. The results of this model simulation can be
used to verify the assumption that the downstream boundary temperature approaches the mean
temperature of the sine wave.

The problem was then reanalysed using the grid created without the infinite elements (Figure 3.3)
and the velocities obtained from this SEEP/W analysis using ® of 1.39. The downstream

boundary temperature, at 100 metres, was set at a constant value of 7.5°C. The setup for the
remainder of the CTRAN/W analysis remained the same.




3.5.5 Results

Figure 3.6 presents a graph of the temperature distribution versus distance along the flow path, at
intervals of one, three, six and nine years, resulting from a step change in the upstream boundary
temperature from 3 to 12°C. This plot compares the results from the SEEP/W and CTRAN/W
analysis with those obtained from the one dimensional closed form solution analysis. The
solutions from the two analyses agree. The step in boundary temperature effects does not reach
the downstream boundary within the 9 year analysis period.

Figure 3.7 presents a graph of the temperature distribution along the flow path as a result of a
sinusoidal temperature variation at the upstream boundary. Figure 3.7 presents the temperature
distributions that occur along the flow path when the upstream temperature is at the minimum and
maximum. The results from the closed form solution are compared to the results obtained from
the SEEP/W and CTRAN/W analysis. There is good agreement between the two analyses. The
downstream boundary temperature is affected in this analysis by the changes in the upstream
boundary temperatures.

Based on these two comparisons, the method of obtaining the seepage velocities for the problem
using SEEP/W and the substituted porosity value, and then using CTRAN/W to solve the heat
transport equation, appears reasonable and valid.

3.6 SUMMARY AND CONCLUSIONS

Chapter 3 described the methodology and computer programs, SEEP/W and CTRAN/W, utilized
to analyse problems involving heat transport through a porous media. The methodology was then
successfully tested by comparing the results obtained from the computer model with the solution
to two closed form, one dimensional, analytical solutions for heat transport.
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Table 3.1: Model Verification Inpuf Parameters
Value Entered into Each Program
Property Analytical SEEP/W CTRAN/W
Solution
Length of Flow Path 100 m Grid 100 m by 10 m each cell | Grid 100 m by 10 m each cell 2 m
2mby 1.67m by 1.67 m
Density of water (py,) 1000 kg/m® 9.807 kN/m’ --
! Specific heat of water (c,,) 4180 J/kkg °K -- Used in the calculation of E
|
| Saturated density of soil 2320 kg/m’ -- Used in the calculation of E
®
Specific heat of saturated 2500 J/kg °K ¥ -- Used in the calculation of E
soil (¢)
Hydraulic conductivity (k) : 1E-7 m/s 1E-7 m/s, Keiio = 1, Kgir =0 --
Hydraulic gradient 1 Head on upstream boundary --
110 m, Head on downstream
boundary 10 m
Porosity (n) 0.3 Osub=139? --
Thermal dispersion and 1.1E-6 m¥%s ® -- E*= 6.9E-7 m%/s
dispersivity (E) E*=6.9E-7 m%/s o =5.699m®
Elong =4.1E-7 mZ/S ar = 0.599 m
Initial temperature 3°C -- 3°C
Instantaneous temperature 12°C -- 12°C
change on upstream
boundary ©
Constant temperature on -- -- 3°C
downstream boundary ©
Maximum temperature of 12°C -- 12°C
sine wave 7 :
Minimum temperature of 3°C -- 3°C
sine wave )
Period of sine wave ‘ 1 year -- 1 year
Lag of sine wave @ 05® -- Minimum temperature at time = 0
Maximum temperature at time =
15768000 s
Constant temperature on 7.5°C -- - 75°C
downstream boundary @
Time step -- Steady state analysis 8.64E5 s
Notes:

(1) Specific heat of saturated soil calculated using: ¢ = (np,c,, + (1-n)pe; )(1/ p) for more detail see 2.4.2 (Equation 2-6).-

(2) Osub, is the modified volumetric water content function, calculated using, © = Spc/p,c,,

(3) E is calculated using Equation 2-12, described in section 2.4.4 and 2.5.4. The value of thermal conductivity used in
the calculation of E, was calculated using Equation 2-2, described in section 2.4.1.

(4) o and oy values entered into CTRAN/W were calculated using: o = Ejgn/(kii / ©) and o =Eqne/(kyi / ©)

(5) Initial temperature in media and on the upstream temperature boundary.

(6) For the solution to Equation (3-8).

(7) For the solution to Equation (3-9).

(8) A lag of 0.5 was assigned so that peak temperature would correspond with July 1 and the minimum temperature
would correspond with January 1.

(9) All temperature values entered into CTRAN/W are actually treated as concentrations. 35
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CHAPTER 4: NUMERICAL MODELLING OF KARLSRUHE GERMANY FIELD
SCALE MODEL DAM

4.1 INTRODUCTION

The programs and modelling procedure described in Section 3, and used in the model verification
process, were then applied to analyse the seepage and heat transport through a test-dam built in
Karlsruhe Germany. Section 4.2 describes the construction details, instrumentation, and test set
up at the field scale model dam. Section 4.2 also describes the SEEP/W and CTRAN/W grid
used for the numerical analysis of the test dam. Section 4.3 through Section 4.5 present specific
details of the field scale model dam scenarios simulated using SEEP/W and CTRAN/W. In each
section, the modelled results are compared to the observed data. Section 4.6 contains summary
remarks and conclusions for Chapter 4.

4.2 . MODELLING OF FIELD SCALE MODEL DAM, KARLSRUHE, GERMANY

In 1984, the University of Karlsruhe and the Federal Waterways Engineering and Research

Institute constructed a large scale model dam, to investigate leakage in sealing elements of dams
and test methods for detecting resulting seepage zones in dams (Armbruster et. al., 1989).
Testing on the model dam was conducted over three and a half years. The dam was constructed

of uniform medium to coarse sand, (grains 0.2 to 2 millimetres in diameter) with a conductivity of
2E-4 metres per second. The dam measured 3.5 metres high, 22.5 metres in length at the top,

13.4 metres in length at the base, 1.1 metres wide at the crest, and 17.2 metres wide at the base,

and had a total volume of 600 cubic metres.

The reservoir and impermeable base were sealed with a 2.5 millimetre thick, high density
polyethylene (HDPE) liner. The upstream face of the dam was also sealed with a membrane.
Thirty-five prefabricated concrete modules were installed at 3 levels (high, medium, and low) in
the membrane, to act as designated leakage zones each measuring 3centimetres by
80 centimetres. The concrete modules contained moveable plates to permit leakage zones to be
opened and closed at full reservoir height. This allowed investigators to control in inflow of
water into the test dam, both the number of leakage zones were controllable and the location of
each leakage zone could be controlled. In cross section the location of the leakage zones (high,
medium and low) are shown on Figure 4.1. A toe drain was constructed at the downstream ‘side
of the dam using gravel (grain size 2 to 16 millimetres). Figure 4.1 presents a cross section of the
model dam showing construction materials and dimensions, leakage zones, and monitoring
locations.

The dam was instrumented with piezometers and temperature cells at various elevations through
the dam and along different profile lines as. Figure 4.1 indicates, in profile, the locations of the
hydraulic and temperature monitoring locations. In addition to the collecting temperature data
and piezometric data, the following instruments were also used to collect data:

electrodes for self-potential measurements were installed on the downstream face of the dam;
an infrared camera was used to measure surface temperatures of the dam;

a weir was used to measure seepage volumes at the toe of the dam; and

a weather station was used to record weather conditions precipitation, air temperature and
water temperature.
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Initially, a test was conducted on the model dam, without the sealing, to provide a reference
hydraulic condition, at reservoir levels of one third, two thirds, and full impoundment. Seepage
rates measured at the weir were 0.14, 0.61, and 1.55 litres per second, for the three reservoir
conditions. Based on this data seepage through the dam appears to be primarily laminar. Then,
the sealing face with designated leakage zones was installed. Between 1985 and 1987, over thirty
tests were conducted with various leak positions, leak sizes, and reservoir levels. For each
scenario tested, hydraulic and thermal conditions were measured throughout the dam and at
various times throughout the testing phase. Selected results from these tests were presented in a
paper by Armbruster et.al., 1989. It is these results that have been used as a second stage to
verify the stepwise modelling procedure, described in Chapter 3 of this thesis.

In order to model groundwater flow and heat transport through the field scale model dam, a grid
was created in SEEP/W, as shown in Figure 4.2. Each grid cell was assigned a thickness of 16
metres, with the exception of the designated leakage grid cell. A thickness of 16 metres was
selected as an average thickness for the computer model of the dam, making it quasi-three
dimensional. A thickness of 0.22 metres (area 0.048 square metres) was selected for the leakage
cell, such that the opening was equivalent in area to the opening size of two leakage zones, in the
field scale dam.

The following three sections, Section 4.3, through Section 4.5, will present specific details of the
field scale dam scenarios simulated using SEEP/W and CTRAN/W. The modelled results will be
compared to the observed data. Section 4.5 presents and compares the results of the transient
seepage analysis using SEEP/W to the seepage zone developed in the field scale dam. Section
4.4 presents the results of heat transport analysis obtained using CTRAN/W for two cases:

e dry reservoir and an air temperature of 1°C; and
o a full reservoir with a water temperature of 19°C, and an air temperature of 6°C.

The results are compared to those recorded at the field scale dam. Section 4.5 presents the results
from the seepage modelling and heat transport modelling for the development of a leakage front
with time and the resulting change in the thermal distribution within the dam. Themodelled
results are compared to the data recorded at the field scale dam.

4.3 TRANSIENT SEEPAGE ANALYSIS

Two low elevation leaks in the centre of the field scale model dam were opened with the reservoir
at full height. The development of a seepage front with time through the dam was recorded and
the results are presented on Figure 4.3. Figure 4.3a shows the progression of the piezometric
surface with time, after the leakage zones were opened. The location of the piezometric surface
approached steady-state conditions after 81 hours. Figure 4.3b graphically shows the quantity of
water flowing out of the dam with time measured in the weir. Figure 4.3c shows the progression
of the saturated area with time.

As shown in Figure 4.3, a small amount of water (0.017 litres per second) was seeping through
the dam, prior to opening the leakage zones. In order to simulate this initial seepage condition,
the bottom facing grid cell, shown in purple on Figure 4.2, was assigned an increased hydraulic
conductivity value to-produce a flow rate out of the dam equal to that measured in the field scale
dam. By trial and error, the hydraulic conductivity value for this cell was determined to be 2.2E-7
metres per second. Figure 4.4 presents the steady state seepage results obtained using the
increased hydraulic conductivity for that grid cell. Figure 4.5 presents the hydraulic properties
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(hydraulic conductivity, hydraulic conductivity ratio, and volumetric water content function)
assigned to each material for the model simulation. Test data for the soil material utilized in the
construction of the field scale dam, was not available to specifically identify the shapes and
values of the hydraulic conductivity functions, and volumetric water content functions for the
SEEP/W model. As a result, the hydraulic conductivity functions and volumetric water functions
utilized in the SEEP/W model were selected based on the soil descriptions provided in the
Armbruster et.al. (1989) paper. Typical hydraulic conductivity functions were constructed in
SEEP/W for each soil material. Table 4.1 lists input parameters used in SEEP/W and identifies
which values were measured, deduced or assumed for the model simulation.

The hydraulic head values obtained for the initial seepage scenario (Figure 4.4) were then used as
the initial condition input for the transient analysis. A transient analysis in SEEP/W was then
conducted to predict the seepage pattern that developed once the two low elevation holes in the
centre of the dam were opened. Table 4.2 outlines the hydraulic properties assigned to each soil
type. A hydraulic head of 3.2 metres (total head of 8.2 metres, elevation head of 5 metres) was
assigned to the nodes along the upstream face of the dam. No flow boundary conditions were
specified along the base of the dam, crest of the dam, and along the downstream face. A unit
. seepage flux, to be reviewed based on elevation was specified for nodes along the toe drain. This
makes use of the exit review boundary type available in SEEP/W (see Section 3.2) and
CTRAN/W (see Section 3.3) (Frind, 1988).

Time steps for the transient analysis were specified with small time increments that gradually
increased. Solutions were obtained for the following times: 0, 60, 180, 420, 900, and 1500
seconds, after the leakage holes were opened. Then, the time step increment increased at a
constant rate of 600 seconds up to 12 hours. At this point the time step increment was increased
again. Solutions were then obtained for the following times: 19, 27, 41, 54, 68, and 81 hours after
the leakage holes were opened.

Figure 4.6 presents the piezometric surfaces, as a function of time that developed in the dam, as a
result of the leakage and compares the predicted surfaces with that measured in the field scale
dam. Figure 4.7 graphically presents the predicted flow data versus time and compares it to the
field data. The predicted steady state phreatic surface is lower than the measured phreatic
surface. The differences in the predicted and measured transient seepage results are likely due to
three dimensional effects in the field scale dam and the use of a two dimensional numerical
modeling program, SEEP/W. Since the concrete modules were points rather than a continuous
slot across the entire length of the dam, that permitted leakage into the dam. As a result, the
measured data has a three dimensional aspect, that cannot be entirely simulated using the two
dimensional program SEEP/W.

This modelling process also assumes laminar flow. Although flow through the designated
leakage zones and the soil immediately adjacent to these zones is likely not laminar, the
assumption is valid for the majority of the seepage regime.

However, reasonable agreement is achieved between the SEEP/W model results and the observed
field data. It is important to note that the results of the seepage analysis depicted in Figure 4.6
and Figure 4.7 do not represent a unique solution. Similar results could be achieved by slight
changes in the model material properties. The hydraulic properties used in this simulation will be
used as a basis for all further thermal analyses of the field scale dam.




4.4 INITIAL THERMAL CONDITIONS

Figure 4.8 presents the initial thermal conditions measured within the dam, when the reservoir

~was dry and the surrounding air temperature was 1°C. This was the measured initial thermal
condition in the dam prior to the start of a leakage test.

This condition was first simulated using CTRAN/W with a surface air temperature of 1°C, and a
basal heat flux, to simulate a geothermal gradient. The grid presented in Figure 4.2 was modified
by adding additional grid cells below the base of the dam, such that a uniform heat flux could be
applied across the base of the CTRAN/W model dam. The basal heat flux was increased until the
predicted steady state thermal distribution matched the measured thermal condition in the field
scale dam. Figure 4.9 presents the results of this model simulationand Table 4.3 presents the soil
thermal conditions utilized for this model simulation.

To evaluate the appropriateness of the CTRAN/W results, it is important to know what typical
geothermal gradients are and at what depth air temperature effects are dominant over geothermal
effects. Stevens, Ficke, and Smoot (1975), Artéus and Johanson (1998), and Keys and Brown

(1978) all report typical geothermal gradients. The overall range reported by these authors is
from 0.01°C to 0.03°C per metre depth. Stevens, Ficke and Smoot (1975) and Domenico (1972)

have reported that air temperatures typically affect the thermal profile of the soil up to a depth of
10 metres. Below this depth, minimal, if any, air temperature effects are observed. The basal
heat flux used in CTRAN/W to achieve the measured thermal distribution in the dam (Figure 4.8)
is significantly larger than the average geothermal gradient. The temperature gradient in the
CTRAN/W model is approximately 2°C per metre depth. Based on this analysis it is apparent
that the thermal distribution presented in Figure 4.8 is not a result of a geothermal gradient, rather
it is a result of a cooling process. The initial temperature of soil within the dam must have been
higher and then must have decreased as a result of the cool air temperature.

To test this hypothesis, another simulation was done using CTRAN/W. For this simulation, the
grid presented in Figure 4.2 was utilized. Each node within the dam was assigned an initial
temperature of 7°C, and a boundary temperature of 1°C to represent the air temperature. No heat
flow was permitted across the base of the model. Figure 4.10 presents the thermal distribution
within the dam after 9 days of cooling. This is not a steady state temperature distribution, but the
thermal distribution is similar to that recorded in the field. Based on the field data available it
appears that the thermal distribution presented in Figure 4.8 is a result of cooling, rather than
geothermal heat flow. The results presented in Figure 4.10 have been utilized as the initial
thermal condition input for the next phase of the CTRAN/W analysis.

The next step in the leakage test involved filling the reservoir. The reservoir was filled to a
height of 3.2 metres, with 19°C water. After 18 days, the thermal distribution within the dam: was
recorded and the results are presented on Figure 4.11. During the 18 days the air temperature
increased from 1°C to 6°C. The thermal distribution presented in Figure 4.11 is a result of
conduction only as there was no water flowing through the dam.

This scenario was modelled in CTRAN/W. The following thermal boundary conditions were
assigned to the model:
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¢ an instantaneous change in temperature for nodes along the upstream dam face from 1°C to
19°C;
a linear change in air temperature from 1°C to 6°C for nodes along the downstream dam face;
heat flow was permitted out of the top of the dam; and
no heat flow was permitted across the base of the dam (either in or out of the system).

A range of values for each thermal property of the sand was calculated for use in the CTRAN/W
model. From these calculations three combinations were selected for use. Table 4.4 summarizes
the thermal properties assigned to each soil layer, for the three model simulations. Calculations
for the values presented in Table 4.4 are included in Appendix B-1, along with a table showing
how the range of parameters were selected. For these simulations it is important to remember
that there is no water flowing through the reservoir, hence the porosity, volumetric water content
functions, and longitudinal and transverse thermal diffusivity terms are inconsequential. For all
three simulations a time step of 4 hours (14,400 seconds) was selected. A total of 108 steps were
used, for the 18 day simulation period, to match the field data. Since CTRAN/W requires
seepage velocities from SEEP/W, a SEEP/W model with no flow through the dam was used to
provide the seepage velocities (v = 0) for the CTRAN/W analyses, therefore simulating
conduction of heat only (no convection). The thermal conditions presented in Figure 4.10 were
selected as the initial conditions for the start of each simulation. Results from the three model
simulations are presented in Figure 4.12 and compared to the results measured in the field scale
dam.

The results of the three simulations are similar to those obtained from the field scale dam.
However, they do not match exactly. The temperature distribution in the dam, resulting from
Simulation 1 has isotherms that run parallel to the upstream dam face and decrease: with distance
from the reservoir. The temperature of these isotherms decreases from 19°C along the upstream
face of the dam to 6°C in the middle of the dam. The downstream portion of the dam ranges in
temperature between 5°C and 6°C. The 5°C isothermal appears at the base of the dam, in an
elliptical shape. The thermal distribution that is predicted in Simulation 1 correlates well with the
thermal pattern recorded in the upstream portion of the field scale dam. Despite these
similarities, the temperatures predicted in the central and downstream portion of the dam are
cooler in Simulation 1 than those recorded in the field scale dam.

Results from Simulation 2 and Simulation 3 are very similar to one another hence they will
simultaneously be described and compared to the field scale dam results. The isotherms in the
upstream portion of the dam, resulting from these two simulations, are also parallel to. the
upstream face. However, these isotherms are spread out more than the isotherms in Simulation 1
and they curve slightly inward towards the base of the dam and do not extend out to the upstream
dam toe. In comparison to the field scale dam thermal profile, the predicted temperature in the
upstream portion of the dam is slightly warmer in these model simulations. The temperature in
the central portion of the field scale dam measured between &C and 9°C, while the temperature
in the simulated models was slightly warmer, and ranged between 8C and 11°C. The predicted
and measured temperature in the downstream portion of the dam was the same, between 6C and
7°C. However, the temperature profile is not the same. The 6°C and 7°C isotherms in the model
simulations are approximately vertical through the downstream portion of the dam. In contrast,
the 6°C isotherm from the field scale dam is parallel to the downstream face of the dam,and the
7°C isotherm is drawn vertically through the dam' and then sweeps out along the base in a thin
finger like shape towards the toe drain.
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The downstream temperature distribution in the field scale dam appears to be a result of seepage
flow along the base. However, the upstream temperature distribution does not appear to be
influenced by seepage. The SEEP/W and CTRAN/W models were used to explore the potential
thermal distribution within the dam, when a small quantity of water seeps through the base of the
dam. A base flow of 0.017 litres per second was selected to test this scenario. This seepage rate
‘was selected as it is equivalent to the initial seepage condition measured in the field scale dam at
the beginning of the transient seepage analysis, presented in Figure 4.3.  Several model
simulations were run with various thermal and volumetric water content functions selected. In all
cases, the computer simulation results are less similar to the measured field data, than the
computer simulations conducted with no flow through the dam. Figure 4.13 shows the predicted
thermal distribution within the dam, from one of these simulations. Table 4.5 lists the thermal and
hydraulic conditions used for the results presented in Figure 4.13. As Figure 4.13 portrays, the
seepage water influences the isotherms in both the upstream and downstream portion of the dam.

4.5 ° TRANSIENT SEEPAGE ANALYSIS AND THERMAL DISTRIBUTION

This section presents and compares the results from the combined transient seepage and heat
transport computer analysis, with the results recorded in the field scale dam. Two upper elevation
leakage zones in the central portion of the field scale dam were opened. The resulting change in
thermal distribution within the dam was recorded after 48 hours and again after 14 days of
seepage through the dam. The measured thermal distributions in the dam are shown on
Figure 4.14. A constant reservoir temperature of 19°C was used during the test period. The air
temperature recorded in the field scale dam increased from 6°C to 7°C in the first 48 hours and
then to 10°C after 14 days.

For the transient computer simulations the grid presented in Figure 4.2 was utilized. The
hydraulic properties assigned to the transient seepage analysis (Table 4.2) and described in
Section 4.3 were once again assigned to each soil layer. A hydraulic head of 3.2 metres was
assigned to the nodes on the upstream dam face. No flow boundary conditions were specified
along the base of the dam, crest of the dam, and along the downstream face. A unit flux, to be
reviewed based on elevation, was specified for nodes along the toe drain. -

Using the general model setup described above, two hydraulic model simulations were
conducted, one for the first 48 hours, and then one for the next 12 days. One hundred times steps
were used for the 48 hour analysis. The time steps were defined starting with a time of zero
seconds. The first time step was set at 60 seconds, with subsequent time steps increasing
incrementally by a factor of 2 up to a maximum increment of 1800 seconds. Time step number
100 had a time of 48 hours (1.7286ES5 seconds). The hydraulic head values obtained for the initial
seepage scenario (Figure 4.4) were used as the initial condition input for 48 hour transient
analysis. The hydraulic head values from the 48 hour transient seepage analysis were
subsequently used as the initial condition input for the 12 day analysis. The time step for the12
day analysis was set at a constant increment of 1,800 seconds. Time step number 576 (1.0368E6
seconds) represents 14 days since the leak was first opened.

The seepage front progression through the dam during the first 48 hours of leakage, obtained
from the SEEP/W analysis, is presented on Figure 4.15. Similarly, the seepage front progression
during the first 14 days of leakage is presented on Figure 4.16. The Armbruster et.al:, 1989 paper
which describes and presents selected results from the field scale dam site, does not include
piezometric information for this model scenario. As a result, the computer results cannot be
compared to the field results.
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The two analyses were then rerun using the substituted volumetric water content function for each
soil layer. Table 4.6 lists the volumetric water content functions for each soil layer. The
velocities obtained from each analysis were then used by CTRAN/W to calculate the advective
(convection) heat transport component through the dam, for the 48 hour and 12 day analysis.

‘Two model simulations were also run for the heat transport analysis, one for the first 48 hours and
one for the following 12 days. The thermal boundary conditions for each model were identical,
only the time steps varied, as was the case in the SEEP/W analyses. The time steps selected for
the CTRAN/W analyses correspond with those selected for the SEEP/W analyses, for the 48 hour
and 12 day periods.

The following thermal boundary conditions were assigned to each model:

a constant temperature of 19°C for nodes along the upstream dam face;
a linear change in air temperature from 6°C to 7°C for nodes along the downstream dam face,
for the 48 hour period, and a linear change in temperature from 7°C to 10°C for the 12 day
period;

e no heat flow was permitted out of the top of the dam; and
no heat flow was permitted across the base of the dam.

As described in Section 4.4, a range of values for the thermal properties of the materials was
calculated for use in the CTRAN/W model, since actual values for the field scale dam soils was
unknown. From these calculations three combinations were selected for use. Table 4.7
summarizes the thermal properties assigned to each soil layer for the three model simulations.
Calculations for the values presented in Table 4.7 are included in Appendix B-2 along with a
table showing how the ranges of parameters were selected.

The thermal conditions presented in Figure 4.12 were selected as the initial conditions for the
start of each 48 hour simulation. The results from each 48 hour simulation (Simulation 1
through 3) were in turn used as the initial thermal conditions for the subsequent 12 day test
period.

‘4.5.1  Results from the 48 Hour Test

Results from the three model simulations, for the 48 hour test period, are presented and compared
to the results measured in the field scale dam in Figure 4.17. The results of the three simulations
are very close to those obtained from the field scale dam; however, they do not match exactly.

The temperature distribution in the dam resulting from Simulation 1 has isotherms that form a
bulb shape into the core of the dam, originating from the leakage zones at the top of the dam, and
spreading towards the downstream toe. A cooler zone (16°C) remains near the upstream base of
the dam. Isotherms in the downstream portion of the dam extend vertically down from the crest,
and then run approximately parallel to the downstream face of the dam. In Simulation 1, the
temperature distribution in the upstream portion of the dam resembles more closely the field data
than does the temperature distributions obtained from Simulations 2 and 3. However, the central
and downstream portion of the core is cooler in Simulation 1 than that observed in the field scale
dam. In addition, the isotherms near the base of the dam in Simulation 1 tend to turn sharply
towards the base to intersect at right angles in contrast to the more gradual pattern seen in the
field scale dam and in Simulations 2 and 3.
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The isotherms resulting from Simulation 2, 48 hours after the leakage zones were opened, show a
bulb shape, originating from the leakage area. The isotherms spread out in a slightly distorted
fashion towards the downstream toe. Similarly to the temperature distribution in Simulation 1, a
cooler region exists near the upstream base of the dam. However, this region has moved slightly
downstream, and is approximately 1°C warmer in Simulation 2. The isotherm contours in the
central and downstream portion of the dam extend vertically from the crest into the dam, and then
flare outwards towards the toe of the dam, nearly parallel to the downstream slope. Then, the
contours curve inward towards the base of the dam. The results from Simulation 2 resemble
closely the field data in the central and downstream portions of the dam. However, the upstream
toe portion of the core in this simulation is slightly warmer than the field results, and the region
immediately below the leak is slightly cooler in the simulation than was measured in the field
scale dam. The contour shape in the downstream portion of the core is more similar to the field
scale dam results than the contours produced from Simulation 1.

The isotherms from Simulation 3 extend down from the leakage zone and then curve outwards
towards the downstream toe of the dam, parallel to the downstream slope. Then, they curve
slightly down to intersect the base of the dam. As was seen in Simulations 1 and 2 and in the
field results, a slightly cooler region near the upstream toe continues to exist. In Simulation 3
however, this region is approximately 2°C warmer than that measured in the field scale dam, and
occurs further downstream. Simulation 3°s temperature distribution directly below the leakage
zone, in the central and downstream portion of the dam matches well with the temperature data
recorded in the field scale dam.

In general, the temperature distribution in the upstream portion of the dam is best predicted by
Simulation 1. However, the temperature distribution in the rest of the dam is best predicted by
Simulation 3 for the 48 hour leakage period.

4.5.2  Results from the 14 Day Test

Results from the three model simulations, for the 14 day test (48 hour test period plus 12
additional day), are presented and compared to the results measured in the field scale dam in
Figure 4.18. The results of the three simulations are similar to those obtained from the field scale
dam; however, they do not match exactly.

The isotherm contours from Simulation 1 are approximately parallel to the downstream slope, for
the top two thirds of the dam, then they curve sharply downward (approximately 90> bend) to. the
base. In comparison to measured field results, the temperatures in the central portion of the dam
are slightly cooler. The 17.5°C contour interval in Simulation 1 occurs at approximately the same
18.5°C contour interval in the field scale dam. The cooler zone (18.5°C) measured near the
upstream toe of the field dam is not apparent in Simulation 1 results. The temperatures in the
downstream portion of both dams is similar; however the sharp bend in the contours near the base
of the dam is not apparent in the field data. As a result, the temperature along the base of the dam
in Simulation 1 is also slightly cooler than the measured temperature.

Results from Simulation 2 and Simulation 3 are virtually identical to one another hence they will
simultaneously be described and compared to the field scale dam results. The isotherm contours
are approximately parallel to the downstream slope, through the entire dam. No sharp bend in the
contour shape occurs near the base of the dam, as was apparent in Simulation 1. The
temperatures predicted by Simulations 2 and 3 in the centre and downstream portion of the dam
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are essentially identical to the temperature data recorded in the field scale dam. The temperatures
measured in the upstream portion of the field scale dam do not match the values in Simulations 2
and 3. The cooler zone near the upstream toe (18.5°C) and the 19.5°C zone below the leakage
zone, are not predicted by the CTRAN/W models.

In general, the temperature distribution in the upstream portion of the dam is not predicted by any
of the three simulations. It is interesting to note in the field data, that the area along the lower
portion of the upstream face, showed minimal warming between the end of the 48 hour period
and after 14 days. Thermal convection would dominate in this area, since the leak is above -and
further downstream. One would expect that this area should increase in temperature, although at
a slower rate than in the portion of the dam influenced by both thermal convection' and
conduction. There is a second irregularity in the field data, from the 14 day period. A 19.5°C
contour is shown. This temperature exceeds both the reservoir temperature (19°C) and air
temperature (10°C). Based on these observations, and without any further information from the
test dam site, it appears that the reservoir temperature may not have been held at a constant
temperature. The bottom of the reservoir could have been slightly cooler and the top of the
reservoir may have been slightly warmer, than the reported 19°C reservoir temperature. The
temperature distribution in the downstream portion of the dam is best predicted by Simulation 2
and Simulation 3, for the 14 day test period.

4.5.3  Summary of Transient Analysis

The transient hydraulic and thermal modelling of the field scale dam, for the 48 hour leakage
period and for the 14 day test period, was successful, although an exact match between the
predicted and measured values was not achieved, there is a reasonable agreement. As was
discussed in Section 4.3 with the transient seepage analysis, no unique solution to the seepage
problem has been presented. The solution for the heat transport problem presented in this thesis
is also not unique. The thermal values used in Simulation 3 provide the best overall match for the
two time intervals.

4.6  SUMMARY AND CONCLUSIONS

Chapter 3 described the methodology and computer programs, SEEP/W and CTRAN/W, utilized
to calculate the heat transport through a porous media. The methodology was then successfully
tested by comparing the results obtained from the computer model with the solution to twoone
dimensional analytical solutions for heat transport. The programs and analysis procedure was
then applied to the solution of seepage and heat transport through a test dam built inKarlsruhe
Germany. Although the computer solutions did not exactly match the measured field data, there
was generally good agreement between the simulated results and the measured data. The
methodology was shown to be effective as an analysis tool for modelling seepage and heat
transport through dams. '
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Table 4.1:  SEEP/W Input Parameters and Their Source

SEEP/W Input Parameters Data Source
Saturated Hydraulic Conductivity Measured
Hydraulic Conductivity Function Deduced
Hydraulic Conductivity Ratio (k,/k,) Deduced
Volumetric Water Content Function Assumed/Deduced
Saturated Volumetric Water Content Assumed
Hydraulic Head Measured
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Table 4.2: Hydraulic Properties Used In Transient SEEP/W Simulation

| Material Hydraulic Conductivity Hydraulic Volumetric Water
| Function or Value (m/s) Conductivity Content Function Or
Ratio Value
Impermeable facing 1E-9 1.0 0.3
toe drain 1E-1 1.0 0.4
Sand/ Partially function (see below) 1.0 function (see below)
Saturated Sand Base
hole function max. = §E-4 1.0 function max. = 0.53
Leak at base 2.1E-7 1.0 0.3
Sand
Pt.#  Pressure Conductivity 3
1 -1.8673e+001  9.0220e-008
2 -1.5079e+001  8.9894e-008 e
3 -12157e+001  9.4067¢-008 * =
4 -9.5503¢+000  1.0799¢-007 g f
5 . -8.4110e+000  2.4492e-007 §’ s !
6 -7.2808¢+000  2.4002¢-006 ,; f
7 -6.5416e+000  1.4413e-005 B !
8 -5.5414e+000  7.4691e-005 § 8 4%
9 -3.7596e+000  1.4645¢-004 3 i/
10 -1.5000e+000  2.0000e-004 5
11 1.4913e+000 2.0000e-004
12 6.3505e+000 2.0000e-004
13 1.0000e+001 2.0000e-004 8
20 10 10
Pressure
Sand @ L,
Pt.#  Pressure Vol. Water Content 5 3@
1 -1.0000e+002  1.9000e-001 2
2 -5.6320e+001  2.0000e-001 X
3 -2.5213e+001  2.1254e-001 B>
4 -1.7755e+001  2.4401e-001 §
5 -1.3000e+001  2.9000e-001 5 o
6 -7.3298e+000  3.4297e-001 5
7 0.0000e+000 3.8000e-001 i /./
8 2.0000e+001 3.8000e-001 s —
150
-100 -80 &0 40 0 20
Pressure




Table 4.3: Thermal Soil Properties Used In CTRAN/W Simulation - With Basal Heat Flux

Thermal Property Value
E* (m?/s) 1.75E-6
oy (m) 0.1
o (M) 0.001

Table 4.4: Summary of Thermal Properties for CTRAN/W Models
Thermal Conduction through Field Dam
Simulation 1 Simulation 2 Simulation 3
Soil Layer E* (m?/s) E* (m2/s) E* (m?/s)
Impermeable Face 7.0E-7 1.75E-6 2.5E-6
Sand 7.0E-7 1.75E-6 2.5E-6
Gravel Toe Drain 7.0E-7 1.75E-6 2.5E-6

Table 4.5:  Hydraulic and Thermal Prbperties Used In SEEP/W and CTRAN/W
For Simulation Results Presented in Figure 4.13
Soil Layer Sét)“n’:;i‘t’igtyyd(r;‘/'slic Osub E* (m/s) oy and g (m)
Impermeable Face 1E-9 0.50 6.7E-7 9,09
Sand 2E-4 0.60 9.6E-7 10, 1
Gravel Toe Drain 1E-1 0.57 7.5E-7 10, 1
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Table 4.6: Summary of Volumetric Water Content Function Substitutions for CTRAN/W Models

Thermal Convection and Conduction through Field

Simulation 1

Simulation 2

Simulation 3

Soil Layer ®sub Osub ®sub
Impermeable Face 0.57 03 03
Sand 0.60 0.6 0.6
Gravel Toe Drain 0.57 0.6 0.6

Table 4.7: Summary of Thermal Properties for CTRAN/W Models
Thermal Convection and Conduction through Field Dam

Simulation 1.

Simulation 2

Simulation 3

Soil Layer E* (m?/s) E* (m?/s) E* (m2/s)
Impermeable Face 7.0E-7 1.75E-6 2.5E-6
Sand 7.0E-7 1.75E-6 2.5E-6
Gravel Toe Drain 7.0E-7 1.75E-6 2.5E-6

oy, (M) oy, (M) oy, (m)
Impermeable Face 2 0.1 0.1
Sand 2 0.1 0.1
Gravel Toe Drain 2 0.1 0.1

oty (m) oty (m) ot ()
Impermeable Face 0.2 0.01 0.01
Sand 0.2 0.01 0.01
Gravel Toe Drain 0.2 0.01 0.01
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Figure 4.3: Seepage Front Development as a Function of Time Field Scale Dam, Karlsruhe,

Germany (as presented in Armbruster, Brauns, Mazur, and Merkler, 1989)
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CHAPTER 5: FIELD PROGRAM

5.1 INTRODUCTION

Chapter 5 describes the field component of this thesis, specifically the temperature monitoring
conducted within the piezometers and reservoir at BC Hydro’s Coquitlam Dam. Section 5.2
presents information on the general location and construction of Coquitlam Dam: Section 5.3
describes the regional geology. Section 5.4 describes the site geology, with specific emphasis on
the stratigraphic units that form the dam foundation, and the fill materials that comprise the dam
itself. Section 5.5 describes the hydraulic conditions of Coquitlam Dam. This is followed by a
description of the temperature monitoring program implemented at Coquitlam Dam, in
Section 5.6. Section 5.7 presents the temperature monitoring data and general observations about
the data. Section 5.8 discusses the results of the temperature monitoring program implication on
the heat transport numerical modelling of Coquitlam Dam. Section 5.9 contains summary remarks
and conclusions about the field program.

5.2 COQUITLAM DAM

The Coquitlam Dam is located on the Coquitlam River, approximately fifteen kilometres
upstream of its confluence with the Fraser River, as shown on Figure 5.1. The cities of Port
Coquiltam and Coquitlam are located downstream of the dam.

The reservoir impounded by the dam provides water storage for power generation, and is a source
of potable water for the Greater Vancouver Water District (GVWD). In addition the dam
regulates discharge water to maintain river flows for fish habitat and migration, and provides
some flood control for Port Coquitlam, and Coquitlam. Water from the reservoir is piped through
a tunnel to Buntzen Lake where power is generated at Buntzen (LB1) and Lake Buntzen 2 (LB2)
generating stations. Water from the Coquitlam reservoir supplies a portion of the drinking water
for the Greater Vancouver area of 2 million people. The reservoir is 13 kilometres long and has a
maximum capacity of 202 million cubic metres. The normal operating elevation is' between 142
and 154.9 metres.

The Vancouver Power Railway Company Limited constructed the Coquitlam Dam between 1908
and 1913. The dam is a zoned embankment dam with a hydraulic fill core and shell, upstream and
downstream rockfill toes, and a spillway. The dam is about 30 metres high, is 3.8 metres wide at
the crest, 200 metres wide at the base, and has a crest length of 290 metres. -The original
upstream slope was SH:1V and the downstream slope varied from 2H:1V at the top to 4H:1V at
the base. Additional rockfill was placed on the upstream and downstream slopes in 1980, and in
1984/85 to improve stability.

Prior to constructing the dam, a rockfill crib overflow dam was built in 1903, raising the original
water level of the lake by 3.4 metres. During construction of the dam, the height of this structure
was increased twice, by sluicing silt upstream of the crib dam. The crib dam was eventually
buried in the upper toe of the current dam.
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The dam was built by first constructing the upstream and downstream rockfill toes, using rock
from the spillway and diversion tunnel excavations. The sand and gravel shells materials were
hydraulically placed against the rockfill. Flumes were constructed parallel to the dam crest, as
shown in Figure 5.2a, to sluice fill the core of the dam (Figure 5.2b). Two borrow pits, one on
either side of the dam, were excavated and high pressure water was used to transport the fill
materials through the flumes to the dam. Construction of the shell and core was-sequenced in
such a manner that the elevations were similar. As construction progressed the flumes were raised
and moved towards the centre line of the dam. Water used in sluicing the shell materials would
run off quickly. Conversely, drainage from the core materials was much slower, as a result, a
large sedimentation pond formed during placement of the core materials. Figure 5.3 shows the
pool of water in the centre portion of the dam and the completed dam prior to reservoir filling.
Recent drilling has revealed thin layers of sand and gravel amongst the primarily silt core. This is
consistent with staged sluicing. The timber trestles that were used to support the flumes during
hydraulic filling were buried amongst the dam fill materials. The spillway channel was cut in the
bedrock at the left abutment, on the east side of the dam. The spillway is about 60 metres wide,
50 metres long, and the invert elevation is approximately 154 metres. Figure 5.4 shows an as-
built cross section of the dam from 1915 (Conway, 1915; BC Hydro, 1984; and BC Hydro, 1986).

In 1980 and 1984/85, additional rockfill was placed on the upstream and downstream slopes to
improve the dam’s stability during an earthquake. In 1985, the dam crest elevation was raised by
two metres, and the logging road was moved from the crest to the top of the upstream berm.
Figure 5.5 shows a current plan view of the dam. Figure 5.6 shows a typical cross section of the
dam with the additional rockfill. The photographs presented on Figure 5.7 show current
conditions of the dam (BC Hydro).

53 REGIONAL GEOLOGY

5.3.1  Bedrock Geology

The Canadian Cordillera is divided into five general morphogeological belts. The Coast Belt
includes the Coast Mountains to the north, and the Cascade Mountains to the south, separated by
the Fraser Lowland. Coquitlam Dam is located at the southern end of the Coast Mountains.
Bedrock in the area is plutonic in origin from the Cretaceous to late Tertiary, 20 to 135 million
years old (Geological Survey of Canada, 1965). Figure 5.8 shows the bedrock geology in the
area. Granodiorite is the dominant rock type. It is typically fine to medium grained, very strong
and massive. Locally the rock quality may be variable with jointing and shearing.

5.3.2  Surficial Geology

The mountains along the edge of the Fraser Lowland are rugged with peak elevation between
1,500 and 2,100 metres. Between these mountains are deep U-shaped valleys, oriented in a north-
south direction, with floor elevations ranging from near sea level to 100 metres. The
physiographic setting of the area is a reflection of repetitive glacial cycles, with scoured bedrock,
deposited, eroded and re-deposited sediments from glacial and interglacial periods, followed by
post-glacial deposition. In the vicinity of Coquitlam Dam, the most significant features of these
glacial cycles is the presence of two buried channels or valleys, as shown on Figure 5.9.
Coquitlam Dam is actually built over top of the buried valley labelled as one on Figure 5.9
(Armstrong, 1984).
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5.4 SITE GEOLOGY

In comparison to more recently constructed dams, Coquitlam Dam has limited geotechnical
information or construction quality control information. As a result, BC Hydro has conducted
numerous investigations between 1979 and 2001. The investigations were used to obtain
information, including:

e dam stratigraphy;
e description of soil materials, and their properties (density, shear strength, friction angle,
cohesion, hydraulic conductivity);
insitu moisture contents; and
installation of instruments to monitor the dam (settlement gauges, pneumatlc and standpipe
piezometers, inclinometer, weirs, and strong motion detectors).

The following summary of the bedrock, foundation soils, and dam fill materials is based on
information compiled from the aforementioned investigations. BC Hydro continues to gain
additional information through studies and investigations. As a result, interpretations of the
subsurface geology and dam fill materials presented in this report may be subject to change.

5.4.1 Foundation Bedrock

Bedrock at the Coquitlam Dam is composed of medium grained granodiortie with mafic
inclusions, andesitic dykes and basaltic dykes. Outcrop mapping has indicated that the bedrock is
strong and widely jointed with minimal groundwater flow. Bedrock outcrops on the east (left)
abutment of the dam and then plunges west and southward. The GVWD has installed two drill
holes (BH97-1 and BH97-2) to bedrock in the vicinity of the dam. In these holes, bedrock was
encountered at an elevation of 48 metres, 80 metres west to the dam crest, and at an elevation of
28 metres, 800 metres south of the dam. The maximum thickness of sediments in the buried
valley exceeds 120 metres (GVWD, 1997, and information provided by BC Hydro).

5.4.2 Foundation Soils

Coquitlam Dam foundation soils have been classified into ten units (Table 5.1), based on the
glacial events, depositional environments, soil textures, and densities observed -during field
investigations. The deposits have been labelled numerically from oldest to youngest, based on
interpreted ages. Figure 5.10 presents the interpreted, distribution of foundation soils.
Figure 5.11 and Figure 5.12 present geologic cross sections A-A to D-D through the dam, from
west to east. Figure 5.13 presents a longitudinal section E-E through the dam crest. These cross
sections are a compilation of information obtained from various drilling programs, soil testing
and analysis, and pre and post construction geologic mapping prepared by BC-Hydro staff
(information provided by BC Hydro). Stratigraphic variation in both the dam foundation soils
and dam fill materials is apparent from comparisons between sections A-A through E-E.

The basal foundation soil layer, identified in Table 5.1 as Unit 1A, consists of glaciofluvial sand.
The unit is identified as SP (poorly graded sand, containing less than 5% fines) using the Unified
Soil Classification System (USCS), and described as; dense, grey, fine to coarse sand, trace to
some gravel, trace to some silt. This unit fills most of the buried valley. Hydraulic conductivity
estimates for this unit, are based on limited borehole data, and range from 5E-5 to 1E-6 metres
per second.
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Unit 1A is overlaid by Unit 1B. Unit 1B is approximately 8 metres thick and consists of
glaciofluvial gravel and sand. The top of the unit dips gently from east to west (Figure 5.13)-and
appears to be locally elevated over the bedrock outcrop on the east abutment. The unit is
described as dense, sandy gravel to gravel and sand, trace fines (GP, GP-GM using the USCS).
The gravel is typically subrounded to subangular. Figure 5.14 shows soil sample gradation curves
for this unit. Hydraulic conductivity estimates for this unit range from 1E-2 to 1E-5 metres per
second, based on the grain size curve data.

Unit 2A is a glaciolacustrine silt, that forms the low permeability unit for the dam foundation.
This unit is up to 30 metres thick on the west abutment and tapers to less than 5 metres on the east
abutment, as seen in Figure 5.13. Unit 2A is described as a stiff to hard, grey, inorganic silt with
trace.to some sand and clay. Liquid limits range from 20 to 30 percent and plasticity indices range
from 0 to 10. Unit 2A is classified as a ML/CL using the USC system. Varves ranging from 75
to 150 millimetres thick were observed during excavation of the GVWD tunnel on the east
abutment. Figure 5.15 presents grain size distribution curves for samples collected from this unit.
Hydraulic conductivity estimates for Unit 2A range from 5E-6 to 1E-7 metres per second, based
on the grain size curve data. '

Unit 2B is interbedded within Unit 2A, as shown on section E-E (Figure5.13). Unit 2B is
described as very dense, sand and gravel, trace silt, cobbles and boulders. It is classified as a GW
- SW, using the USC system.

Unit:3 is a glacial till deposit from the Vashon period. This unit overlies Unit 2A, Unit 1B -and
the granodiorite bedrock on the east abutment. The thickness varies from 2 to 8 metres. Unit 3 is
not present in the river channel or on the west abutment. Typically the till consists of dense, silty
sand with some gravel, to gravelly sand with trace to some silt (SP-SM, SM using the USCS).
Figure 5.16 shows the grain size distribution curves for samples collected from this unit.
Hydraulic conductivity estimates for this unit range from 1E-6 to 1E-7 metres per second, based
on grain size curve data collected from 16 samples.

Unit 4 is a granular glaciofluvial soil deposited in front of the retreating valley glaciers. Unit 4 is
present on the east abutment. The thickness ranges from 5 to 9 metres on the west side and then
tapers out towards the east. Grain size distribution curves for Unit 4 are presented on Figure 5.17.
Soil descriptions for this unit vary from; a poorly graded fine to medium sand, with some silt
(SM), sandy silt (ML), to gravelly fine to coarse sand (SP-SM). The fines content for this unit
varies from 5 to 70 percent. This unit varies from loose to medium dense. Hydraulic
conductivity estimates range from 1E-4 to 1E-5 metres per second, based on grain size curve
data..

Unit 5 is a glaciolacustrine silt, also deposited in front of the retreating valley glaciers. Unit 5
forms a thick blanket over Unit 3 and Unit 4 on the east abutment. Natural thickness of this unit
ranges from approximately 6 metres over the bedrock mound to greater than 10 metres
downstream. Grain size distribution curves for Unit 5 are presented on Figure 5.18. Unit 5 is
described as a poorly graded, silt with trace to some sand and clay. The unit is varved silt and
clay. The silt is an inorganic, low plasticity (liquid limit 20 to 30 percent, and plasticity index
between 0 and 10) and is classified as ML. The clay is a medium plasticity, with liquid limits
between 40 to 50 percent, plasticity indices of 25 to 30, and is classified as CL. Hydraulic
conductivity estimates for Unit 5, are also based on the grain size curve data and, range from
1E-6 to 1E-7 metres per second.
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Unit 6A and Unit 6B are post glacial, alluvial sediments deposited along the Coquitlam River
channel. Unit 6A appears to be a high energy, channel deposit. Unit 6B appears to be a point bar
deposit, deposited on the inside of a river bend, in a slightly lower energy environment. Both
units range from 3 to 5 metres in thickness and occur along the Coquitlam River channel prior to
dam construction, as shown on Figure 5.10. Gradation curves for Unit 6A are presented in
Figure 5.19. This unit consists of boulders, cobbles, gravel, and sand, with 5 to 10 percent fines
(GP-GM). The coarse material is typically rounded to subrounded. The unit is considered to be
dense. Unit 6B is a dense, sand and gravel with some silt (SM). Hydraulic conductivity
estimates for Unit 6A range from SE-3 to 1E-4 metres per second, and for Unit 6B 1E-4 to 1E-5
metres per second. Construction photographs indicate that the alluvium material was reworked
during foundation preparations, as a result the distribution of Unit 6A and 6B material may not be
uniform or continuous. -

Unit 7 consists of granodiorite rock that has spalled off adjacent rock outcrops. It consists of a
thin sporadic layer of angular, loose rubble at the base of small cliffs.

5.4.3 Dam Fill Soils

Figure 5.4 presents an as-built cross section of the dam in 1915. Figure 5.6 presents a typical
cross section of the dam, in 2001. Table 5.2 presents a summary of dam fill materials and their
hydraulic properties.

The upstream and downstream rockfill toes consist of hard durable, angular, granodiorite rock.
The maximum rock size is about 0.6 metres. The hydraulic conductivity of the rockfill is
estimated to be 1E-1 to 1E-2 metres per second (BC Hydro, 1984).

The design specified the upstream shell should consist of cobbles, gravel, and coarse sand, that
was to be placed by hydraulically sluicing. Grain size distribution curves obtained from soil
samples of the shell material are presented on Figure 5.20. There is considerable variation in the
grain size distribution of samples collected from the shell as is apparent in Figure 5.20. In
general, the grain size decreases closer to the core, and the density decreases. Fines content is
approximately 5% at some distance from the core and increases to about 15% near the core. The
hydraulic conductivity of the upstream shell is estimated to be between 1E-4 and 1E-5 m/s, based
on grain size curves (BC Hydro, 1984).

Drilling records show that there is no distinct line between the upstream shell and core material,
which is not surprising since these units were built simultaneously. ‘

The downstream shell was constructed in a similar manner to the upstream shell. Soil samples
from the downstream shell indicate that this unit is slightly coarser than the upstream shell.

The hydraulic fill core was placed in a similar manner to the upstream and downstream shells,
however, finer materials were used for core construction. During construction the degree of fines
could be controlled in two manners, at the burrow pit source and to some degree by the depth of
the settling pool. As is customary with hydraulic filled dams, it is anticipated that the core
materials were in a semi-liquid state, during and immediately after construction, due to the length
of time required for these materials to drain. Over -time as these materials drained and
consolidated the strength of the material would increase (Terzaghi and Peck, 1948). The core of
Coquitlam Dam, consists of soft silts and sandy silts, with thin layers of sand and occasionally
gravel, randomly present. Figure 5.21 presents the grain size distribution curves for samples
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collected from the core. There is also considerable variation in the grain size distribution curves
of samples collected from the core. However, in comparison to the upstream shell samples, the
core is finer. The hydraulic conductivity values for the core are based on triaxial tests conducted
on shelby tube samples collected from the core and grain size curve data. The estimated values
are:

e horizontal permeability (k,) 1E-4 to 1E-6 m/s
e vertical permeability (k,) 1E-6 to 1E-8 m/s (BC Hydro, 1984).

Modifications were made to the dam in 1980 and 1984/85. In 1980, rockfill berms were placed
on the upstream and downstream slope, to add reinforcement to the dam, for earthquakes. A
further upgrade to the upstream and downstream berms was made in 1984. A portion of the
previously placed rockfill on the upstream face was excavated and placed on the downstream
berm. The rockfill from the upstream berm was excavated and replaced by compacted sand and
gravel. A one metre thick layer of rockfill was placed over the sand and gravel. Figure 5.6 shows
a typical cross section of the dam, and indicates changes made in 1980, and 1984/85.:

5.5 COQUITLAM DAM, HYDRAULIC CONDITIONS

Prior.to 1979, BC Hydro does not have any record of instrumentation or data from Coquitlam
Dam that would monitor the hydraulic conditions within the dam. Between 1979 and June 2001,
14 pneumatic and 33 standpipe piezometers have been installed at the dam. Three of the
standpipe piezometers have been damaged or destroyed and are no longer in use.

For an idealized dam with similar material properties as Coquitlam Dam, the followmg flow
conditions would be expected: '

e water in the upstream shell would be at a similar elevation as the water in the reservoir, and
the water level would respond quickly to changes in the reservoir level;

e the water elevation in the core would decrease, as distance from the reservoir increased. The
response time to changes in the reservoir elevation would increase, and the magnitude of the
fluctuation in the water level would be less. The water elevation on the downstream side of
the core would equal that of the tailwater;

. piezometers installed in the downstream toe would be minimally influenced by changes in the
reservoir level. The water elevation in these piezometers would be influenced by changes in
the tailwater level and by precipitation and infiltration.

Figure 5.22 through 5.24 present plots of the piezometric elevation data and the measured
reservoir elevation, through Section A-A, B-B, and C-C, respectively. Similarly, Figure 5.25 and
Figure 5.25 present plots of the piezometric and reservoir elevation data for the west and east
abutments, respectively. As seen in Figure 5.22 through 5.24, piezometric levels recorded along
each section are similar, and do not deviate significantly from the general pattern, described
above. However, the seepage regime at Coquitlam Dam is fairly complex due to the presence of
the higher permeable sand and gravel deposits (Units 1A and 1B) that underlay the thin, low
permeability silt layer (Unit 2). The regional aquifer flows in Unit 1A and 1B, may influence the
seepage regime of the dam (information provided by BC Hydro).

Based on BC Hydro’s geologic interpretation, and the soils encountered during the various
drilling investigations, the silt layer beneath the formerCoquitlam River channel is very thin, and
in some places may have been eroded entirely, exposing the underlaying sand and gravel units.
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The former river channel extends under a portion of the dam, as indicated on Figure 5.5. It is
believed that a portion of the silt layer does not exist beneath the dam. However, the exact size
and location of the sand and gravel layer exposure is not currently known. Depending on the size
and location of this permeable window, the interaction between the seepage flows through the
dam and the regional aquifer could be strong (information provided by BC Hydro).

5.5.1 Reservoir

Figure 5.22 through Figure 5.26 compare the reservoir elevation to the piezometric elevation of
the various piezometer located in and near Coquitlam Dam. The water level in the reservoir
fluctuates normally between elevation 137.5 and 154.9 metres. This is a change of 16 metres,
which is greater than 50% of the dam height. During the study period for this thesis (August
1999 to July 2001) the variation in the reservoir elevation has been less. It varied between an
elevation of 142.3 metres and 151.7 metres, which represents a change of approximately 30% of
the dam’s total height. Since 1998, typical reservoir operation has resulted in two elevation peaks
each year. Although the timing of reservoir peak elevations vary by up to two months, the first
peak typically occurs between June and August, and the second peak between October and
December.

5.5.2  Piezometer Performance

As part of BC Hydro’s 2001 Coquitlam Dam Deficiency Investigation, the performance of each
piezometer was evaluated. Table 5.3 lists the piezometers, selected construction details, and
provides comments on the accuracy and reliability of the data obtained from each piezometer.

SP-6 and SP-7 were installed near the spillway, on the left abutment. Approximately 80% of their
readings are above the reservoir elevation. It is believed that these piezometers are measuring
water other than that directly associated with seepage from the reservoir.

The following pneumatic piezometers were installed with their tips near the phreatic surface;
PP-2, PP-6, PP-7, PP-12, and PP-14. Questionable readings occasionally occur in these
piezometers due to the fluctuation in the phreatic surface, as noted in Table 5.3. Frequently PP-5
records low readings that cannot be explained. It is likely that PP-5 malfunctions intermittently.
Piezometric elevation plots for these piezometers are included in Figure 5.23 and Figure 5.24.

Following installation of each new piezometer in 1999, and 2001, falling head tests were
conducted. SP99-2 showed no response after 10 litres of water were added. Since that time, the
water level in SP99-2 has been artificially elevated, and piezometric elevations recorded at this
location do not respond to changes in the reservoir level.

5.5.3  Piezometer Measurements Through Section B-B of Coquitlam Dam

Section B-B, shown on Figure 5.5, contains the most piezometric data. The following
piezometers are installed along this plane: SP99-12, SP-2, PP-8, PP-9, PP-10, SP99-2, SP-1, PP-
5, PP-6, PP-7, SP99-7A, SP99-7B, PP-13, PP-14, SP-4, PP-11, PP-12, and SP99-10. Time
history plots of piezometric elevations for these piezometers and the reservoir are presented on
Figure 5.24 (standpipe and pneumatic piezometers). The following paragraphs briefly comment
on the trends observed in this data, and the implications to the overall seepage regime of the dam.
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SP99-12 is installed in the upstream shell, with a tip elevation of 135.4 metres. The piezometric
elevation recorded at this location responds rapidly to changes in the reservoir water level with
virtually no time lag and the amplitude of the signal is large and similar to that of the reservoir.

Piezometers SP-2, PP-8, PP-9, and PP-10 were installed in the upstream portion of the core at
different elevations within the same drill hole (DH84-4). Their tip elevations are 127.4, 132.0,
145.0, and 149.5 metres, respectively. These piezometers respond to the changes in the reservoir
water level with minimal time lag. The amplitude of the responses is relatively large, and similar
to that of the reservoir. The tip elevation of PP-10 is high, and reads a constant value when the
reservoir elevation is below 149.5 metres. The piezometric elevations show a downward
hydraulic gradient, likely caused by seepage into the foundation.

Piezometers SP-1, PP-5, PP-6, and PP-7 were installed in the central portion of the core at
different elevations within the same drill hole (DH84-3). Their tip elevations are 126.0, 131.5,
140.0, and 144.0 metres, respectively. SP99-2 is also installed in this area, however, it is not
responding to reservoir fluctuations. Piezometric elevation data recorded at PP-6 and PP-7
correlate well with the reservoir level. As discussed previously, PP-5 appears to malfunction
periodically. Some of the piezometric elevations recorded at PP-5 can be correlated to the
reservoir level. Time for these piezometers to respond to change in the reservoir level is longer
than that in the upstream portion of the core, and the magnitude of the water level fluctuations in
these locations is less. A downward component of the hydraulic gradient is also evident in this
portion of the core. The downward gradient is approximately 0.47 (m/m) in both the core and
foundation unit, using the July 14, 1998 data.

Piezometers PP-13 and PP-14 were installed in the downstream portion of the core in the same
drill hole (DH85-1). The tip elevations are 134.2, and 140.2 metres, respectively. Piezometers
SP-4, PP-11, and PP-12 were installed in the same drill hole (DH84-7) in the downstream portion
of the core. Tip elevations for these piezometers are 133.8, 137.9, and 142.3 metres, respectively.
A nested pair of piezometers was also installed in 1999 in the downstream core, SP99-7A and
SP99-7B. Their tip elevations are 124.7, and 133.7 metres, respectively. Responses of these
piezometers to changes in the reservoir level are smaller in amplitude, lag significantly, and in
some cases cannot be distinctly correlated. It is likely that thetailwater level, percolating water
-and groundwater also influence the piezometric levels in the downstream core.

SP99-10 is installed at the toe of the dam, near the fish pond. The piezometric levels at this
location cannot be correlated with the reservoir level. The tailwater, percolating water, -and
groundwater primarily influence the piezometric level of SP99-10.

5.5.4  Weirs at Coquitlam Dam

Two weirs exist on the downstream side of Coquitlam Dam. The locations are shown on
Figure 5.27. Manual readings of the weirs were taken between 1991 and 1998, when a data
logger was installed to take hourly readings. In 2000 an Automatic Data Acquisition System
(ADAS) was installed to collect readings on a continuous basis. In addition, an automatic rain
gauge was installed as part of the ADAS system. Hourly rainfall is measured and is recorded by
the ADAS to enable weir flow volumes to be correlated to rainfall. Since 1991 periodically high
flows, for short durations have been recorded in the weirs. As shown in Figure 5.28, peak flows
recorded in the weirs correspond to precipitation and subsequent runoff events. The peak ﬂows
are not a result of increased seepage through the dam.
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5.6 COQUITLAM DAM, TEMPERATURE MONITORING PROGRAM

The temperature monitoring program at Coquitlam Dam was implemented in August 1999.
Monthly temperature measurements have been recorded in the reservoir and water column of
each piezometer to develop a database of seasonal temperature fluctuations in the reservoir and
within the dam. The data is being collected and analysed as an additional dam performance
monitoring tool, to detect and evaluate potential variations in hydraulic conductivity. The first
two years of temperature monitoring data is included in this thesis. However, data collected
between February and May, 2000 have not been reported as there was a technical problem with
the probe on these dates, and as a result the temperature readings are not accurate. Monthly
temperature measurements continue to be taken at Coquitlam Dam. Temperature monitoring
locations are presented on Figure 5.27.

5.6.1 Instrumentation

Two different thermal probes designed by Bo Chandra & Associates, have been used to collect
temperature data from Coquitlam Dam. A pilot thermal probe was initially used, between August
1999 and August 2000. Beginning in September 2000 BC Hydro purchased a thermal probe from
Bo Chandra & Associates, for exclusive use at Coquitlam Dam.

The pilot probe temperature monitoring system consisted of a probe and cable, 1000 foot, (300
metre) thin line kevlar reinforced cable, mounted on a portable reel, a small battery, and a lap-top
computer. The laptop computer provided the digital readout for the probe and enabled the data to
be logged and saved electronically. The thermal probe was mounted in a stainless steel housing
unit, approximately 1.25 centimetres in diameter and 20 centimetres in length. A 500 Q platinum
resistance element was used in the probe tip to measure the temperature. Downhole digitizing of
the resistance measurement was used to avoid problems with noise transmission of an analog
signal over the long cable length. The probe is accurate to 0.02°C and its resolution is 0.001°C.
Figure 5.29 shows the probe and monitoring system.

BC Hydro’s temperature monitoring system consists of a probe and cable (250 metre flat, 1.3
centimetre wide, polyethylene with counter twisted stainless steel stranded wire). The cable and
probe are mounted on a portable reel, which includes a digital display of the temperature reading,
and an interface cable for connection to a computer, to allow data to be logged and saved
electronically. A 9-volt battery provides power for the probe and readout. Figure 5.30 shows the
new probe and reel with the digital display. The probe is accurate to 0.02°C and its resolution is
0.001°C.

5.6.2 Monitoring Locations

Temperature profiling was initially conducted in eight piezometers (standpipes): SP-1, SP-2,
SP-4, SP-6, SP-8, SP-9, SP97-1A, SP97-1B, one inclinometer, and in the reservoir.

During the fall of 1999, as part of a dam investigation project, 16 additional piezometers were
installed within the dam. Temperature readings have been collected within these piezometers
since the end of November 1999. Figure 527 shows the location of the piezometers,
inclinometer, and the reservoir monitoring station. Early in 2001, six additional piezometers were
installed in the downstream shell and on the east abutment of the dam. Temperature readings
have been collected within these piezometers since March/April 2001. Table 5.4 presents a list of
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the temperature monitoring piezometers and installation details including; depths, screen
intervals, diameters, and construction materials. '

Temperature profiling of the reservoir was conducted from the floating dock, east of the GVWD
boathouses. Additional temperature data from the reservoir was collected on July 13, 2000. The
approximate location of each of the profiling sites is shown on Figure5.27.

5.6.3 Procedures

In each piezometer, the depth of water was first established using a thin line water level indicator.
Care was taken not to lower the water level probe below the top of the water surface, so that there
would be minimal disturbance to the water column. Then the temperature probe was slowly
lowered down the piezometer casing, to minimize mixing of the water within the riser while
temperature measurements were recorded. Initially, temperature measurements were recorded at
0.9 metre (3 foot) intervals from the groundwater surface to the bottom of each piezometer. Then
a procedural change was implemented (May 2000) so that temperature readings would be taken at
the same elevation during each monitoring period. Temperature data in each piezometer is now
collected at constant elevations in each piezometer below the groundwater surface. - The readings
are taken at one metre intervals. At each monitoring interval the temperature reading was
allowed to stabilize to two decimal places and then was recorded.

5.7 COQUITLAM DAM, TEMPERATURE MONITORING PROGRAM

The temperature monitoring results for Coquitlam Dam, collected between August 1999 and July
2001, will be presented and discussed in the following subsections. The results have been
divided into five areas:

reservoir,

upstream shell,

core and foundation soils,
downstream toe, and
abutments.

Table 5.5 lists the temperature monitoring stations and groups them according to the material
through which they were installed.

Temperature data collected between February 2000 and May 2000 has not been included in this
thesis as there was a malfunction with the probe, or a calibration problem during this period. The
first round of temperature data collected in August 1999, appears abnormally higher than all other
readings. This data has been included in the graphical plots as the temperature profiles within
each: piezometer are similar; however, the actual temperatures have not been included in the
general discussion. Appendix C contains plots for each piezometer showing the temperature
profiles, and the annual temperature variation at selected elevations. :

The -graphical plots of the temperature data collected from the six new piezometers installed in

2001 have been included in Appendix C. However, minimal discussion is provided for these
piezometers, due to the limited amount of temperature data that exists for these locations.
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5.7.1  Reservoir

Figure 5.31 graphically presents the reservoir profiling data collected from the floating dock.
Figure 5.32 presents the annual temperature data at selected elevations in the reservoir. ‘The
temperature in the reservoir varied from 20°C at the surface in July or August a low of 4°C
throughout the reservoir in January or February. Two distinct patterns can be seen in Figure 5.31.
Typically, between November and March the temperature in the reservoir is almost constant
irrespective of depth. During the remainder of the year the temperature varies significantly with
depth.

The water at the base (Elevation 134 metres) of the reservoir varied between a high of 14°C in
October to a low of 4°C in January/February. However, the water at the base of the reservoir is
only warm for a very short period of time. The typical range in water temperature at the base is
between 4°C and 8°C.

Temperature measurements collected within the reservoir show a significant variation between
1999 and 2001. Changes in reservoir elevation and to some extent climatic conditions (air
temperature) are likely the cause.

Temperature profiling at four additional locations within the reservoir was conducted on
July 13, 2000 to determine if there was any significant difference in reservoir temperatures along
the face of the dam in comparison to the temperatures measured from the floating dock. Each
location was approximately 25 to 30 metres upstream of the dam face. Temperature data was
collected with two instruments, the pilot thermal probe, and a multi probe produced by Yellow
Springs Instruments, YSI 600XL. The YSI probe only had a 20 metre cable. As a result
temperature readings made with this probe did not reach the bottom of the reservoir. The
accuracy of this probe is reported to be £0.5°C. Figure 5.33 presents the additional reservoir
monitoring data. Good correlation exists between the temperatures recorded by each probe at
each location. Slight differences are attributed to the different accuracy of each probe, and
drifting of the boat while measurements were being recorded. All of the additional monitoring
locations were shallower than the floating dock monitoring location. As a result, cooler
temperatures are recorded at the dock location due to the deeper water conditions. There is good
correlation between the temperatures recorded at the floating dock and those closer to the-dam
face, at similar elevations. Based on this data, the floating dock location appears to be an
acceptable location for profiling reservoir temperatures.

5.7.2  Upstream Shell

Three piezometers are installed in the upstream shell; SP99-11, SP99-12, and SP99-13.
Individual plots of temperature profiling data with depth, along with plots of annual temperature
variation at selected elevations for each piezometer, are included in Appendix C. Figure 5.34
presents a sample temperature profile graph from upstream shell piezometers. Figure 5.35
presents a plot of the annual temperature variation at selected elevations for the upstream shell
piezometers. The temperature data recorded in all three of these piezometers is very uniform. It is
interesting to note that the temperatures recorded in SP99-11 are slightly cooler than those
obtained from SP99-12 and SP99-13 at the same elevation. Temperatures recorded in SP99-12
and SP99-13 are more similar, although generally SP99-12 is slightly cooler than SP99-13, at the
same elevation.
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Surface temperature effects, caused by the surrounding air temperature and conduction, can be
seen in all piezometers above an elevation of 142 metres. When initial surface temperature
effects are ignored, all the piezometers show a decrease in temperature with depth. The average
temperature, when surface effects are eliminated, ranges between 9.7°C and 10.7°C. At any
given elevation in these piezometers, the average annual change in recorded temperature is
between 0.2°C and 0.3°C. The average annual temperature change within each: piezometer,
irrespective of depth is between 0.5°C and 0.7°C.

Piezometric levels in the upstream shell material respond quickly to changes in reservoir level.
So one would anticipate that the temperature profiles in these piezometers would show similar
oscillations as observed in the reservoir. However, no distinct minimum or maximum
temperature is apparent in these piezometers, as is the case in the reservoir. In addition, the range
of temperatures recorded in the upstream shell throughout the year is significantly less than that
recorded in the reservoir (both bottom and surface).

5.7.3  Hydraulic Fill Core and Foundation Units

Piezometers installed in the hydraulic core material or foundation materials are identified in
Table 5.5. For this discussion the piezometers have been divided into two categories, those that
are located in the upstream portion of the dam, and those located in the downstream portion of the
dam, as indicated on Table 5.5. In general, the temperature profiling data collected from these
piezometers show slight surface temperature effects in the top one to two metres.

Figure 5.36 presents a sample temperature profile graph, representative of temperature data
collected from piezometers in the upstream portion of the core. Although many of the
piezometers in the upstream portion of the dam penetrate both the core and the foundation units,
only slight changes (i.e. SP99-1 and SP-2) in either the slope of the temperature profile data, or in
the actual readings are apparent at the interface between the two units. All piezometers in the
upstream portion of the core show a decrease in temperature with depth, similar to that observed
in the upstream shell piezometers, with the exception of SP99-3B. This piezometer shows an
increase in temperature with depth.

Following installation of each new piezometer in 1999, and 2001, falling head tests were
conducted. SP99-2 showed no response after 10 litres of water was added. As a result, the water
level in SP99-2 is artificially elevated. Temperature readings in this piezometer have been
collected in both the unsaturated and saturated zones. Air temperature effects are more
predominant in this piezometer, than in the other piezometers. The temperature profile plot for
SP99-2 is presented in Figure 5.37.

Figure 5.38 presents a graph of the annual temperature variation, at selected elevations, for the
piezometers in the upstream portion of the core. The annual temperature data recorded in all of
these piezometers shows a very uniform pattern. It is interesting to note that the temperatures
recorded in SP-2 are warmer, and the temperatures recorded in the Inclinometer are cooler than
those obtained from the remaining piezometers, at the same elevation. This could be due to SP-2
being located closer to the reservoir and the Inclinometer being farther from the reservoir. SP99-
3A/3B, SP99-2, SP-1, and SP99-1A/1B are located at approximately the same distance from the
reservoir, although spatially located along the linear axes of the dam. Temperature readings from
SP99-2 are warmer than the other piezometers in this alignment. Temperature readings obtained
from elevation 140 and 130 metres in piezometers SP99-3A/3B, SP-1, and SP99-1A/1B are
approximately the same, throughout the year.
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The average temperature, when surface effects are eliminated for the upstream core piezometers,
ranges between 9.2°C and 10.9°C. At any given elevation in these piezometers, the average
annual change in recorded temperature is between 0.14°C and 0.3°C. The average annual
temperature change within each piezometer, irrespective of depth, is between 0.3°C and 1.15°C.

Piezometric levels in the upstream core and foundation silt material are slower to respond to
changes in the reservoir elevation. However, they show a greater response than piezometers
located in the downstream core and foundation silt. Although there are small fluctuations in
recorded temperature in these piezometers, no distinct minimum or maximum temperature is
apparent in these piezometers, as is the case in the reservoir. In addition, the range of
temperatures recorded in the upstream core and foundation material throughout the year is
significantly less than that recorded in the reservoir (both bottom and surface). ‘The average
temperature in these piezometers is slightly less than that recorded in the upstream shell.

The downstream core and foundation unit piezometers, identified in Table 5.5 are all located on
the downstream berm of Coquitlam Dam. The piezometric surface in these piezometers is at an
elevation between 131 and 140 meters, depending on location and piezometer screen interval.
This elevation is approximately 5 metres lower than that measured in the upstream core
piezometers. The water column length in these piezometers is smaller than in the upstream
piezometers. As a result, there are fewer temperature readings at each monitoring station.

Figure 5.39 presents a graph of the annual temperature variation, at selected elevations, for
piezometers in the downstream portion of the core and foundation. The annual temperature data
recorded in all of these piezometers shows a very uniform pattern. The recorded temperature in
SP99-5 is consistently warmer than that recorded in the other piezometers.

Figure 5.40 presents a sample temperature profile graph, representative of temperature data
collected from piezometers in the downstream portion of the core. Temperature profile data
collected from SP-4, SP99-7B, and SP99-8 is approximately constant with depth,-once the air
temperature effects are ignored. The temperature profile plots from SP99-7A and SP99-5 show a
small decrease in temperature with depth. The temperature profile plot from SP99-9 shows a
slight increase in temperature with depth, and is slightly cooler than temperatures in the other
piezometers. SP99-9 is screened at a lower elevation in the stiff silt, and lower sand and gravel
unit.

Although many of the piezometers penetrate both the core and the foundation units, only slight
changes can be seen in SP99-7B at the interface between the two units. Due to the short water
column length in SP99-7B, it is difficult to determine if these changes are due to changes in the
hydraulic conductivity of the materials, or due to air temperature effects.

The average temperature, when surface effects are eliminated for the downstream core
piezometers ranges between 9.0°C and 9.5°C. At any given elevation in these piezometers, the
average annual change in recorded temperature is between 0.12°C and 0.3°C. The average
annual change in temperature within each piezometer, irrespective of depth, is between 0.17°C
and 0.37°C. No annual minimum or maximum temperature is apparent in these piezometers.
The average recorded temperature in these piezometers is slightly cooler than those from the
upstream portion of the core and foundation.
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5.7.4 Downstream Toe

One piezometer, SP99-10 is installed at the downstream toe of the dam, near the fish pond. The
temperature profile plot for this piezometer is significantly different than the other piezometers
within the dam, as shown on Figure 5.41. The water piezometric surface in this piezometer is
located only one to two metres below the ground surface. As a result, air temperature effects are
more predominant in this piezometer and extend further into the water column, to an elevation of
121 metres. Heat conduction creates a symmetric profile around the mean temperature. The
profile of SP99-10 is approximately symmetric about 8.5°C. The annual temperature variation
below 121 metres is between 8.45°C and 8.56°C. :

Figure 5.42 presents a graph of the annual temperature variation, at selected elevations, for the
downstream toe piezometer, SP99-10 and abutment piezometer. The annual temperature data
recorded in all of these piezometers shows a very uniform pattern, and all temperatures: are
approximately constant throughout the year. The recorded temperature in SP99-10 is consistently
warmer than that recorded in the abutment piezometers, but the average temperature appears
closer to the abutment piezometers, than the downstream core piezometers. This indicates that
water in SP99-10 is more closely connected with the regional groundwater flow, rather than with
seepage from the reservoir. -

5.7.5 Abutment Piezometers

A nested pair of piezometers exists on the west abutment of the dam, SP97-1A and SP97-1B.
Four piezometers on the east abutment existed, until 2001 when four additional piezometers were
installed. In addition, two piezometers on the eastern side of the downstream berm (SP99-4 and
SP01-3) temperatures are more reflective of the temperatures recorded in the abutment
piezometers, than the downstream core piezometers, so they have been included with this group
of piezometers. Although SP-6 is installed in the spillway on the east abutment, this piezometer
is very shallow and has a very short water column typically, one metre or less. As a result, there
are a' limited number of temperature readings to establish a temperature profile, which makes
discerning the actual temperature in the soil unit versus air temperature effects impossible.
Therefore, temperature readings from SP-6 have not been included in the discussion of the
abutment piezometers.

Figure 5.43 presents a sample temperature profile graph from abutment piezometers. Temperature
profile data collected from SP97-1A and SP97-1B shows a slight decrease in temperature with
depth. Temperature profile data from SP97-1A (Figure 5.43) actually shows a change in slope
and also abrupt changes in the temperature at the interface between the different: stratigraphic
units. This pattern is indicative at the interface between units with different hydraulic
conductivity.

Figure 5.42 presents the annual temperature variation graph at selected elevations for' the
abutment piezometers, and SP99-10. The annual temperature pattern recorded in these
piezometers is very uniform. The temperatures recorded in SP99-10 and SP99-4 are warmer than
those obtained from the abutment piezometers, yet they are cooler than the downstream core
piezometers. In addition, SP99-4 is screened at a shallower elevation than the other piezometers.
This indicates that the water in these piezometers is connected with the regional groundwater as
well as seepage water from the dam. The temperatures recorded in SP99-7A/7B, and SP-8 are
virtually identical. The recorded temperature in SP-9 is slightly warmer, but this could in part be
due to the shallower screen interval in this piezometer.

82




The average temperature, when surface effects are eliminated for the abutment piezometers,
ranges between 7.9°C and 8.9°C. At any given elevation in these piezometers, the average annual
change in recorded temperature is between 0.15°C and 0.27°C. The average annual change in
temperature within each piezometer, irrespective of depth, is between 0.15°C and 0.4°C. No
annual minimum or maximum temperature is apparent in these piezometers. - The average

recorded temperature in these piezometers is slightly cooler than those from the other piezometers
installed within the dam.

5.7.6  Overall Comparison of Temperature Monitoring Results

In general, the temperature within Coquitlam reservoir shows significant seasonal fluctuation

(4°C to 20°C) and thermal stratification within the reservoir occurs between May and mid
November.

Figure 5.44 presents two (upper and lower elevation) plots of annual temperature variation, at
selected elevations, through section B-B (reservoir, SP99-12, SP-2, SP-1, SP99-7A/SP-4, and
SP99-10). From these plots it is evident that as distance from the reservoir increases, temperature
decreases. The average measured temperature was 10.2°C, 10°C, 9.25°C, and 8.5°C in the
. upstream shell, upstream core/foundation, downstream core/foundation, and at the base of the
dam, respectively. The average temperature in the abutments was 8.2°C. Table 5.6 presents a
summary of the annual temperature variation data, according to piezometric location. The
average decrease in temperature along the seepage path is a symbol of heat loss occurring along
the ‘flow path. There are two potential processes that could explain the heat loss seen at
Coquitlam Dam:

e 'the mean temperature of the seepage water is higher than the annual mean air temperature,
and the seepage rate is small; and/or

e seepage in the foundation is occurring with inflow of the colder regional groundwater in the
downstream part of the dam.

It is likely that the seepage temperature pattern observed in Coquitlam Dam is a result of a
combined influence of the two processes listed above. The mean annual air temperature between
April 1999 and April 2001 was 9.5°C, which is just slightly cooler than the mean seepage water
temperature measured in the upstream shell piezometers of 10.2°C. Likely there is some heat loss
to the atmosphere. In addition, the cooler temperatures recorded in SP99-10, and SP99-4 are
likely due to seepage water mixing with the cooler regional groundwater, which supports the
second process. :

It is also apparent from Figure 5.44 that significant annual temperature fluctuations occur in the
reservoir in contrast to the almost constant temperatures recorded within each piezometer, at a
constant elevation.

The seepage water temperatures measured in Coquitlam Dam are caused by normal seepage
through the dam. Although small differences in seepage velocity can be seen (i.e. SP-1, S-2,
SP99-1A, and SP97-1A) no significant or concentrated seepage zones have been detected.

At this time, no clear seasonal variation in temperature is apparent. As a result, it has not been
possible to verify seepage velocity differences using a lag time analysis.
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5.8 IMPLICATIONS TO MODELLING OF COQUITLAM DAM

As discussed in Chapter 2 and Chapter 3, the heat transport modelling used in this thesis uses a
two step process. First the seepage analysis is performed using SEEP/W, then CTRAN/W uses
the seepage velocities obtained from the SEEP/W analysis to analyse the heat transport analysis.
The field investigation data and temperature monitoring program have revealed several factors
about Coquitlam Dam that are important to the numerical modelling.

The following factors are important to remember about Coquitlam Dam when performing a
seepage analysis:

e the geology and hence the seepage pattern within the Coquitlam Dam is complex due to the
buried valley, varied stratigraphy and hence hydraulic conductivity of the core, the presence
of higher permeability sand and gravel beneath the stiff foundation silt, the partially eroded
stiff silt layer in a portion of the former Coquitlam River channel, and the potential for
preferential seepage paths exist due to the decay of the timber trestles used to support the
flumes left in place, during hydraulic fill construction;
variation in stratigraphy through the different dam sections;
there is significant annual fluctuation in reservoir elevation (20 to 50% of dam height), which
causes changes in head and therefore gradient and the resulting seepage velocity through the
dam (i.e. transient seepage analysis is required);

e since 1998, typical reservoir operation has resulted in two elevation peaks each year.
However, the actual peak reservoir elevation, time of year when the peaks occur; and duration
of each peak varies from year to year due to changes in the reservoir operation; and

e complicated boundary conditions, due to seepage flow interaction with the regional
groundwater flow near the dam abutments and at the base of the dam, the. potential for
seepage flow out of the base of the dam into the lower sand and gravel units, and the inability
to monitor and hence determine the actual seepage volume/rate through the dam. Weirs only
catch a very small portion of the seepage.

A transient seepage analysis is definitely required to account for the reservoir variability, and it is
important that actual measured reservoir elevation data be used for the study period of interest,
rather than average values. A two dimensional seepage analysis is definitely required to account
for the variability. It may be necessary to use a three dimensional seepage model to adequately
account for the complex conditions at Coquitlam Dam.

The following factors are important to remember about Coquitlam Dam when performing the
heat-transport analysis: :

e to date, limited temperature data exists to use as input and to compare results;
temperature stratification is significant in the reservoir, and varies throughout the year.
Therefore it is important that different temperature values (curves) be assigned to various
elevations along the dam face;

e combined effect (interaction) of reservoir level on temperature stratification within reservoir
and temperature change from year to year;

e annual air temperature variations from one year to the next effect heat conduction and
reservoir temperature;

e during the late fall and early winter reservoir peak (mid October to mid January) there is
increased seepage flow caused by the increased gradient. The temperature of this water
varies from year to year due to the timing of the reservoir peak, peak duration, and ambient
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weather conditions. Based on reservoir temperature data collected between August 1999 and
July 2001, the seepage water temperature could be between 4 and 7°C;

e water level fluctuations will significantly affect the temperature in the upper part of the
standpipes in the upstream shell and core piezometers;

e coarse shell allows a quick response to water level fluctuations, allowing for both inflow and
outflow of water. Therefore temperature in the upstream core will be influenced by the
change in flow direction of the water. The upper part of this water column may be more
disturbed than the lower portion;

e the seepage water and groundwater have different temperatures. Water from these two
sources mix in the dam abutments, foundation units and dam toe areas creating a complex
temperature pattern;

e heat losses as water seeps through the dam, evident from the decreasing average temperature
along the seepage path; and

e complicated boundary conditions due to annual changes.

5.9 SUMMARY OF FIELD PROGRAM

This chapter has portrayed the complex nature of the geology and structure of Coquitlam Dam,
and the implications on the hydrogeology and seepage pattern at the dam. A detailed description
of the temperature monitoring program was provided along with a qualitative analysis of the
temperature monitoring data collected between August 1999 and July 2001. Although small
differences in seepage velocity can be seen in the temperature profile data, no significant or
concentrated seepage zones have been detected. Based on the temperature monitoring
experiences at Coquitlam Dam, and from reported results from other temperature monitoring
programs, collection and analysis of temperature data from within dam structures provides
supplemental data on which to evaluate dam performance and to monitor seepage within a dam.
Temperature monitoring should continue at Coquitlam Dam in order to enhance the data base
established to date, and to verify annual changes observed in the reservoir and piezometers
temperatures. Only small variations in the temperature data within the piezometers atCoquitlam
Dam have been detected to date. Due to the small temperature variations it is imperative that the
probe is accurately calibrated and frequently checked. To maximize the potential benefits from
the temperature monitoring program for evaluating dam performance and monitoring the seepage
regime, the data must be reviewed on a regular basis.
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Table 5.1:

Coquitlam Dam Foundation Soils

(provided by BC Hydro)
Unit No. Soil Description Depositional
Environment
7 Rubble Colluvial (rockfall)
6B Sand Alluvial
6A Sandy Gravel, Gravel and Sand, Alluvial
Cobbles and Boulders
Silt, Clay Glaciolacustrine
Sand, Silt and Sand, Gravelly Sand Glaciofluvial
Sand and Gravelly Sand Subglacial
2B Sand and Gravel, Sand Glaciofluvial
2A Silt, Clay Glaciolacustrine
1B Sandy Gravel, Gravel and Sand, Glaciofluvial
Cobbles and Boulders
1A Sand Glaciofluvial
Table 5.2: Summary of Dam Fill Materials and Hydraulic Properties
(provided by BC Hydro)
Fill Material Soil Est. k
Description (m/s)
Rockfill Toe Rockfill 1E-2 to 1E-1
Sand and Sand and
Shell Gravel; coarser away 1E-3 to 1E-5
from core
Core Silt, Sandy Silt with | o\ g 7
interlayered sand
Rockfill berm Rockfill 1E-2 to 1E-1
Compacted Sand | g4 and Gravel 1E-3 to 1E-2

and Gravel
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Table 5.5: Temperature Monitoring Locations within Coquitlam Dam

Upstream Shell
Monitoring Locations Distance From Dam Centerline Material Surrounding Screen
(metres)

SP99-11 42.56 u/s upstream sand and gravel shell
SP99-12 42.28 u/s upstream sand and gravel shell
SP99-13 41.88 u/s upstream sand and gravel shell

Core and Foundation

Monitoring Locations
SP-2 27.8 u/s foundation sand and gravel
SP-1 491 u/s foundation sand and gravel
SP99-1A 8.11 ws foundation sand and gravel
SP99-1B 8.11 u/s core silt
SP99-2 9.58 u/s core silt
SP99-3A 8.73 u/s foundation sand and gravel
SP99-3B 8.73 u/s core silt
inclinometer 1.5 d/s --
‘Downstream Shell and
Sand/Gravel
Monitoring Locations
SP-4 25.66 d/s sand and gravel shell
SP99-5 . 19.48 d/s sand and silt
SP99-6 ‘ 24.72 d/s sand and gravel

{SP99-7A 24.65 d/s silt, sand and gravel

SP99-7B ‘ 24.65 d/s silt and sand’
SP99-8 19.43 d/s foundation silt
SP99-9 24.75 d/s foundation sand and gravel
SP99-10 113.74 d/s sand and gravel
East Abutment
SP-8
SP-9
SP-6
SP99-4
West Abutment
SP97-1A
SP97-1B
Notes:
u/s - upstream of dam centerline
d/s - downstream of dam centerline
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Figure 5.1: Coquitlam Dam - Site Location
(Energy, Mines and Resources Canada, Surveys and Mapping Branch, 1986)



a: Looking downstream, at both rockfill toes, trestles and flumes for
sluice filling and hydraulic puddle in the centre.

Hydraulic filling.
: Hydraulic Filling of Coquitlam Dam
(photographs provide by BC Hydro).

b:
2

Figure 5.
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a: Looking west, hydraulic filling nearly complete. Small
hydraulic puddle in centre of dam.

b: Looking west, completed view of Coquitlam Dam, prior to
reservoir impoundment.
Figure 5.3: Construction Photographs of Coquitlam Dam
(photographs provided by BC Hydro). 94
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Notes:

RT1 and RT2 are upstream and downstream Rockfill toes.
SH1.and SH2 are upstream and downstream Shells.

Figure 5.6: Typical Cross Section of Coquitlam Dam, 2001 (provided by BC Hydro)
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b. Downstream slope of Coquitlam Dam.
Figure 5.7: Recent Photographs of Coquitlam Dam

O

. (provided by BC Hydro)
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Legend:
2 = Granodiorite
3 = Quartz Diorite
5 = Gabbro
6 = Migmatite
11 = Overburden

Source:

Geological Survey of
Canada, 1965. Pitt
Lake (Vancouver, East
Half), Map 1151A

\§ L i AR e \ §\ AR el .
Figure 5.8: Regional Bedrock Geology (provided by BC Hydro)

LTI P

\.7‘*4«.,-:}
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Source:
BC Hydro, 2001

1 = Coquitlam valley
2 = Upstream east abutment

Figure 5.9: Buried Valleys Near Coquitlam Dam (provided by BC Hydro)
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Figure 5.29:

Figure 5.30: Temperature Monitoring Equipment - BC Hydro Probe
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Reservoir Temperature Profile Data - GVWD Floating Dock
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Figure 5.33 a

Temperature Profiling of Coquitlam Reservoir - July 13, 2000
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Figure 5.33: Supplemental Reservoir Temperature Profiling

117




SP99-11

155
—=03-Dec-0
150 —%=28-Jun-00
—&-31-Jul-00
i ~-13-Sep-00
—04-0Oct-00
£ 140 = 24-Oct-00
F ~0- 22-Nov-00
(o] -
= 1% O 11-Dec-00
>
ﬁ —*-18-Jan-01
130 —%- 20-Feb-01
—%-21-Mar-01
125 o 2-May-01
—+-30-May-01
120
= 19-Jun-01
—23-Jul-01
115
90 95 100 105 11.0 15
Temperature (° C)
Figure 5.34: Sample of Temperature Profile Graph from Upstream Shell Piezometer
SP99-11 , SP99-12, SP99-13
14 152
13 1 151
L 1150
1 i)
T4 0
o
~ 10 2
L 1148 2
o m
5 ° 5
© 1147 ©
5 =
AR
1146 3
= 3
s | 145 m-SP99-11 =145 m - SP99-12 V \\ / \ 1145
~#-145m-SP99-13 —&-135m - SP99-11 \ K
5 {1-=-135m-SP99-12 5137 m- SP99-13 \/ {144
—*—Reservoir Elevation
4 ‘ - , \ 1 , ; , ‘ 143
Apr-99  Jul99  Oct99  Jan00  Apr-00  Ju-00  Oct-00  Jan-01  Apr-01  Ju-01  Oct-01
Date
Figure 5.35: Annual Temperature Variation at Selected Elevations in the Upstream Shell
118



SP99-1A
——26-Nov-99
198 —%-27-Jun-00
150 ~g-31-Jul-00
4 14-Sep-00
145 ——04-Oct-00
o - 25-0ct-00
T 1o & =il
- il 22-Nov-00
=
9 135 o 11-Dec00
T
>
S X 18-Jan01
o 130 e
% 20-Feb-01
125 o x 21-Mar-01
= A 2-May-01
120 ¢ 30-May-01
s 4 19Jun01
85 20 95 100 10.5| —— 23-Jul-01
Temperature (° C)
Figure 5.36: Sample of Temperature Profile Graph from Upstream Core Piezometers
SP99-2
160
—o—26-Nov-99
155
27-Jun-00
<\E” I— T N S
e |
0 % X ~&-01-Aug-00
150 e ’
- A X_ X —2—13-Sep-00
Readings were taken in the SRS ¥
145 || water column, above the pe —— 04-Oct-00
E saturated zone of the dam o X - 24-0ct-00
S expected phreatic
€ 140 carace o 22-Nov-00
2 o 11-Dec-00
o 135
w ol x 18-Jan-01
130 x 20-Feb-01
x 21-Mar-01
125 A 2-May-01
—+— 30-May-01
120
Note: SP99-2 is not responding to fluctuations in the reservoir water level. —e—19-Jun-01
—4— 23-Jul-01
115 ] | | |
8.0 8.5 9.0 9.5 10.0 10.5 11.0
Temperature (° C)
Figure 5.37: Temperature Profile Graph of SP99-2
119



Inclinometer, SP99-3A/3B, SP99-2, SP-2, SP-1, SP99-1A/1B

14 152
13 1 151
12 + 150
1
+149
5 8
9 10 -—b‘ . g
72’ :;.7\ 1148 2
2 m
s 9 ]
‘é’ /\ t14r 8
g ® :
t146 3
7
—+— 140 mInclinometer ~ —+— 141 m SP99-3B \ / \
6| —+140msp2 —+— 137 m SP-1 148
—+ 140 m SP99-1B —4— 130 m Inclinometer
5 ~&-130 m SP99-3A —A— 133 m SP99-2 | 144
1| —a—130mSP-2 —A—130 m SP-1 N/
—4— 130 m SP93-1A —a— Reservoir Elevation
4 - - : - - - 143
May-99 Aug—99 Dec-99 Mar-00 Jun-00 Oct-00 Jan-01 Apr-01 Jul-01 Nov-01
Date
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CHAPTER 6: NUMERICAL MODELLING OF COQUITLAM DAM

6.1 INTRODUCTION

The numerical models described, used, and verified in Chapter 3 have been applied to model
seepage and heat transport through BC Hydro’s Coquitlam Dam. The stratigraphic units of the
dam described in Chapter 5 will be used to create the numerical model. The temperature
monitoring program, initiated by BC Hydro at Coquitlam Dam was described and the data was
also presented in Chapter 5. This data will be used to compare and evaluate the results obtained
from the numerical modelling. Section 6.2 describes the seepage model setup for Coquitlam
Dam. Section 6.3 presents the results of the seepage analysis. Section 6.4 discusses the problems
encountered during the seepage modelling. Section 6.5 describes the model used to simulate heat
propagation through the dam, withh CTRAN/W. Section 6.6 presents the results of the model.
Section 6.7 discusses problems encountered during the heat transport modelling of Coquitlam
Dam. Section 6.8 summarizes the model results and presents conclusions.

6.2 SEEP/W MODELLING OF COQUITLAM DAM

BC Hydro staff had previously created a SEEP/W model of Coquitlam Dam to analyse the steady
state seepage of the dam (Figure 6.1). This model was used as the starting point for the transient
seepage analysis required for this thesis. The cross section presented in Figure 6.1 is taken
approximately through the centre of the dam, through standpipe piezometers (from upstream to
downstream); SP99-12, SP-2, SP-1, SP99-2, SP-7A/7B, SP-4, and SP99-10.

6.2.1 Grid and Stratigraphic Units

The transient seepage analysis was first conducted with the stratigraphic units, and hydraulic
conductivity values presented in Figure 6.1. Then units 6A and 6B, (described in
subsection 5.4.2) were added. Unit 1 was subdivided into unit 1A and 1B (also described in
subsection 5.4.2), and the infinite elements on the upstream and downstream sides were removed.
The- elements were removed, as the grid for the SEEP/W and CTRAN/W analysis must be
identical, and CTRAN/W can have problems with the use of infinite elements. Figure 6.2
presents the grid and cross section showing the stratigraphic units used for the SEEP/W analysis.

6.2.2  Properties of Stratigraphic Units

SEEP/W requires the user to specify the following information about each stratigraphic unit used
in the model:

e hydraulic conductivity as a function of pressure;
e volumetric water content as a function of pressure; and
e hydraulic conductivity ratio (ky/ky).

Table 5.2 listed the dam fill materials and hydraulic properties. Table 6.1 lists the range of
properties used in the seepage modelling of Coquitlam Dam.




6.2.3  Hydraulic Boundary Conditions

The upstream boundary, along the dam face was assigned a time function of total head values
based on reservoir elevation data recorded between April 1998 and April 2001 using BC Hydro’s
advanced data acquisition system (ADAS). Figure 6.3 graphically shows the variation of
reservoir elevation recorded by ADAS with respect to time, in comparison to the head versus time
data entered into SEEP/W.

A constant head of 131 to 132 metres was used at the downstream toe of the dam, to simulate the
constant water level in the fish pond at the downstream toe area of Coquitlam Dam.

Coquitlam Dam was built in the present day valley of the Coquitlam River. However, a buried
valley exists below the dam, and as a result, there is some recharge of water into the larger valley
(on a regional scale). The concept of regional aquifer recharge in the area of Coquitlam Dam,
from the reservoir, is supported by the more or less constant piezometric levels measured in Units
1A and 1B (GVWD’s nested pair of wells upstream of the dam (GVWD, 1997), and from water
level data collected from SP97-1A). This means that water from the reservoir not only flows
through the dam, but also flows into the lower aquifer. To try and simulate this loss of water into
the lower aquifer, in the SEEP/W model, a constant flux of water (i.e. removal of water from the
model) was specified along the base of the model to simulate water flowing out of the base. A
constant flux of -5E-7 to -1E-9 cubic metres per second was applied along the base:of the model.
Several model simulations were conducted with a variable flux out of the base. One variable case
assigned a larger flux out of the system in the middle of the dam, where units 6A and 6B -exist
(the former river bed sediments) and a smaller flux out of the base along the remaining portion of
the cells. A second variable case involved a larger flux out of the system from the middle portion
of the dam (6A/6B) to the downstream boundary, and a smaller flux out of the base on the
upstream side.

Along the downstream face of the dam a boundary water flux out of the model was applied and
the “review” option based on water elevation was selected (see section 3.2 and 3.3 for additional
details). This permits the program to calculate a variable flux out of the boundary based on
changes in reservoir elevation (pressure/hydraulic gradient). :

6.2.4 Time Steps

The time step of 10 days was selected for the analysis, to adequately account for the fluctuating
reservoir levels, and seasonal temperature variations. The same time step was used for both the
SEEP/W and CTRAN/W analyses. The analysis was run for 438 steps, which is equivalent to 12
years. The seepage analysis period was extended to 12 years, to allow sufficient time for the
temperature within the dam to reach quasi steady state conditions, by ensuring that the effects of
any arbitrarily assigned initial conditions for the heat transport analysis were eliminated

6.2.5 Initial Conditions

Prior to running the transient seepage analysis, a steady state model run was conducted with a
fixed reservoir elevation of 146 metres. The total head values at each node, obtained from the
steady state analysis, were then used as the initial conditions for the transient analysis. This
reduced the total number of time steps required for the dam to reach quasi steady state conditions
for the transient analysis.
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6.3 SEEP/W RESULTS

Numerous model simulations were conducted in an effort to achieve the best overall hydraulic
match to the measured data from Coquitlam Dam. This included comparing measured versus
predicted piezometric surfaces in each stratigraphic unit, at both high and low reservoir
elevations, through cross section B (Figure 5.11). Measured piezometric data from Coquitlam
Dam, used for the comparisons, is presented on Figure 6.4. Table 6.2 lists for each model run the
hydraulic properties, and any other notes that differentiate one model simulation from the other.
Piezometric elevation data from selected model runs and time increments, that correspond to high
and low reservoir elevations, and to monitoring elevations within the dam, were plotted and
compared to measured data. Representative samples of the comparison graphs are presented on
Figure 6.5 through Figure 6.10. '

Figure 6.5, Figure 6.7, and Figure 6.9 compare the measured and predicted piezometric elevations
for Coquitlam Dam during a high reservoir stage, 151 metres. Similarly, Figure 6.6 and
Figure 6.8, and Figure 6.10 present and compare data from a low reservoir stage, 144 metres.
From these figures, it is apparent that none of the model simulations accurately predicts all the
piezometric elevations recorded at Coquitlam Dam. In general, the computer models most
accurately predicted the measured piezometric elevations in the lower core, as shown in
Figure 6.5¢ through Figure 6.10c, during both high and low reservoir stages. At the same time,
the piezometric elevation in the middle and upper portion of the core were under predicted (i.e.
lower than the measured elevation), as is apparent in Figure 6.5a and Figure 6.5b, through
Figure 6.10a and Figure 6.10b. Meanwhile, the piezometric elevations in the foundation units
were over predicted (i.e. higher than the measured elevation), as shown in Figure 6.5d through
Figure 6.10d.

In an effort to achieve a better hydraulic model for Coquitlam Dam, the input parameters were
changed. A better match to the measured values within the core of the dam was achieved as
shown by XB-tr.sep (Figure 6.7 and Figure 6.8) by increasing the porosity of the core. However,
the improved match within the core came at the cost of an inferior match within the foundation
units. Similarly, a better match to the piezometric elevation in the foundation units was achieved
in model run XB-tr3.sep (Figure 6.9 and Figure 6.10). This was accomplished by increasing the
seepage out of the base of the model (i.e. into the buried valley). However, the predicted
piezometric elevations within the core of the dam were further from the measured values.

Although the results from many of the model runs are very similar, the two best overall matches
appéar to be the simulations identified as XB-mix2 and XB-tr2-25. The piezometric data from
model run XB-mix2 are presented on Figure 6.5 and Figure 6.6. The data is also presented on
Figure 6.7 and Figure 6.8 for comparison. The piezometric data from model run XB-mix2 tends
to be within two metres of the measured data from the core of Coquitlam Dam. However, the
predicted piezometric elevation in the foundation unit is still significantly higher (5 to 7 metres)
than the measured values. The piezometric data for model run XB-tr2-25 is presented on
Figure 6.7 and Figure 6.8. The piezometric data from this model run is approximately within
three to four metres of the measured data from the core and the foundation units of Coquitlam
Dam.
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6.4 PROBLEMS WITH THE SEEPAGE MODELLING

The results presented and discussed in Section 6.3 exemplify the difficulty in achieving an
accurate hydraulic model of Coquitlam Dam, using the two dimensional seepage modelling
program, SEEP/W.

In an attempt to achieve a better hydraulic match by accounting for the more regional hydraulic
conditions that exist at Coquitlam Dam, several model runs. were conducted using specified
hydraulic head values in the portions of Unit 1B. Although this procedure of including specified
head values within a model is not usually done, it has been used to explore potential solutions to
the modelling difficulties encountered previously. The hydraulic parameters and distinct
boundary conditions used for each of these modelling simulations are presented in Table 6.3.
Piezometric elevation data from these model simulations have been plotted and compared to
measured elevations in Figure 6.11 and Figure 6.12, for high and low reservoir levels,
respectively.

In general, for the high reservoir condition these model simulations provide an improved
hydraulic approximation to the measured data within the foundation units of Coquitlam Dam.
Some of the simulations provide a reasonable match to the measured data within the lower core.
However, in all cases these simulations provide a poor match to the measured data within the
downstream portions of the upper and middle core. Simulations labelled, XB-tr2-PB-2h.sep-and
XB-tr2-PB-2hc.sep provide the best hydraulic match in the foundation units.

The predicted versus measured hydraulic data for the low reservoir condition, are plotted in
Figure 6.12. An improved match to the measured data was achieved for the foundation units by
using the constant head values in Unit 1B. However, the results provide an inferior match to the
measured hydraulic data within the dam core. :

Based on the seepage model results presented and described in this section and the previous
section (6.3) the two dimensional flow models are unable to provide an accurate simulation of the
hydraulic conditions measured at the dam. This is due to the complex geology and flow
conditions at Coquitlam Dam. Based on current data from Coquitlam Dam it-appears that
seepage flow is three dimensional in nature for the following reasons:

¢ In the vicinity of the dam there appears to be recharge from the reservoir into the lower,
regional aquifer. This reduces the flow of water from the reservoir through the dam. The
recharge of water from the reservoir does not appear to be constant along the length of the
dam, this is due in part to the variation in stratigraphic units along the length of the dam and
the variation in each unit’s hydraulic conductivity capabilities. An attempt to simulate this
potential flow of water out of the base of the section in the SEEP/W simulation by applying a
water flux boundary at the base of the model. However, the computer simulation was still not
able to account for the variability in the measured piezometric surfaces within the dam.

e There is variation in the stratigraphic units encountered at different sections through
Coquitlam Dam, with varying hydraulic conductivities. As a result it appears that flow may
occur in and/or out of the sections (i.e. from the sides). The two dimensional SEEP/W
program is not capable of accounting for this type of flow situation. A two dimensional
model presupposes that there is no flow in or out of the sides of the section.
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6.5 CTRAN/W MODELLING OF COQUITLAM DAM

6.5.1 Grid and Stratigraphic Units

The heat transport analysis was conducted using CTRAN/W, and the modified volumetric water
content function in SEEP/W. The same grid and stratigraphic units used for the seepage analysis,
were again used for the CTRAN/W analysis, as presented on Figure 6.2.

0.5.2  Properties of Stratigraphic Units

The following information about each model stratigraphic unit was specified in the CTRAN/W
analysis:

¢ longitudinal and transverse thermal dispersivity terms; and
e coefficient of diffusion.

Table 6.4 lists the values of material properties used in the thermal modelling of Coquitlam Dam.

6.5.3  Thermal Boundary Conditions

The upstream boundary, along the dam face was assigned a variable temperature function with
respect to time, for four reservoir elevations (145, 140, 137, and 135 metres). Data is based on
the measured reservoir temperature data recorded between August 1999 and April 2001 using
BC Hydro’s temperature probe. The data was then cycled over the 12 year analysis period.
Figure 6.13 graphically presents the reservoir temperature data.

The boundary cells along the top, downstream face of the dam and ground surface, which
represent the soil air interface, were assigned a boundary temperature function. The values for
the temperature function were obtained from the air temperature data recorded by BC Hydro as
part of their Plant Information System. The air temperature data recorded between May 1999 and
June 2001 were used for the CTRAN/W input. From the data, the weekly average air temperature
was calculated and then entered into CTRAN/W. The daily average air temperature and weekly
average air temperature data is plotted and compared on Figure 6.14. The average weekly
temperature data was then cycled over the 12 year analysis period.

Along the base and sides of the model, a zero heat flux was specified (i.e. no heat flow in or out
of the model).

6.5.4 Time Steps

The time step of 10 days was selected for the analysis, to adequately account for the fluctuating
reservoir levels, and seasonal temperature variations. The same time step was used for both the
SEEP/W and CTRAN/W analyses. The analysis was run for 438 steps, which is equivalent to 12
years. The seepage analysis period was extended to 12 years to allow sufficient time for the
temperature within the dam to reach quasi steady state conditions. This would eliminate the
effects of any arbitrarily assigned temperatures, selected for the models initial condition setup, on
the predicted temperatures by the twelfth year.
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6.5.5 Initial Conditions

An initial temperature of 8.3°C was assigned to all nodes at the start of the heat transport analysis.
A value of 8.3°C was selected; as it is the minimum temperature recorded within the dam’s
piezometers when air temperature effects are eliminated.

6.6 CTRAN/W RESULTS

Although an accurate hydraulic match to the measured piezometric data was not achieved,
CTRAN/W model simulations were still conducted. Several simulations were conducted using
the various hydraulic models discussed in Section 6.3 and Section 6.4. The CTRAN/W results
can be plotted as a contour map. Figure 6.15 and Figure 6.16 present contour plots for the model
simulation “XB-mix2” for June, September, December, and February. Figure 6.17 compares the
contour plots of the measured and predicted data for August 1, 2000. The measured temperature
data was contoured using Surfer 7.0 krigging function. It is apparent from Figure 6.17 that the
measured data and the predicted temperature distribution are not identical. This is not surprising,
since the advective component of the heat transport solution relies on the velocity determined
from the hydraulic analysis. However, a comparison using this method is difficult. The
temperature data used to create the surfer contour plot is concentrated in relatively localized
areas. As a result, different contouring functions can create significantly different contour
pictures. As a result, the remaining comparisons of the measured and predicted data will be done
using plots at particular locations along the flow path (i.e. at monitoring points).

Figure 6.18 through Figure 6.23 present plots comparing the measured and the predicted
temperatures within the monitoring piezometers through section B-B of the dam. The thermal
properties selected for each of the models are listed in Table 6.4. From these plots it is evident
that none of the models successfully predict the measured temperature distribution in the dam.
However by looking at each of the plots and simulations, we can learn something about the
seepage regime of the dam. When comparing the measured and predicted data presented in these
plots, there are three aspects of each plot worth considering; actual temperature annual
temperature variation, and the temperature variation with depth.

Figure 6.18 compares the results of simulation XB-mix2, to the measured data. From the
comparison plot of SP99-12, it is apparent that the seepage velocity of the upstream shell in the
model is slightly higher than in the dam itself, as the annual temperature variation is greater in the
model than is measured at the dam. The measured temperature profile shows a slight decrease in
temperature with depth below the 145 metre elevation, whereas in the model, the temperature is
almost constant with depth, below 142 metres. The next two piezometers, SP-2 and SP-1, are
- both located below the upstream core. The comparison plot for SP-2 shows that the model’s
seepage velocity in this region is lower than that in the dam. This is evident from the lower
annual temperature variation at this location than is measured within the dam. In comparison, the
predicted annual temperature variation at SP-1 is much closer to the measured variation. The
measured and predicted temperature profile curves, for SP-2 and SP-1, display a decrease in
temperature with depth. The temperature decrease is greater in the measured data than in the
model simulation. Piezometers SP99-7A/7B and SP-4 are located in the downstream core. The

model predicts a constant temperature at these locations, whereas there is approximately 0.2°C to

0.5 °C temperature variation in the measured data. The measured and predicted temperature
variation with depth, at SP99-7A/7B, shows a small decrease. The model also predicts a decrease
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in temperature with depth at SP-4; however, the measured data is constant with depth. The last
piezometer in this section is SP99-10, installed in the downstream toe of the dam. Both the
measured and the predicted temperature profile at this location are typical of natural temperature
variation near the ground surface caused by annual climatic variations. The seepage water from
the reservoir does not influence the temperature profile at this location. The measured
groundwater temperature below 123 metres is constant with depth. In comparison, the model
predicts a constant temperature below 121 metres. The constant temperature predicted by the

model is about 0.5°C warmer than measured at the dam. For this simulation an initial
temperature of 9°C was specified. Based on the results presented in Figure 6.19 and Flgure 6.20,
an initial temperature of 8°C, produces a match closer to that measured at the dam.

The particular results from model simulations presented in Figure 6.19 through 6.23 could also be
discussed in the same level of detail as the results presented in Figure 6.18. However, based on
the seepage model results, it is apparent that achieving an adequate, two-dimensional, thermal
model of the dam is unlikely. Based on this observation, it does not appear prudent, at this point,
to analyse the results in such detail. If a better hydraulic model was achieved, this analysis
process could be very beneficial in modifying hydraulic and thermal properties to achieve an
improved overall heat transport model for a particular dam.

in place of a detailed analysis of each model simulation presented in Figure 6.19 through
Figure 6.23, the following paragraph will discuss general observations about the Coquitlam Dam

model simulations. In general, the model results are 0.5°C cooler than the temperatures recorded
at Coquitlam Dam. The models more successfully predict the temperatures recorded in the
piezometers further from the reservoir. The measured results are most accurately predicted for
piezometer SP99-10 and least effectively predicted for SP99-12. The actual temperature, annual
temperature variation, and temperature profile can be relatively well predicted for SP99-10,
whereas the results for SP99-12 tend to have a greater annual variation, and the shape of the
temperature distribution does not reflect the pattern of the measured data. Results for the
piezometers in the upstream core (SP-2, SP-1 and SP99-2) vary for each simulation. The annual
temperature variation was too low, as shown in Figure 6.18, and too high in Figure 6.20. The
temperature variation with depth is well predicted, as shown in Figure 6.19. In contrast, the
results presented in Figure 6.21 do not resemble the measured temperatures. Temperatures in the
downstream core are recorded in SP-4 and SP99-7A/7B. The model results for these piezometers
are more similar to the measured data, than the values predicted in the upstream core. The annual
temperature range in these piezometers was too large in Figure 6.22, too small in Figure 6.18, and
most similar in Figure 6.20. Model simulations more accurately predict the temperature profile at
SP- 4}\and were less similar at SP99-7A/7B.

Although none of the model simulations match all of the measured temperature data, it appears
that the simulation identified as XB-tr-mix (Figure 6.19) provides the best overall match to the
measured data.

6.7 PROBLEMS WITH THE HEAT TRANSPORT MODELLING

The solution of the heat transport equation is not independent from the solution of the
groundwater flow equation, the problems discussed in Section 6.5 are carried over into this
solution. Since the convective component of the heat transport equation in CTRAN/W is
calculated utilizing the transient seepage velocities obtained from SEEP/W, the inability to obtain
an adequate seepage model significantly impacts the results of the thermal analysis. The
convection component of the heat transfer equation is significant in the overall transport of heat
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through Coquitlam Dam. Modelling the heat transfer through Coquitlam Dam is complex due to
the interdependency of heat transfer with seepage through the dam, and due to the changes from
year to year.

In general, the predicted temperatures were all cooler than the temperatures measured in the dam.
One possible explanation is that warmer surface water in the reservoir is preferentially seeping
through the dam. Additional monitoring data will help to verify the annual.temperature
fluctuations in the reservoir, and within the dam itself. Once a seepage model is better able to
predict the hydraulic regime in the dam, then an improved heat transport model of Coquitlam dam
should be achievable.

Two of the additional seepage model simulations discussed in Section 6.5 were alsoanalysed for
heat transport. The results from these simulations have been plotted and compared to the
measured temperature data on Figure 6.24 and Figure 6.25. For both of these simulations, the
annual temperature variation throughout the dam is significantly greater than measured within the
dam. This signifies that the seepage velocities in these models are too high. It is important to
note the sharp change in temperature observed at SP-1 and SP-2, at elevation 131 metres. This
change occurs at the boundary between the core and lower sand and gravel (Unit- 6A/6B). In
particular, the change is evident due to the higher seepage velocity in the lower sand and gravel
unit in comparison to the core. It is interesting to note that although the models predicted
temperatures are highly variable in comparison to the measured temperatures, the temperatures
fluctuate around the measured values.

6.8 SUMMARY AND CONCLUSIONS

Chapter 6 describes the two dimensional, transient seepage and heat transport analysis conducted
of Coquitlam Dam. The seepage model results were plotted and compared to the measured
piezometric data. Unfortunately, the model was not able to account for all of the natural
variations present at Coquitlam Dam. Based on this modelling experience, a three:dimensional
transient seepage model may be necessary to account for the stratigraphic and hydraulic
variations (including recharge) at the dam site.

Although an adequate seepage model was not achieved, CTRAN/W was utilized to conduct the
heat transport analysis. The results of the heat transport analysis were plotted and compared to
the measured temperature data collected from Coquitlam Dam. Based on these results, it is
apparent that a satisfactory seepage analysis is a prerequisite to achieving a more accurate heat
transport analysis. !

The uncoupled solution of the heat transport analysis, as it applies to solving heat flow through an
embankment dam, using SEEP/W and CTRAN/W, appears viable for simple stratigraphic and
hydraulic configurations. Regrettably, the stratigraphic and hydraulic conditions at Coquitlam
Dam are complex. As a result of the model simplifications, the two dimensional seepageanalysis
is unable to predict the hydraulic conditions measured at the dam. This in turn negatively
affected the accuracy of the heat transport analysis.
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Table 6.1: Range of Hydraulic Conductivity Values Used in SEEP/W Simulations

Material Saturated Hydraulic Conductivity (m/s)
Rockfill 1E-3 - 5E-2
Coarse Sand and Gravel Shell 8E-5 - 1E-4
Fine Sand and Gravel Shell 2E-6 - 8E-4
Hydraulic Fill Core 2E-6 - 1E-5
Unit 6A 9E-6 - 1E-3
Unit 6B 2.4E-6 - SE-4
Unit 2A SE-8 - 5E-6
Unit 1B 2E-6 - 1E-4
Unit 1A 2E-5 - 1E-3
Unit 1A and 1B combined 2E-6 - SE-5

132



eel

TABLE 6.2:

Material Parameters for Computer Simulations

Saturated | Hydraulic
Saturated Hydrualic Water | Conductivity Flux out of base
Model Material Conductivity (m/s) Content Ratio (m/s) Notes
XB-tr.sep Unit 1A/1B 2.0E-06 0.35 1 -1E-09
Stiff Silt 1.0E-06 0.2 1
Core 2.2E-06 0.6 0.2
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 1.0E-05 0.35 1
Unit 6B 2.1E-05 0.3 1
XB-trl.sep Unit 1A/1B 6.0E-06 0.35 1 -1E-09
Stiff Silt 4.0E-06 0.2 1
Core 2.2E-06 0.6 0.2
Fine Sand/Gravel Shell 3.0E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-06 0.3 1
XB-tr2.sep Unit 1A/1B 6.0E-06 0.35 1 -1E-8 and -1E-7 convergence 0.1, steps 100
Stiff Silt 4.0E-06 0.2 1
Core 2.0E-06 0.5 0.2
Fine Sand/Gravel Shell 4.1€E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-06 0.3 1
XB-tr2.sep Unit 1A/1B 6.0E-06 0.35 1 -1E-7 convergence 0.1, steps 100
plotted as XB-tr2-7 |Stiff Silt 4.0E-06 0.2 1
Core 2.0E-06 0.5 0.2
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-06 0.3 1
XB-tr2.sep Unit 1A/1B 6.0E-06 0.35 1 -2.5E-07 convergence 0.1, steps 100
plotted as XB-tr2-25 |Stiff Silt 4.0E-06 0.2 1
Core 2.0E-06 0.5 0.2
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-06 0.3 1
XB-tr22.sep Unit 1A/1B 6.0E-06 0.35 1 -1E-8 and -1E-7 . convergence 0.05, steps 200
plotted as XB-mix2 |Stiff Silt 4.0E-06 0.2 1
Core 2.0E-06 0.5 0.2
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Grave! Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-06 0.3 1
XB-tr3.sep Unit 1A/1B 2.0E-06 0.35 1 -2.5E-07
Stiff Silt 1.0E-06 0.2 1
Core 2.5E-06 0.5 0.2
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-06 0.3 1
XB-trd.sep Unit 1A/1B 6.0E-06 0.35 1 -1E-8 and -1E-7
Stiff Silt 4,0E-06 0.2 1
Core 6.0E-06 0.5 0.2
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-06 0.3 1
XB-trs.sep Unit 1A/1B 6.0E-06 0.35 1 -1E-8 and -1E-7
Stiff Siit 4,0E-06 0.2 1
Core 1.0E-05 0.5 0.1
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-06 0.3 1
XB-trS.sep Unit 1A/1B 6.0E-06 0.35 1 -1E-8 and -1E-7
plotted as tr5-01 Stiff Silt 4.0E-06 0.2 1
Core 1.0E-05 0.5 0.01
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 68 2.4E-06 0.3 1
XB-tré.sep Unit 1A/1B 6.0E-06 0.35 1 -1E-8 and -1E-7
plotted as tr6-01 Stiff Silt 4.0E-06 0.2 1
Core 1.0E-04 0.5 0.01
Fine Sand/Grave! Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-04 0.3 1
XB-trans-alt.sep |Unit 1A/1B 7.0E-06 0.35 1 -1E-09
Stiff Silt 4.0E-06 0.2 1
Core 2.4E-06 0.6 0.2
Fine Sand/Gravel Shell 2.0E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 1.0E-05 0.35 1
Unit 6B 2.1E-05 03 1
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TABLE 6.2:

Material Parameters for Computer Simulations

Saturated | Hydraulic
Saturated Hydrualic Water - | Conductivity Flux out of base
Model Material Conductivity (m/s) Content Ratio (m/s) Notes
XB-tr-alt.sep Unit 1A/1B 7.0E-06 0.35 1 -1E-09
Stiff Silt 4.0E-06 0.2 1
Core 2.4E-06 0.6 0.2
Fine Sand/Gravel Shell 2.0E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 04 1
Rockfill 1.0E-03 0.5 1
Unit 6A 2.0E-05 0.35 1
Unit 6B 2.4E-06 0.3 1
nXB-tr-mix.sep Unit 1A 2.0E-05 0.4 1 -1E-9 and -1E-8
Unit 1B 7.0E-06 0.17 1
Stiff Silt (Unit 2A) 1.0E-06 0.38 1
Core 2.2E-06 0.6 0.01
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.3 1
Rockfill 1.0E-03 0.5 1
Unit 6A 2.0E-05 0.17 1
Unit 6B 2.4E-06 0.25 1
XB-tr6-mix.sep Unit 1A 2.0E-05 0.4 1 -1E-8 to -1E-7 Unit 1A/1B added,
Ur'ut 1!3 5.0E-06 0.17 1 otherwise same values as
Stiff Silt (Unit 2A) 2.0E-06 0.38 1 XB-tr-mix.sep
Core 6.0E-06 0.6 0.01
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.3 1
Rockfill 1.0E-02 0.5 1
Unit 6A 2.0E-05 0.17 1
Unit 6B 5.0E-06 0.25 1
XB-tr-mix Unit 1A/1B8 2.0E-06 0.35 1 -1E-9to -1E-8
Stiff Silt 1.0E-06 0.2 1
Core 2.2E-06 0.6 0.2
Fine Sand/Grave! Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 2.1E-05 0.35 1
Unit 6B 2.4E-06 0.3 1
XB-tr4-leak.sep Unit 1A/1B 6.0E-06 0.35 1 -1E-8 to -1E-7 with a leakage zone in core
Stiff Silt 4.0E-06 0.2 1
Core 6.0E-06 0.5 0.2
Fine Sand/Gravel Shell 4 1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-06 0.3 1
linear leakage zone in core 1.0E-05 0.6 0.1
XB-tr2-PB-2h.sep  |Unit 1A 1.0E-03 0.4 1 -1E-8 to -1E-7 constant head value = 132
Unit 1B 1.0E-04 0.17 1 meters in the downstream
Stiff Silt (Unit 2A) 5.0E-06 0.38 1 portion of Unit 18
Core 6.0E-06 0.5 0.1
Fine Sand/Gravel Shell 8.0E-04 0.29 1
Coarse Sand/Gravel Shell 8.0E-05 0.25 1
Rockfill 5.0E-02 0.5 1
Unit 6A 1.0E-03 0.15 1
Unit 6B 5.0E-04 0.25 1
XB-tr2-PB-2hc.sep [Unit 1A 1.0E-03 0.4 1 -1E-8 to -1E-7 constant head value = 132
Unit 1B 1.0E-04 0.17 1 meters in the downstream
Stiff Siit (Unit 2A) 5.0E-06 0.38 1 portion of Unit 1B
Core 1.0E-05 0.5 0.1
Fine Sand/Gravel Shell 8.0E-04 0.29 1
Coarse Sand/Grave! Shell 8.0E-05 0.25 1
Rockfill 5.0E-02 0.5 1
Unit 6A 1.0E-03 0.15 1
Unit 6B 5.0E-04 0.25 1
XB-tr2-PB-5h.sep  [Unit 1A 1.0E-04 0.4 1 -1E-8 to -1E-7 constant head value = 132
Unit 18 1.0E-04 0.17 1 meters in the downstream
Stiff Silt (Unit 2A) 5.0E-07 0.38 1 portion of Unit 1B, 4 nodes
Core 6.0E-06 0.5 0.1 removed from the upstream
Fine Sand/Gravel Shell 1.0E-05 0.29 1 side of the node block
Coarse Sand/Gravel Shell 1.0E-04 0.25 1
Rockfill 5.0E-03 0.5 1
Unit 6A 1.0E-03 0.15 1
Unit 6B 5.0E-04 0.25 1
XB-tr2-mix-PBh.sep {Unit 1A 1.0E-04 0.35 1 -1E-8 to -1E-7
Unit1B . 2.0E-06 0.17 1
Stiff Silt (Unit 2A) 1.0E-06 0.2 1
Core 2.2E-06 0.5 0.1
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.5 1
Rockfill 1.0E-03 0.5 1
Unit 6A 2.0E-05 0.15 1
Unit 68 2.4E-06 0.25 1
XB-tr2-PB-ss2h.sep [Unit 1A 1.0E-03 0.4 1 -1E-8 to -1E-7
Unit 1B 1.0E-04 0.17 1
Stiff Silt (Unit 2A) 5.0E-06 0.38 1
Core 6.0E-06 0.5 0.1
Fine Sand/Gravel Shell 8.0E-04 0.29 1
Coarse Sand/Gravel Shell 8.0E-05 0.25 1
Rockfill 5.0E-02 0.5 1
Unit 6A 1.0E-03 0.15 1
Unit 6B 5.0E-04 0.25 1
XB-tr2-M.sep Unit 1A/1B 5.0E-05 0.3 1 -1E-6, -1.15E-6, -4E-7
Stiff Silt (Unit 2A) 5.0E-08 0.2 1
Core 1.0E-05 0.5 0.1
Fine Sand/Gravel Shell 1.0E-05 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfili 1.0E-02 0.5 1
Unit 6A 9.0E-06 03 1
Unit 6B 5.0E-06 0.3 1

Page 2 of 2



scl

TABLE 6.3:

Material Parameters for Computer Simulations (for Figures 6.11 and 6.12)

Saturated | Hydraulic
Saturated Hydrualic Water | Conductivity Flux out of base
Model Material Conductivity (m/s) Content Ratio (m/s) Notes
XB-tr22.sep Unit 1A/1B 6.0E-06 0.35 1 -1E-8 and -1E-7 convergence 0.05, steps 200
plotted as XB-mix2 |Stiff Silt 4.0E-06 0.2 1 :
Core 2.0E-06 0.5 0.2
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-03 0.5 1
Unit 6A 9.0E-06 0.35 1
Unit 6B 2.4E-06 0.3 1
XB-tr2-PB-2h.sep iUnit 1A 1.0E-03 0.4 1 -1E-8 to -1E-7 constant head value = 132
Unit 18 1.0E-04 0.17 1 meters in the downstream
Stiff Silt (Unit 2A) 5.0E-06 0.38 1 portion of Unit 1B
Core 6.0E-06 0.5 0.1
Fine Sand/Gravel Shell 8.0E-04 0.29 1
Coarse Sand/Gravel Shell 8.0E-05 0.25 1
Rockfill 5.0E-02 0.5 1
Unit 6A 1.0E-03 0.15 1
Unit 68 5.0E-04 0.25 1
XB-tr2-PB-2hc.sep {Unit 1A 1.0E-03 0.4 1 -1E-8 to -1E-7 constant head value = 132
Unit 18 1.0E-04 0.17 1 meters in the downstream
Stiff Silt (Unit 2A) 5.0E-06 0.38 1 portion of Unit 1B
Core 1.0E-05 0.5 0.1
Fine Sand/Gravel Shell 8.0E-04 0.29 1
Coarse Sand/Gravel Shell 8.0E-05 0.25 1
Rockfill 5.0E-02 0.5 1
Unit 6A 1.0E-03 0.15 1
Unit 6B 5.0E-04 0.25 1
XB-tr2-PB-Sh.sep  |Unit 1A 1.0E-04 04 1 -1E-8 to -1E-7 constant head value = 132
Unit 1B 1.0E-04 0.17 1 meters in the downstream
Stiff Silt (Unit 2A) 5.0E-07 0.38 1 portion of Unit 1B, 4 nodes
Core 6.0E-06 0.5 0.1 removed from the upstream
Fine Sand/Gravel Shell 1.0E-05 0.29 1 side of the node block
Coarse Sand/Gravel Shell 1.0E-04 0.25 1
Rockfill w1 D.0E=03 . 05 R (
Unit 6A 1.0E-03 0.15 1
Unit 6B 5.0E-04 0.25 1
XB-tr2-mix-PBh.sep |Unit 1A 1.0E-04 0.35 1 -1E-8 to -1E-7
Unit 1B 2.0E-06 0.17 1
Stiff Silt (Unit 2A) 1.0E-06 0.2 1
Core 2.2E-06 0.5 0.1
Fine Sand/Gravel Shell 4.1E-06 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.5 1
Rockfill 1.0E-03 0.5 1
Unit 6A 2.0E-05 0.15 1
Unit 6B 2.4E-06 0.25 1
XB-tr2-PB-ss2h.sep |Unit 1A 1.0E-03 0.4 1 -1E-8 to -1E-7
Unit 1B 1.0E-04 0.17 1
Stiff Silt (Unit 2A) 5.0E-06 0.38 1
Core 6.0E-06 0.5 0.1
Fine Sand/Gravel Shell 8.0E-04 0.29 1
Coarse Sand/Gravel Shell 8.0E-05 0.25 1
Rockfill 5.0E-02 0.6 1
Unit 6A 1.0E-03 0.15 1
Unit 6B 5.0E-04 0.25 1
XB-tr2-MKL.sep |Unit 1A/1B 5.0E-05 0.3 1 -1E-6, -1.15E-6, -4E-7
Stiff Silt (Unit 2A) 5.0E-08 0.2 1
Core 1.0E-05 0.5 0.1
Fine Sand/Grave! Shell 1.0E-05 0.29 1
Coarse Sand/Gravel Shell 1.0E-04 0.4 1
Rockfill 1.0E-02 0.5 1
Unit 6A 9.0E-06 0.3 1
Unit 6B 5.0E-06 0.3 1
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Coquitlam Dam
Measured Piezometric Elevations

155
) HIGH RESRVOIR LEVEL
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SP99-12
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-x--high core
= 145 ) Ll
£ —e— mid core
C
8 —g— low core
[\
2 —a—foundation
w140
\ sp4
SP99-7A/TB
135 AN _
\b\ SP99-10
130 K . : .
-100 -50 0 50 100
Distance along base of dam (m)
a.  High Reservoir Level
Coquitlam Dam
Measured Piezometric Elevations
155
LOW RESERVOIR LEVEL
150
,'//f
o
1’/ B
e —»— high core
145 —e—mid core
£ —~
s Resenvoir SP99-12 —=—low core
T _»—foundation
ks
W 440
\ SP4
SP9S-7A/TB
135
SP99-10
130 . . : .
-100 -50 0 50 100
Distance along base of dam (m)
b. Low Reservoir Level
Figure 6.4: Measured Piezometric Elevations from Coquitlam Dam
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PP7 (SP-1 Fro 2 D e———
(SP-1) —e— measured N e
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— 145 ——XB-tr-mix 145 \ —4— X B-tr-mix L
l.mu\ /\ —8—XBHr E PPS (SP-1) —E-XBtr
§ A XB-tr6-mix - A XB-ArG-mix
g PP14 (DH85-1) 3¢ NXB-tr-mix 8 cmmc Ll
@ @
u 140 = 140 \WM
A PP12(SP-4) /
SP99-7B
PP13 (DH85-1)
SP-4
135 135
130 - T r T 130 i i . .
-100 -50 0 50 100 -100 50 0 50 100
Distance along base of dam (m) Distance along base of dam (m)
a. Data Comparison with Piezometers in the Upper Core c. Data Comparison with Piezometers in the Lower Core
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PIEZOMETERS IN THE MID CORE
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Distance along base of dam (m) Distance along base of dam (m)

b. Data Comparison with Piezometers in the Mid Core

d. Data Comparison with Piezometers in the Foundation Units

Figure 6.5: Comparison of Predicted versus Measured Piezometeric Elevations from Coquitlam Dam, with a High Reservoir Level

142




155

Distance along base of dam (m)

155
PI
PIEZOMETERS IN THE UPPER CORE mNow%%mMmmmumhﬁ%mw%MM GORE
LOW RESERVOIR LEVEL
PP10 (SP-2)
Dry
PP7 (SP-1) —o—measured —— aﬁmmm_.mn
. ~—+—XB-mix2 —+—XB-mi2
= 14 —8—XB-tr e TR —&—XB-tr -
E § /:\ o temix 3 e XB6mix
c c =
s o H ¥~ nXB-tr-mix
= Reservoir A nXB-trmix um Reservoir
> °
2 ai PP5 (SP-1)
1 P PP14 (DH85-1) -
A PP12 (SP-4) SP-4
135 135
130 : : . 130 i _
-100 -50 0 50 100 -100 50 0 50 100
Distance along base of dam (m) Distance along base of dam (m)
a. Data Comparison with Piezometers in the Upper Core c. Data Comparison with Piezometers in the Lower Core
156 155
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Figure 6.6: Comparison of Predicted versus Measured Piezometeric Elevations from Coquitlam Dam, with a Low Reservoir Level
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Figure 6.7: Comparison of Predicted versus Measured Piezometeric Elevations from Coquitlam Dam, with a High Reservoir Level
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Figure 6.8: Comparison of Predicted versus Measured Piezometeric Elevations from Coquitlam Dam, with a Low Reservoir Level
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Figure 6.9: Comparison of Predicted versus Measured Piezometeric Elevations from Coquitlam Dam, with a High Reservoir Level
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b. Data Comparison with Piezometers in the Mid Core
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Figure 6.10: Comparison of Predicted versus Measured Piezometeric Elevations from Coquitlam Dam, with a Low Reservoir Level

d. Data Comparison with Piezometers in the Foundation Units
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Figure 6.11: Predicted versus Measured Piezometeric Elevations from Coquitlam Dam Using Constant Head Values - High Reservoir Level
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Figure 6.12: Predicted versus Measured Piezometeric Elevations from Coquitlam Dam Using Constant Head Values - Low Reservoir Level
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Figure 6.13: Reservoir Temperature Data Inputted Into CTRAN/W
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Note:

Data points identified by
an m followed by a date
are from computer
simulations. This data
has been plotted as
points only.

Data plotted as points
and a line represent
measured temperatures.
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Figure 6.18: Coquitlam Dam Heat Transport Model Results For Model Simulation “XB-mix2”
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Figure 6.19: Coquitlam Dam Heat Transport Model Results For Model Simulation “XB-tr2” 155
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Note:

Data points identified by
an m followed by a date
are from computer
simulations. This data
has been plotted as
points only.

Data plotted as points
and a line represent
measured temperatures.
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Figure 6.20: Coquitlam Dam Heat Transport Model Results For Model Simulation “XB-tr-mix”
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Note:

Data points identified by
an m followed by a date
are from computer
simulations. This data
has been plotted as
points only.

Data plotted as points
and a line represent
measured temperatures.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

The main purpose of this thesis was to evaluate the use of temperature data to infer seepage
velocities through dams and to monitor and detect changes in seepage through dams. This thesis
began with the following inter-related objectives:

1. Develop an understanding for seepage and heat flow through porous media. Develop-and
apply a numerical modelling procedure to simulate heat and seepage flow in one dimension
through porous media. Compare simulated results to results obtained from a closed form
solution.

2. Utilize a two dimensional, numerical model to characterize the temperature distribution and
seepage regime measured within the homogeneous, field scale model dam constructed in
Karlsruhe, Germany.

3. Collect temperature measurements from Coquitlam Dam and reservoir. Evaluate and ‘monitor
the performance of Coquitlam Dam by qualitatively analysing heat flow through the dam.

4. Apply the numerical model and procedure used to evaluate seepage and heat flow through the
field scale model dam built in Karlsruhe to Coquitlam Dam.

5. Use piezometric and temperature data to assess and monitor the seepage regime within an
embankment dam. Assess if temperature data would be a useful tool for dam- performance
monitoring.

The objectives have all been met, although the numerical modelling of Coquitlam Dam was not
successful.

Important Theoretical Concepts Behind Using Heat Flow as an Indicator of Seepage Velocity
in Embankment Dams

Collection and analysis of temperature data from reservoirs and within the saturated zone of
embankment dams is a relatively new technique that is gradually being applied at more dams to
provide additional information about dams’ seepage regimes. :

This monitoring technique uses the annual temperature fluctuation in the reservoir water to
establish an expected pattern of temperature variation within the dam. An assessment of the
hydraulic condition (seepage regime) of the dam can be made based on the expected pattern of
temperature variations or on the deviations from the expected pattern. The temperature measured
within the dam at any given time, or location is influenced by:

Initial seepage water temperature;

Annual variation in seepage water’s source temperature

Reservoir depth;

Seepage path;

Monitoring location’s distance from seepage water source;

Monitoring depth;

Hydraulic flow rate through the dam; and

Other thermal influences (i.e. groundwater, geothermal, air temperature).
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The fluid transport and heat transport equations may be solved concurrently (coupled) or
sequentially (uncoupled). The use of uncoupled equations is valid for many embankment dam
applications providing the pressure gradient is the dominant force governing flow of seepage
water in comparison to the density gradient.

Regardless of whether the heat transport equation is not in a coupled or uncoupled manner, the
flow of heat is not independent of the flow of seepage water. The convective component of the
heat transport equation is linked to the flow of water by the velocity term. As a result, collection
and analysis of temperature data from dams does not replace piezometric monitoring, but
provides a supplement to the piezometric measurements and analysis. The analysis of
temperature measurements within a dam can provide a greater array of points so that the seepage
velocity can be determined and/or monitored at more locations within the dam, thereby improving
the overall knowledge and assessment capabilities of dam operators to monitor the dam’s
performance.

Implementation of a Temperature Monitoring Program

A temperature monitoring program may be implemented in a new dam or in an existing dam.
Temperature data needs to be collected from the reservoir and from the saturated zone of the dam.
Data can be collected manually or using an automated systems. The instrument used to measure
and record temperature values must be sensitive, accurate (0.1 C minimum), and readings must be
repeatable, in order to detect and monitor small changes in temperature that may indicate changes
in seepage velocity. If temperature measurements are collected through existing standpipe
piezometers, there should be no/minimal mixing of water within the standpipe (leaky piezometers
or piezometers with diameters larger than 7 centimetres should not be used). Temperature
readings need to be taken at regular intervals to accurately capture temperature variations within
the reservoir and in the dam. Since groundwater temperature and air temperature may influence
the temperature of seepage water, collection of air temperature data and - groundwater
temperatures (i.e. background) can assist in the analysis. In addition to temperature readings,
piezometric data, weir flow rates and volumes (if available), and reservoir elevation fluctuations
also need to be recorded. ' :

Numerical Modelling Programs and Procedures

The combined use of SEEP/W and CTRAN/W (using the modified volumetric water content
function) effectively modelled fluid and heat transport through porous media, as was evident
when the numerical models solutions were compared to the one dimensional, closed form
solutions. The programs are user friendly and provide flexibility for the user in terms of program
operation and data output.

These programs were also effective in modelling simplified flow conditions when a two
dimensional analysis satisfactorily captured the seepage regime in theKarlsruhe field scale model
dam. As a result, heat flow modelling results from this dam more closely matched the measured
temperatures at the dam.

However, when more complex problems are modelled, and an iterative and process is needed
between the two physical processes (i.e. seepage flow and heat flow), as was done in this thesis,
the analysis is cumbersome. The complete numerical modelling is actually athree step process
SEEP/W, SEEP/W with modified volumetric water content function, followed by CTRAN/W
analysis. To model more complex problems (i.e. Coquitlam Dam) an integrated program that is
capable of solving both fluid transport and heat transport problems, would be beneficial.
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The results from the solution of the heat transport equation are significantly influenced by the
results of the fluid transport model, as was apparent in the modeling results from Coquitlam Dam.
As a result, a reasonable transient hydraulic model (i.e. transient solution) is required for many
dams with reservoirs that elevation fluctuates significantly throughout the year. Hydraulic
modelling of seepage flow through the dam should be conducted first, and calibrated if possible,
using weir flow rates, prior to initiating the heat transport modelling.

Results from Numerical Modelling — Karlsruhe, Germany

A go‘od agreement was achieved between the transient hydraulic model (using SEEP/W) and the
measured piezometric levels within the model dam. A reasonable model for the heat and fluid
transport was achieved using SEEP/W and CTRAN/W. :

Results from Numerical Modelling of Coquitiam Dam

Numerous transient hydraulic simulations were run using SEEP/W with different hydraulic
conductivity combinations for the various stratigraphic layers at Coquitlam Dam.. Hydraulic
conductivity values were selected based on the range of values obtained from 'soil samples
collected during various field investigation programs, and based on the soil description types. In
addition, a variety of boundary conditions were used to try and account for -the regional
groundwater flow conditions at the dam. However, an accurate transient hydraulic model for
Coquitlam Dam was not obtained during the course of this thesis. Based on these results and the
complex nature of the dam, it appears that a two dimensional hydraulic model may not be
sufficient to model the flow conditions at the dam.

Although an accurate transient hydraulic model was not obtained for the site, several heat
transport simulations were run using various -hydraulic models. Although there are some
similarities between the predicted and measured temperature data from Coquitlam Dam, an
accurate heat transport model for Coquitlam Dam was not obtained. This is not surprising, given
the reliance of the heat transport solution on an accurate hydraulic model. However, important
trends and average values are encouraging.

The collection and qualitative analysis of the temperature monitoring data (Section 5.7) did not
reveal any zones of concentrated seepage flow through the dam.

7.2  RECOMMENDATIONS

On the basis of the above conclusions, temperature measurements from dams and their associated
reservoirs do provide beneficial information regarding the seepage regime within dams. In
addition, temperature measurements could also be used to evaluate and monitor the success of
remedial measures conducted to correct seepage problems. :

In order to develop a more accurate heat transport model for Coquitlam Dam, a three dimensional
hydraulic and heat transport model appears necessary. Three dimensional heat and seepage flow
programs that may be considered for modelling Coquitam Dam include NAMMU (produced by
AEA Technology), FEFLOW (produced by WASY Software), and HYDROTHERM (produced
by the USGS).
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It is recognized that temperature monitoring based solely on the temperature profile measured
within monitoring piezometers or drill holes is usedful as a surveillance tool for embankment
dams. Qualitative and approximate assessment of the performance of the dam can be made based
on the measured data. Numerical modelling of the seepage/heat flow through the embankment
dam, as described in this thesis, provides a tool for quantitative assessment of the performance.
Based on the work performed, the following recommendations for future research'is needed to
enhance the numerical modelling:

1.
2.
3.

Identification of procedures to develop a baseline thermal model.

Establish minimum requirements for successful hydraulic and heat flow simulations.
Research the influence of geothermal/atmospheric heat balance on the accuracy of heat
flow simulations.

Determine the sensitivity of input parameters on the predicted thermal distribution.
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Visual Basic Functions Used In Closed Form Solution Spreadsheet

Public Function ADE _fixed(x, t, v, D, Tmax, Tmin)
provide solution for the advection diffusion equation
under step changed boundary conditions (ogata & banks)

metric units assumed, although any self-consistent set
will work, with variables...

x = distance [m]

' v = seepage velocity [m/s]

' D = diffusivity [m2/s]

't = time [input as yrs, shifted to s]

' Tmax = max temperature after step change

' Tmin = temperature before step change

Const sec_per_yr = 31557600

Const pi = 3.14159

t=t* sec_per yr

dT = Tmax - Tmin

al =Erfc((x - v * t) / (Sqr(4 * D * t)))
a2 =Exp(x * v/D)

a3 = Erfc((x + v * t) / (Sqr(4 * D * 1)))

ADE fixed =0.5 * dT * (al + a2 * a3) + Tmin
End Function
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Visual Basic Functions Used In Closed Form Solution Spreadsheet

Public Function ADE _sin(x, t, v, D, Tmax, Tmin, omega, lag)
' provide solution for the advection diffusion equation

' under sinusoidal varying boundary conditions

' solution from C&J, p389 eqn(14) and is for the steady

' state after decay of transients form initial conditions

' metric units assumed, although any self-consistent set
' will work, with variables...

' x = distance [m]

'L = domain length [m]

' v = seepage velocity [m/s]

' D = diffusivity [m2/s]

't =time [input as yrs, shifted to s]

' omega = period [input as yrs]

' Tmax = max temperature after step change
' Tmin = temperature before step change
Const sec_per_yr = 31557600

t=t* sec_per_yr
lag = lag / omega * 2 * pi
omega = omega * 2 * pi/sec_per_yr

dT = (Tmax - Tmin) /2
a=Sqr((v*v/(@4*D*D))"2+(omega/D)"2)
root_a = Sqr(a)

phi = atan((omega /D) /(v*v/(4 * D * D)))

Term1 = Exp(v * x / (2 * D) - x * root_a * Cos(phi/ 2))
Term2 = Cos(omega * t - x * root_a * Sin(phi / 2) + lag)
ADE sin=dT * Term1 * Term2 + (dT + Tmin)

End Function
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APPENDIX A-2 CALCULATIONS FOR MODEL VERIFICATION
INPUT PARAMETERS
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APPENDIX A-2

DETAILED CALCULATIONS FOR MODEL VERIFICATION

1D Closed Form Solution

Input Values

k=1E-7m/s Peore = 2320 kg/m’

i=1 Puater = 1000 kg/m’

v =ki/n = 3.33E-7 m/s Cwater = 4180 J/kg °K

n=03 Ceore = 2500 J/kg °K (typical for saturated silt, sand,
clay per Johansson and Hellstrém, 2001)

o, =10m Acore = 4 J/mS°K (Alimestone = 2.1 and Aguan, = 8.4)

op=1m Awater = 0.46 J/ms°K

Calculated Values

E* =M(pc)

= 4/(2320*2500) = 6.9E-7 m%/s
Elong =0oL (nPwa)/(Pc)*V
=7.2E-7 m%/s
Elrans = O (npwcw)/ (pC)*V
=7.2E-8 m*/s
E =E* + Ejong
= 1.4E-6 m%/s
E = E* + Equns
=7.6E-7 m%/s
Eavg = 1.1E-6 m%/s

SEEP/W and CTRAN/W Input Parameters and Calculations

_k=1E-Tm/s oy, = Dyy/(ki/ ®@) = 5.699
i=(110-10)/100=1 or = (1/10)* oy, =0.5699
N=03=0:=0.3
v =ki/n =3.33E-7 m/s
E* =6.9E-7m/s




APPENDIX B CALCULATIONS FOR KARLSRUHE, GERMANY
FIELD DAM

¢ APPENDIX B-1 CALCULATIONS FOR MODEL THERMAL INPUT
PARAMETERS SECTION 4.4

e APPENDIX B-2 CALCULATIONS FOR MODEL THERMAL INPUT
PARAMETERS SECTION 4.5
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APPENDIX B-1 CALCULATIONS FOR MODEL THERMAL INPUT
PARAMETERS SECTION 4.4
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APPENDIX B-1

DETAILED CALCULATIONS FOR THERMAL PROPERTIES -~ DESCRIBED IN
SECTION 4.4 (Summarized on Table 4.4)

Section 4.4 — Thermal Properties for Conduction

The following presents calculations for typical material properties. Based on these
calculations values were selected for input into CTRAN/W to represent low, average, and
high for these values, as summarized on Table 4.4.

Range of Values For Saturated Sand

Acore = 1.73 t0 5.02 J/ms °K
Ceore = 720 to 1680 J/kg °K
p = 2080 kg/m’ (assumed)

E* = A/(pc) = 1.6E-6 to 7E-7 m*/s

Range of Values For Sand

Acore = 1.25 to 1.11 J/ms °K
Ceore = 730 to 995 J/kg °K
p = 1600 to 1800 kg/m’

E* = A/(pc) = 1.07E-6 to 6.2E-7 m?/s

Range of Values Moist to Wet Clay

Acore = 0.9 t0 2.22 J/ms °K
Ceore = 730 to 1790 J/kg °K
p = 1900 to 2200 kg/m’

E* = A(pc) = 1.6E-6 to 2.3E-7 m*/s

(Johansson and Hellstrém, 2001)
(Johansson and Hellstrém, 2001)
(Bell, 1987)

(Johansson and Hellstrém, 2001)
(Johansson and Hellstrém, 2001)
(Bell, 1987)

(Johansson and Hellstrém, 2001)
(Johansson and Hellstrom, 2001)
(Bell, 1987)




Water (for comparison)

Awater = 0.6 J/ms °K
Cwater = 4180 J/kg °K
p = 1000 kg/m’

E* = M(pc) = 1.4E-7 m?¥s

(Johansson and Hellstr6m, 2001)
(Johansson and Hellstr6m, 2001)
(Bell, 1987)
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APPENDIX B-2 CALCULATIONS FOR MODEL THERMAL INPUT
PARAMETERS SECTION 3.9
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APPENDIX B-2

DETAILED CALCULATIONS FOR THERMAL PROPERTIES - DESCRIBED IN
SECTION 4.5 (Summarized on Table 4.7)

Section 4.5 — Thermal Properties for Conduction and Convection

The following presents calculations for typical material propérties. Based on these
calculations values were selected for input into CTRAN/W to represent low, average, and
high for these values, as summarized on Table 4.7.

Range of Values For Saturated Sand

Acore = 1.73 10 5.02 J/ms °K
Ceore = 7120 to 1680 J/kg °K
p=2080 kg/m3 (assumed)

E* = M(pc) = 1.6E-6 to 7E-7 m*/s

Rangé of Values For Sand

Acore = 1.25t0 1.11 J/ms °K
Ceore = 730 t0 995 J/kg °K
p = 1600 to 1800 kg/m’

E* = A/(pc) = 1.07E-6 to 6.2E-7 m?/s

Range of Values Moist to Wet Clay

Acore = 0.9 t0 2.22 J/ms °K
Ceore = 730 to 1790 J/kg °K
p = 1900 to 2200 kg/m’

E* = M(pc) = 1.6E-6 to 2.3E-7 m%/s

(Johansson and Hellstrém, 2001)
(Johansson and Hellstrém, 2001)
(Bell, 1987)

(Johansson and Hellstrém, 2001)
(Johansson and Hellstrom, 2001)
(Bell, 1987)

(Johansson and Hellstrém, 2001)
(Johansson and Hellstrom, 2001)
(Bell, 1987)
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Water (for comparison)

Awater = 0.6 J/ms °K (Johansson and Hellstrom, 2001)
Cwater = 4180 J/kg °K (Johansson and Hellstrém, 2001)
p = 1000 kg/m’ (Bell, 1987)

E* = M(pc) = 1.4E-7 m%/s

Values for oy, an o vary depending on the soil, aris typically less than o
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APPENDIX C INDIVIDUAL TEMPERATURE PLOTS FOR EACH
MONITORING LOCATION AT
COQUITLAM DAM
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Reservoir Temperature Profile Data - GVWD Floating Dock
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SP99-1A Temperature Profile Data
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SP01-10 Temperature Profile Data
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