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ABSTRACT 

Active heat injection and temperature monitoring are methods that may be useful 

for the detection of anomalous seepage in embankment dams. The main objectives of this 

research were to investigate, using numerical simulation, the feasibility of using active 

heat injection and distributed temperature monitoring to identify anomalous seepage at 

the interface between earth embankments and concrete structures, and to quantify 

seepage rates for a hypothetical zone of enhanced permeability at the clay core-concrete 

interface. A three-dimensional finite element model was developed to simulate the 

injection of heat into a vertical borehole drilled within concrete with an orientation 

parallel to the clay core-concrete interface. Anomalous seepage at the interface was 

created by increasing the permeability in a 3 m thick zone and imposing a range of 

hydraulic gradients. For a borehole-interface separation distance of 1.5 m, the maximum 

temperature deviations within the heat injection borehole, due to the anomalous seepage, 

are less than 0.6°C. For borehole-interface separation distances of 1.0 m and 0.5 m, the 

simulations reveal deviations in the range of l.0-5.1°C during the heat injection phase, 

and less than l .2°C during the cooling phase. The temperature deviations are simulated to 

be less than l.0°C at a temperature monitoring borehole located 1.0 m down gradient of 

the heat injection location for the borehole-interface separation distances of 1.5 m and 1.0 

m. These findings suggest that the heat injection and monitoring boreholes would need to 

be located less than 1.0 m from the interface to ensure maximum temperature deviations 

of l .0°C or greater. Provided the heat injection location is within 1.0 m of the interface, it 

is concluded that interpretation of temperature data collected prior, during, and following 

heat injection should enable the identification of anomalous seepage zones. 
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1 Introduction 

1.1 Dams and dam failures 

An embankment dam is an engineered structure that impounds water. It is 

typically constructed of naturally occurring materials such as soil, clay, sand, gravel and 

natural boulder or quarried fragmented rock (Lagerlund 2009). A well designed structure 

normally consists of an impervious central core that serves to limit the amount of seepage 

flow through the earth dam. Embankment dams are essential infrastructures that serve the 

primary purpose of retaining water that can be distributed between locations, managed to 

prevent excessive water flows, or used to generate electricity. However, dams pose 

potential risks to public safety and the surrounding environment, especially in the case of 

failure. Dam safety is therefore an essential component in dam design, monitoring, and 

operation. 

Embankment dams may be subdivided into two types: earth-fill dams and rock

fill dams. The earth-fill dam (sometimes called earthen dam, rolled-earth dam or earth 

dam) is made of compacted earth, while rock-fill dams (or earth-rock dams) consist of 

rock materials. The earth dams are also subdivided into the following types: 

homogeneous earth dam and zoned earth dam. The homogeneous earth dam consists 

entirely of one type of soil (Figure l.l(i)). Usually homogeneous embankment dams 

consist of low permeability material and require flatter slopes than zoned embankment 

dams (Bondarchuk 2008). The zoned earth dam is made up of two or more different types 

of soils in different locations (Figure l.l(ii)). The most common type of earth dam is the 

zoned earth dam as it leads to an economic and more stable design (Asawa 2006). 
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The zoned earth dam normally consists of a central impervious core that is surrounded by 

zones of more pervious material. The main function of the central impervious core is to 

reduce the seepage flow through the dam. 

z 
(a) Roe* lol or IOI drMI (c) Cht..., drain 

(i) Typical sections of homogeneous earth dams 

(a) Thin lloplng core dim (b) 1blck lloplng core dim 

(ii) Typical sections of zoned earth dams 

Figure 1.1. General types of earth dams: (i) homogeneous earth dams, and (ii) zoned 
earth dams (Asawa 2006). 

One of the most important requirements in the design of earth and rock-fill dams is 

to ensure safety against internal erosion. Internal erosion leads to increased seepage flow 

due to a loss of fines (Johansson 1997) and is one of the most important reasons for 

embankment dam failures. Foster et al. (2000a) summarized the failure statistics of dams 
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from different studies and found 46% of all dam failures were due to internal erosion ( so

called piping). This study also provided an overview of the factors that contribute to dam 

failures associated with the internal erosion. However, failures are generally due to a 

combination of several factors such as foundation problems, use of improper 

embankment materials and construction methods, unforeseen or exceptional actions, and 

inadequate structural behaviour of the dam. One well-known example of the failure of an 

earth dam is the Teton River dam in Idaho, which collapsed as a result of inadequate 

protection of the impervious core from internal erosion (Sasiharan 2003). Johansson 

(1997) discussed the findings from the ICOLD reports on dam failures and incidents and 

concluded that 20% and 15% of all failures were caused by internal erosion and seepage 

problems in the embankment and in the dam foundation, respectively. Therefore, seepage 

monitoring and the detection of zones of excessive seepage are essential components of 

an earth dam monitoring system. 

1.2 Internal erosion processes 

Internal erosion is a process where the fine particles of the soil matrix are washed 

out from the impervious zone (core). In order for internal erosionto occur, three 

conditions must exist: (i) a seepage flow path and a source of water, (ii) erodible material 

within the flow path, and (iii) an unprotected exit ( open, unfiltered), from which the 

eroded material may escape (Fell et al. 2005; Lagerlund 2009). Internal erosion normally 

occurs when water seeps along cracks in the soil or bedrock and between soil materials 

and appurtenant structures. 
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The process of internal erosion can be divided into different phases; namely 

initiation, continuation and progression. Two main processes that can initiate piping 

(internal erosion) in a central core earth and rock-fill dam include backward erosion and 

concentrated leak erosion (Fell et al. 2005). Backward erosion is initiated at the exit point 

of seepage, while concentrated leak erosion initiates within a crack or a soft zone 

emanating from the source of water to an exit point (Mattsson et al. 2008). Internal erosion 

can be related to incompatibility of the filters within the dam, possibly affected by the 

poor dam design and/or construction related reasons (Ronnqvist 2008). Filters ( or 

transition layers between the protective filter and the shell) provide the most important 

erosion control in dams, and any continuation of internal erosion depends on the 

effectiveness of the filter (Ronnqvist 2010). Fell et al. (2003) summarized the means by 

which internal erosion may be initiated in embankment dams. Other detailed discussions 

of initiation processes and continuation of internal erosion can be found in Torres (2008) 

and Fell and Wan (2005). 

Fell et al. (2005) reported, based on case studies, that dams with piping (internal 

erosion) through the central core have experienced large leakage flows of between 100 

Lis and 180 Lis without or prior to unravelling. Unravelling is the progressive removal of 

individual rocks by fairly large seepage flows moving through the downstream rock-fill 

(Fell and Wan 2005). Flores-Berrones et al. (2011) reported that, El Batan dam, located 

in central Mexico, experienced water leakage of 200 L/s before remedial actions were 

taken to reduce the seepage; the dark color of the observed water implied that the core 

material was being eroded. Fell and Wan (2005) reported that rock-fill dams may have a 

large seepage discharge capacity and a number of dams have survived flows greater than 
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1000 Lis. In the piping failure of Teton dam, an estimated leakage flow of 1,400 Lis was 

observed before the dam breached (Eikenberry et al. 1977). 

The interface between earth materials and adjoining concrete structures, such as 

spillways, is a critical area for all types of embankment dams and requires special 

consideration during the design and construction phases. Different stress characteristics in the 

structures may cause problems at the interface due to the discontinuity of two adjoining 

materials. Concrete structure expansion due to alkali-silica reactions may also cause 

additional stresses on the earth dam hence creating problems at the material interface. The 

interface between earthfill and concrete structures is often a potential region for cracking and 

internal erosion processes (Mattsson et al. 2008). At this specific location the concrete acts 

as a relatively impermeable structure that redirects the seepage along the surface of the 

concrete (Lagerlund 2009). As a result, the fines from the dam core may be washed out 

when excessive water from the upstream reservoir seeps in between the interface. Foster 

et al. (2000b) documented that piping (internal erosion) through embankment materials 

along the contact between an embankment and concrete spillway wall was caused by 

rapid first filling of the reservoir. Internal erosion at the interface between two different 

materials can also be caused by variability of soil properties during time of construction. 

In general, internal erosion is due to flow along pre-existing openings such as cracks in 

cohesive material or voids along a soil-structure contact (Richards and Reddy 2007). 

1.3 Seepage monitoring methods 

Seepage monitoring is very importantfor the protection of earth embankment 

dams and dykes throughout their lifetime. Although external indications of changes in the 

soil characteristics, such as development of sinkholes at ground level or increased 
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leakage flow in inspection galleries, do indicate an increased risk to public safety 

(Carlsten et al. 1995), many existing seepage monitoring systems are not sensitive 

enough to detect small changes in internal seepage flow (Johansson 1997). 

Many studies on seepage monitoring have been performed using geophysical 

techniques (e.g. Johansson and Dahlin 1996; Johansson 1997, 2009; Panthulu et al. 2001; 

Sjodahl 2006; Sjodahl et al. 2008; Boleve et al. 2011). Seepage areas in embankment 

dams have been investigated by methods such as resistivity, spontaneous potential, radar 

techniques and temperature. Radar techniques applied on dams offer the possibility of 

mapping the areas of increased and anomalous porosity formed as a consequence of 

internal erosion or differential settlements in embankment dams (Carlsten et al. 1995). 

Similarly, Loperte et al. (2011) employed radar techniques on Acerenza dam, located in 

southern Italy, to identify potential routes of water flow below the dam that may cause 

erosion of the dam foundation. Other geophysical methods include acoustic methods and 

refraction seismic surveys as presented by Fry et al. (2007) and Dunnicliff (1993). 

Seepage occurrence within embankment dams can also be investigated by using 

information on suspended solids, for example by monitoring of turbidity in the leakage 

water collected from the downstream part of the dam. The amount of suspended solids in 

the seepage indicates material migration from the core towards its downstream face. 

Tracer injection using tracers such as salt and dye (Lee et al. 2007; Boleve et al. 2011) 

has also been used in seepage monitoring to detect suspected seepage paths. 

The measurement of spatial and temporal temperature variations is a classic 

method used for identification of seepage flow through embankment dams. The technique 
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makes use of the fact that increased seepage in particular regions will alter the normal 

temperature pattern within that area of the dam (SjOdahl 2006). This technique has been 

used for the last 20 years in both seepage monitoring and evaluation ( cf. Johansson 1997 

and 2009;Smith and Konrad 2008). Several studies have shown that its application for 

long-term monitoring provides significant information on small changes in the seepage 

flow through these structures. The concept of using heat as a tracer of groundwater 

movement is not new (Constantz and Stonestrom 2003) and was thoroughly reviewed by 

Anderson (2005). Heat carried by seepage water along hydraulic flow lines can serve as a 

natural tracer to help detect contrasting hydraulic conductivities in embankment dams 

(Smith and Konrad 2008). Passive and active temperature methods are both used for the 

detection of seepage. The passive method ( or gradient method) is used to detect seepage 

location and quantify seepage rates without applying external heat (Artieres et al. 2007). 

This method depends primarily on the natural seasonal temperature variations in the 

upstream reservoir, which cause temperature contrasts when this reservoir water passes 

through the structure. The active method ( or heat-pulse method) allows seepage detection 

by heat induction. 

Thermal monitoring is nowadays considered to be one of the most promising tools 

for leakage detection and analysis (Radzicki and Bonelli 2012), and different methods for 

seepage evaluation using temperatures measured within dams have been discussed by 

Johansson (2009). Temperature data within an embankment dam can be collected using 

existing standpipes or specific temperature monitoring installations such as thermistors or 

fibre optic cables. Recent developments in seepage flow measurement based on 

temperature evaluation, in combination with distributed measurements using optical 
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fibres, have radically improved the ability to measure the seepage at closely spaced 

intervals along a dam (Johansson 2009). The Distributed Fibre Optic Temperature 

(DFOT) measurement system has been identified as being ideally suited for monitoring 

the temperature fields within dams, both for leakage detection and for the observation of 

concrete temperatures (Aufleger et al. 2007). Various studies have proposed the use of 

fibre optics for temperature measurements; these include Johansson (1997), Inaudi and 

Glisic (2006), Artieres et al. (2007; 2010), Aufleger et al. (2011), Zhu et al. (2008), 

Sheffer et al. (2009), Beck et al. (2010), and Khan et al. (2010). Analysis of distributed 

temperature measurements taken on fibre optic cable installed in the body of earth dams 

is an efficient tool of leakage identification and of seepage process monitoring (Radzicki 

and Bonelli 2012). 

Birman et al. (1971) successful matched the observed temperature data collected 

in boreholes with visible leakage zones on the downstream face of the dam. The higher 

rate of underflow beneath the south abutment area of the dam was consistent with the 

coarse texture of the material used during construction in that area of the dam. Johansson 

( 1997) used the temperature method to detect zones with anomalous seepage rates and 

seepage pathways within an embankment dam in Sweden. In addition to temperature 

measurements, the study used analytical and numerical models to interpret the 

temperature variations in the dam. Esford (1995) applied a numerical analysis method to 

interpret seepage and heat flow through BC Hydro's Coquitlam Dam. Esford (1995) was 

able to obtain some similarities between the predicted and measured temperature data 

within the dam; however, the two-dimensional model was not able to account for all 

hydraulic variations at the dam. 
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Smith and Konrad (2008) used a geostatistical analysis to compute the annual 

temperature amplitudes over the entire dam section for a dam located in northern Quebec, 

Canada. The annual temperature amplitudes measured at different elevations in the 

reservoir and within the embankment were combined in the geostatistical analysis to 

identify a zone of higher seepage velocity within the core. Simplified analytical and 

numerical analyses were then carried out to assess the hydraulic conductivity contrast 

within the core. They found that evaluation of the thickness of the more permeable layer 

using the simplified analytical approach was difficult, and as a result several simulations 

of heat transport. were conducted using a finite element model, SP-2D, developed by 

· Konrad and Shen (1996). The study showed that finite element modeling of combined 

water flow and heat transport provided a close agreement to the observed temperature 

patterns. 

Active heat injection is another method of detecting seepage and may be more 

effective when combined with distributed temperature measurements using fiber optics. 

The method may only require a few days of data collection, as opposed to the long-term 

monitoring ( e.g. months or years) required when natural reservoir temperatures are the 

source of the temperature variations. The active heat injection method is similar to the 

heat pulse method. The heat pulse method is generally based on a line source theory as 

described by Wagner and Clauser (2005). The method sends a heat pulse into the soil 

through linear resistance in a copper wire wound around an optic fiber temperature 

sensor, known as a cable, and is useful in combination with temperature measurement in 

fiber optics (Johansson 2009). By monitoring and analysing the temperature in the soil 

during and immediately after the heat pulse, seepage flow and soil properties within the 
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spatial range of heat transport may be estimated (Johansson 2009). Originally the active 

method was developed for applications where absolute temperature measurements were 

meaningless, which is the case if there are neither sufficient temperature gradients 

between the reservoir water and location of temperature measurement (e.g. under facings) 

nor adequate seasonal temperature variations of the reservoir water (Aufleger et al. 2011 ). 

The heat pulse method is also discussed by Perzlmaier et al. (2007). 

Smith et al. (2009) applied the heat pulse method and temperature measurements 

in thermistors to quantify seepage and estimate maximum flow velocity at the junction of 

two embankment dams. The main focus of their work was seepage monitoring at the 

junction between a grouted rockfill dam (Dam A) and a clay core dam (Dam B). Three 

boreholes were drilled in the grouted rockfill window at the junction of both dams, and 

thermistors and fibre optic cables were installed in two boreholes for thermal monitoring. 

A two-dimensional heat transport model was calibrated to the measured temperature data 

to localize preferential seepage paths at the interface between the two dams. This 

approach for seepage monitoring helped confirm the presence of a more pervious stratum 

in Dam A. 

Very few studies have been conducted to specifically investigate seepage at the 

interface between earth dams and concrete structures. Eluwole and Olorunfemi (2012) 

have investigated anomalous seepage zones at the interface between the spillway and the 

embankment dam located in southwestern Nigeria using magnetic, spontaneous potential 

(SP) and resistivity methods. Although temperature monitoring and heat transport 

modeling have been widely applied within the main embankments of earth and rock fill 
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dams, as discussed above, there appear to be no previous published studies that have 

investigated seepage near an earth-concrete dam interface using thermal methods. 

1.4 Research objectives 

The primary goal of this research was to investigate, using numerical simulations, 

the feasibility of using active heat injection methods to identify anomalous seepage at the 

interface between earth embankments and concrete structures. The main issues to be 

investigated were: whether the injection of heat and subsequent temperature monitoring 

in boreholes within the concrete structure could provide sufficent sensitivity to identify 

anomalous seepage at a nearby interface, and if interpretation of such information could 

provide quantative seepage rates for the permeable zones. 

The specific objectives of this thesis were to: 

1. Develop a three-dimensional finite element model to simulate heat transport and 

water seepage within a composite earth-concrete dam structure, 

2. Simulate the injection of heat and temperature response within the dam structure 

near the material interface, 

3. Conduct a parametric analysis to investigate the sensitivity of the thermal 

response to the distance between the heat injection and monitoring boreholes and 

the interface, the thermal properties of the concrete, the seepage rates, and other 

key factors. 

4. Simulate the temperature distributions resulting from seasonal variations in 

temperature in the upstream reservoir and assess their impact on the active heat 

injection methods. 
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1.5 Scope 

The focus of this work was the numerical simulation of seepage flow and heat 

transport at the interface between earth and concrete structures. Temperature variations 

resulting from the natural annual temperature cycle in an upstream reservoir and inducted 

heat were the only tracers of water flow considered in this research. 

At the outset of this research it was hoped that field data might become available 

for comparison with numerical simulation results; however, various external delays 

resulted in such data being unavailable. To the author's knowledge, at the time of writing 

no suitable comparison data exist in the open literature. 

1.6 Thesis structure 

This thesis consists of six chapters and appendices. Internal erosion through 

embankment dams, research objectives and scope are presented in Chapter 1, 

"Introduction". Chapter 2 presents the theoretical fundamentals of seepage and heat 

transport processes in dams. Chapter 3 describes the conceptual models, numerical 

models, the assumptions used in the analysis, and simulation results for a simplified 

composite clay core-concrete structure. Chapter 4 presents numerical modeling of 

unsaturated-saturated flow and heat transport in a more realistic dam configuration. 

Chapter 5 contains the conclusions and recommendations. 
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2 Theoretical Background 

2.1 Seepage and heat transport processes in embankment dams 

Seepage is the passage of water from the reservoir through the embankment and 

foundation materials. The development of seepage through the body and subsoil of a dam 

provides basic information on the state of the art of the hydraulic structure and on 

possibilities of its safe operation (Sfilovska 2007). Figure 2.1 depicts seepage through a 

homogeneous dam. The seepage flow depends on several factors, such as the 

permeability of the material of construction and the pressure (hydraulic) gradient. The 

permeability values can vary over a wide range depending on the soil or concrete 

structure and their composition. 

Phrtotic 
Se.rface 

Saturated Soil 

\ I ... _...,. ______ Foundation Seepage---.... ~----------+--'' 

Figure 2.1. Seepage through homogeneous dam (V eesaert et al. 2007). 

The contacts between the earth materials and concrete structure are especially 

prone to seepage because of variability of material properties used during construction. 

Heat transfer in the dam depends mainly on the seasonal temperature variation in the 
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upstream reservoir and in the air. Temperature waves can propagate through the structure 

by advective heat transport and heat conduction, and the heat exchange with the air. 

2.1.1 Fundamentals 

2.1.1.1 Water flow equation 

Darcy's law for laminar water flow is generally assumed to apply when solving 

seepage problems associated with embankment dams. The seepage flow per unit area (i.e. 

Darcy flux) through a porous medium is described as follows: 

Q dh 
q =-= -K-

A dl 
(2.1) 

where: q is the Darcy velocity of the fluid phase [LT1
]; Q is the volumetric flow rate 

[L3T 1
]; A is the discharge area [L2

]; K is the hydraulic conductivity [LT1
]; h is the 

hydraulic head [L]; l is the flow path length [L]; and !~ is the hydraulic gradient ( change 

in head/change in length) [LIL]. The seepage is induced by differences in water pressure 

and density and can be written in an expanded form relative to equation 2.1 as (Diersch 

2009a): 

(2.2) 

where: e is the gravitational unit vector [1]; p0 is the reference water density [ML-3]; pis 

the water density[ML-3
]; µ0 is the reference dynamic viscosity [ML-1T 1

]; andµ is the 

dynamic viscosity [ML-1T 1
]. The relationship between hydraulic conductivity, K, and the 

permeability, k, for the flow of water through the porous medium is given by: 
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(2.3) 

where: the permeability, k, is a property of the porous medium only [L2
]; and g is the 

gravitational acceleration [L r 2
]. 

In a groundwater flow system, fluid density and viscosity may vary spatially and 

temporally when the fluid temperature changes (Ma and Zheng 2010). The fluid density 

variations can introduce additional fluid motion, while the viscosity can alter the 

resistance to water flow via the hydraulic conductivity. 

2.1.1.2 Unsaturated flow 

Unsaturated flow through an embankment dam occurs in the zone above the 

phreatic surface (Figure 2.1 ). A modified form of Richards' equation is used to describe 

three-dimensional transient water flow in the unsaturated medium (Cooley 1983; 

Huyakom et al. 1984; Therrien and Sudicky 1996). Diersch and Perrochet (2009a) 

expressed Richards' equation in one-dimension form and, for the sake of brevity, this 

form is presented here as follows: 

e os(l/J) - !_ [K (1/J)K (o(l/J) - 1)] = 0 ot OZ r OZ 
(2.4) 

where: e is the porosity; 1/J is the pressure head [L] (1/J > 0 saturated medium, 1/J =s; 0 

unsaturated medium); s(l/J) is the saturation [dimensionless], described as a function of 

pressure head 1/J; Kr(l/J) is the relative hydraulic conductivity [dimensionless], described 

as a function of pressure head 1/J; z is the elevation [L]; and tis the time [T]. 

Diersch and Perrochet (2009b) thoroughly discussed the three forms of Richards' 

equation that are used in the modeling of unsaturated-saturated problems. These include: 
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(i) the pressure-based (VJ-) form, where the primary variable is pressure head ( or the 

hydraulic head), (ii) the saturation-based (s-) form, where the primary variable is 

saturation ( or the moisture content 0), and (iii) the mixed ( VJ-s-) form, where both 

variables are used. The head-based form of the Richards' equation can be used for both 

saturated and unsaturated soils, while numerical schemes based on the saturation-form 

are restricted to unsaturated flow conditions because the saturation variable is not unique 

for saturated regions (Diersch and Perrochet 2009b ). 

Several researchers have proposed models to represent the relationships among 

saturation, pressure head, and hydraulic conductivity in the unsaturated zones of porous 

media. A commonly used parametric model that describes the saturation-pressure relation 

is given by the van Genuchten-Mualemrelationship (El-Kadi 1985; Boufadel et al. 1999; 

and Diersch and Perrochet 2009b): 

1 
m=l--; O<m<l 

n 

with the effective saturation of fluid given by: 
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(2.8) 



where: Se is effective saturation [dimensionless] (se = 1 for 1/J ~ 0) ;a and n are the van 

Genuchten curve-fitting parameters; m is the Mualem curve-fitting parameter; Sr is the 

residual saturation; and Ss is the maximum saturation that is equivalent to 1.0. 

2.1.1.3 Heat transport equation 

A general energy flux equation for three-dimensional porous media describing 

simultaneous flow of fluid and heat was developed by Stallman (1963). The governing 

three-dimensional heat transport equation for unsaturated-saturated media can be written 

as follows (Diersch 2009b ): 

(2.9) 

where: Cw is the volumetric heat capacity of water [ML-1K-1T 2
]; Cs is the volumetric heat 

capacity of the solids; Aw is the thermal conductivity of water [MLK-1T 3
]; As is the 

thermal conductivity of the solids; I is the unit tensor [1]; Qh is the source/sink term for 

the fluid flow [T1
]; Qr(l/J) is the source/sink term for heat [ML-1T 3

]; D is the tensor of 

mechanical dispersion [L 2T 1
]; and T, T0 are the temperature and the reference 

temperature, respectively [K]. The tensor of mechanical dispersion is given by: 

(2.10) 

where: aL, ar are the longitudinal and the transverse dispersivity, respectively [L]. 

The heat transport equation considering only the main thermal transport processes 

can be written in a simplified form as follows: 
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iJT 
[s(lj,)eCw + (1- e)C5 ] iJt + Cwq. VT 

= V. [(CwD + es(l/J)lwI + (1- e)J..51). VT] (2.11) 

The thermal processes considered in this equation are heat conduction and 

advection, that is, heat transport that is induced by thermal gradients and the flow of 

water across the dam section. 

2.1.2 Thermal properties 

The solution of the preceding heat transport equation depends on the thermal 

properties of the dam materials. Generally, these properties include thermal conductivity 

and heat capacity of the various materials ( e.g. clay core, concrete). The thermal 

conductivity of a material indicates its ability to conduct heat, while the heat capacity 

refers to the amount of heat required to raise the temperature of a unit volume of material 

by 1 °C (Smith and Konrad 2008). The thermal properties for common dam construction 

materials are reported in Johansson (2009). The thermal conductivity of saturated clay is 

reported to range between 1.0 Jim s °C to 2.5 Jim s °C, while the conductivity values for 

saturated sand and gravel range between 1.75 Jim s °C to 3.4 Jim s °C. The thermal 

conductivity of unsaturated soil is normally lower than that of saturated soil because the 

conductivity of air in the void spaces of unsaturated soil is lower than that of water. The 

heat capacity of saturated clay is normally in a range of l.Oxl06 Jlm3°C to 3.4xl06 

Jlm3°C, while the heat capacity values for saturated sand/gravel materials range between 

2.2xl06 Jlm3°C to 2.9xl06 Jlm3°C. The heat capacity of unsaturated soil is lower than that 

of saturated soil because air has a lower heat capacity than water. The thermal 

conductivity of saturated concrete is reported to range between 1.4 Jlms°C to 3.6 Jim s °C 
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(Neville 1995). The range of typical values of thermal diffusivity (i.e. ratio of the thermal 

conductivity of the material to its volumetric heat capacity) of concrete is between 0.002 

m2/h and 0.006 m2/h (Neville 1995). 

Many researchers have studied the thermal properties of different soils given that 

soil properties are important in many areas of engineering, agronomy and soil science. 

The available knowledge of the thermal properties of soil materials (i.e. thermal 

conductivity and thermal heat capacity) is thus considered sufficient for use in the 

simulation of heat transport in earth dams (Johansson 2009). 
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3 Numerical Modeling of Injected Heat Transport near an Earth
Concrete Dam Interface 

3.1 Introduction 

The main question to be answered in this research was whether a zone of 

enhanced water seepage, along an earth-concrete dam interface, can be detected by 

applying heat and monitoring temperature in a nearby borehole. To obtain temperature 

profiles at or near the borehole and to evaluate seepage rates through the dam, a three

dimensional finite element model was used to simulate steady state water flow and 

transient heat transport. Maximum temperature deviations and temporal variations of 

temperature were determined. 

The proposed borehole heating system is assumed to be located entirely within the 

concrete portion of the dam, but close to its interface with the clay core. In general, 

drilling boreholes that cross the interface is to be avoided because the use of water during 

drilling may inadvertently wash out fines from the core. In the proposed approach, heat 

would be introduced along the length of a single borehole for a period of several days and 

temperature data would be collected during the heating and post-heating phases. The 

temperature data could be collected along the length of the same borehole that is used to 

inject heat, or in an adjacent borehole(s) that is used only for monitoring. As well, the 

background temperatures in the boreholes would be collected prior to the heating; these 

data would be used to establish natural spatial and temporal temperature variations and 

would serve as a baseline for comparison to identify temperature anomalie~ arising from 

the applied heat experiment. 
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3.2 Simulation of heat transport near an earth-concrete dam interface 

3.2.1 Assumptions and simplified conceptual model 

A simplified conceptual model for the borehole heating experiment is shown in 

Figure 3 .1. Another three-dimensional view of this conceptual model is depicted in 

Appendix A. The simplified model consists of a domain measuring 100 m x 100 m in the 

horizontal directions and 50 m in depth. The earth portion of the domain is assumed to 

have the properties of clay, while the zone of anomalous seepage is assumed to possess 

properties similar to medium sand. The anomalous seepage zone has a thickness of 5 cm 

in the horizontal direction by 3 m in the vertical direction and is located from 18 m to 21 

m below the surface of the domain. The separation distance between the borehole and the 

interface is varied from 0.50 m to 1.50 m to test the sensitivity of the results to this 

separation distance. Each individual material in the model is assumed to be a 

homogeneous and isotropic ( e.g. no discrete cracks or voids). The numerical simulations 

are based on fully-saturated, steady state water seepage and transient heat transport with 

coupling of fluid flow and heat transport due to the influence of temperature on the fluid 

properties. 

The instrumentation in the proposed heating borehole consists of several heater 

tapes and distributed optical fiber sensors that are strapped to the outside of a support 

pipe. A more detailed description of the proposed instrumentation is provided in 

Appendix B. Any void space within the borehole is assumed to be filled with grout 

material having thermal properties similar to concrete. The borehole is assumed to be 

uniformly heated along its entire length (i.e. a constant heat injection rate of 164 W /m). 

Figure 3 .2 shows the temporal pattern of heat injection, with 8200 W being applied to the 
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50 m long borehole from O days to 20 days. This power and duration of heating are 

considered reasonable given the capabilities of commercially available heating tape. The 

numerical simulations were carried out for a total time of 100 days. 

An additional conceptual model, with varying porosity in the concrete structure, 

was also considered. Concrete properties, such as porosity, may vary due to construction 

techniques ( e.g. placement in lifts) and this may in turn influence the thermal properties 

that will influence heat transport near the heating test location. 

Legend: 

~ concrete 

a medium sand 

clay (till) 

0 10 20 == 

X=O 
[m] 

Figure 3 .1. Simplified conceptual model for simulation of coupled fluid flow and heat 
transport due to uniform heat injection along the length of the borehole. 
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Figure 3 .2. Heat injection pattern used for the simulations. 

3.2.2 Model selection 

FEFLOW® 6 (DHI-WASY Software 2010), a finite element-based numerical 

code, was selected for this work due to its ability to simulate steady state or transient 

water flow and transient heat transport through variability-saturated porous media. The 

code includes coupling between water flow and heat transport due to changes in fluid 

density and viscosity. It can solve problems involving complex boundary conditions and 

geometries, and has been used to successfully solve seepage problems through dams and 

other earthen structures ( e.g. Levenick et al. 2009; Porras 2006; Zapata et al. 2010). 

The FEFLOw® code uses the following equation to compute the viscosity of the 

fluid phase as the function of temperature (Diersch 2009c ): 

µ(T) = 1 + 0.7063;~ 0.0 

T-150 
~=--

100 
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where: µ is the dynamic viscosity [ML-1T 1
]; µ0 is the reference viscosity [ML-1T 1

]; ~ 

represents normalized temperature; and Tis temperature in °C. 

The fluid density is also temperature-dependent and can be determined as follows 

(Diersch 2009c ): 

p(T) = a + bT + cT2 + dT3 + eT4 + fT 5 + gT6 (3.3) 

where: a represents the fluid density in g/1 at the temperature T= O; a, b, c, d, e, f, g are 

the coefficients for water which are; 9.998396e+02, 6.764771e-02, -8.993699e-03, 

9.143518e-05, -8.907391e-07, 5.291959e-09, and -l.359813e-l l, respectively (Diersch 

2009c). 

The thermal conductivity and the volumetric heat capacity used in FEFLO w® are 

bulk values that are determined by the following equations (Diersch 2009b): 

A = ES(tp)Awl + (1 - E)A.51 

C = s(l/J)ECw + (1 - E)C5 

(3.4) 

(3.5) 

where: A is the thermal heat conductivity of the porous medium [MLK-1T 3
]; C is the 

volumetric heat capacity of the porous medium [MLK-1T 3
]; and I is the unit tensor [1]. 

In practical modeling of flow and transport in unsaturated media, the airphase is 

commonly assumed stagnant (Diersch 2009d) and to not contribute significantly to heat 

transport. 
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The FEFLOw® code uses the modified van Genuchten model to describe the 

nonlinear relationship between saturation and relative hydraulic conductivity as follows 

(Diersch 2012): 

(3.6) 

where: 8 is the curve fitting parameter [dimensionless]. The above parametric model 

offers the advantage to define the relative conductivity function independently of the 

s(t/J) - curve (equation 2.5). 

The FEFLOw® code for flow and heat transport was benchmarked by comparing 

numerical simulation results with results obtained from the studies of Lapham ( 1989) and 

Smith and Konrad (2008). The numerical results for these benchmark examples are 

presented in Appendix C. There was generally a good agreement between the published 

results and the results obtained from the FEFLOw® analysis. 

3.2.3 Finite element grid 

Figure 3.3 shows the three-dimensional domain consisting of 975,000 triangular 

elements, 497,627 nodes and 100 layers. The finite element mesh was generated using the 

Gridbuilder algorithm (Diersch 2010), and the mesh was locally refined around the 

borehole and interface. Figure 3.4 shows a transparent view of the finite element mesh 

with the borehole location, anomalous seepage zone and direction of water flow 

indicated. In the model the borehole was represented by a vertical line, and the borehole 

itself was not discretized. Two other grid designs were also constructed for the borehole 

spacings of 1.0 m and 0.5 m. All finite element meshes were vertically discretized into 
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100 layers. Similar meshes were also used in the nonhomogeneous concrete case with 

porosity variations. 

z 
0 20 40 

[m] 

Figure 3 .3. View of the three dimensional finite element grid used for flow and heat 
transport simulations. The borehole is located 1.5 m from the interface. The enlarged 
figure shows a magnification of the mesh near the borehole and near the interface. 
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z 

0 20 0 
c::::::===ii==::=:=:::J 

[m] 

Figure 3.4. Three dimensional view of the model finite element grid consisting of 
975,000 triangular elements. The mesh is vertically discretized by 100 layers. 

3.2.4 Boundary and initial conditions 

A zero flux condition (i.e. Neumann boundary condition) for flow was specified 

on the top and bottom domain boundaries, so that water could not enter nor leave the 

domain along these boundaries. A similar condition of zero flux was applied for heat 

transport on the top and the bottom of the domain. A constant head boundary condition 

(or Dirichlet boundary condition) was specified on the entire left side of the domain (x = 

0, z), and on the right side of the domain (x = 100 m, z). The hydraulic head at x = 0 was 

varied to produce a range in hydraulic gradients of 0.21 to 1.05. 

The constant temperature boundary condition (i.e. Dirichlet boundary condition) 

was imposed along the sides of the block. A type four boundary condition, or a well 
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boundary (singular point source), was applied at the borehole location for heat injection. 

The boundary and initial condition values for flow and heat transport are listed in Table 

3.1. 

Table 3.1. Boundary and initial conditions 

Model parameters 

Initial Conditions 
initial ground/material temperature, T 

0 

Boundary Conditions 

Hydraulic head boundary conditions 

x=O 

x= 100m 

Thermal boundary conditions 

Temperature, T 
Constant heat injection rate, Qth 

Unit 

0 

C 

m 
m 

0 

C 

w 

Value 

10 

100-205 

100 

10 

8200· 

Note: *a constant heat injection rate for the 50 m long borehole that is equivalent to 164 
W/m 

3.2.5 Material parameters 

Table 3.2 presents the physical properties used for the FEFLOw® simulations. In 

this work, two different conceptual models were considered. For the first, the porosity of 

the concrete structure was assumed to be uniform (homogeneous concrete) and based on 

the study by Muller and Haist (2009) an average porosity of 0.12 was assigned. For the 

second scenario, porosity values between 0.08 and 0.15 (Muller and Haist 2009) were 

assigned to the concrete structure to reflect conditions that might arise due to nonuniform 

concrete placement. The porosity values were assigned randomly to 2.0 m thick layers 
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over the 50 m thickness of the concrete portion of the domain. A summary of the porosity 

values assigned to the concrete structure is given in Appendix D. 

Hydraulic conductivity values were selected based on published values for low

strength concrete used in dams (Mehta and Monteiro 1993). The thermal properties 

assigned to the concrete portion of the domain were the ones reported in Neville (1995). 

The hydraulic properties for the earth materials were selected based on the studies of 

Morris and Johnson (1967) and Varado et al. (2006). The thermal conductivity and heat 

capacity values for the earth materials were obtained from Markle and Schincariol 

(2007). FEFLOwt> default values were used for the heat capacity and thermal 

conductivity of water, and the longitudinal and transverse dispersivity. 

For both conceptual models, simulations were conducted for situations with no 

water flow, and with combined heat conduction and convention for five hydraulic 

gradient values and three separation distances between the borehole and clay/concrete 

interface. A total of 36 simulations were performed to investigate the sensitivity of the 

thermal response to the distance between the heat injection and monitoring boreholes and 

the interface. 

The coupled seepage and heat transport simulations were conducted for a period 

of 100 days. For this study a second order accurate Adams-Bashforth/trapezoidal rule 

(AB/fR) scheme was selected for determining the time step length. 
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Table 3.2. Physical properties for FEFLOW simulation 

Clay Seepage 
ProQerty Unit Concrete {Till} zone Water 

a e e 
Porosity, e 0.12 0.48 0.35 

-1 -llb -7f -Sf 
Hydraulic conductivity, K ms 3.0xlO 5.55xI0 5.56x10 

-1 -1 h 
Thermal conductivity of fluid, .lw WmK 0.65 

-1 -1 C 

4.05
8 

3.99
8 

Thermal conductivity of solid, ls Wm K 2.56 
-3 -1 6h 

Volumetric heat capacity of fluid, Cw Jm K 4.20xI0 
-3 -1 6d 6g 6g 

Volumetric heat capacity of solid, Cs Jm K 2.31xI0 2.24xI0 2.21xl0 
2 -1 C 

0.007d 0.006d 0.0006d Thermal diffusivity, A mh 0.004 

Longitudinal dispersivity, aL m 5.0h 5.0h 5.0h 5.0h 

Transverse disQersivity, ar m o.5h o.5h o.5h o.5h 
Note: a) Muller and Haist 2009, b) Mehta and Monteiro 1993, c) Neville 1995, d) 
Calculated, e) Morrisand Johnson 1967, f) V arado et al. 2006, g) Markle and Schincariol 
2007, and h) FEFLOW default value 

3.3 Simulation results 

3.3.1 Simulation results from homogeneous concrete case 

Table 3.3 presents simulated discharge rates and pore water velocities through the 

anomalous seepage zone for cases of non-zero hydraulic gradient. As expected, the 

discharge through the anomalous seepage zone increased as the hydraulic gradient was 

increased. For the range of hydraulic gradients considered, the discharge rates for this 

zone ranged from about 150 L/day to 755 L/day. Figure 3.5 depicts the temperature 

response at two locations versus time for the borehole-interface separation distance of 1.5 

m. It should be noted that all temperature results presented here are for locations within 

the concrete structure. Temperature variations for the borehole-interface separation 

distances of 1.0 m and 0.5 m are given in Appendices E and F, respectively. Figure 3.6 

shows the temperature as a function of distance from the heated borehole location for the 
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borehole-interface separation distance of 0.5 m. In these figures, the distance extends 

from the heated borehole in a direction that is perpendicular to the interface. Temperature 

results for the borehole-interface separation distances of 1.0 m and 1.5 m are given in 

Appendices G and H, respectively. 

Figures 3.7 through 3.10 present temperature-depth profiles at locations 5.0 cm 

and 1.0 m down gradient (i.e. parallel to the interface) of the heat injection location for 

borehole-interface separation distances of 1.5 m and 0.5 m. The temperature-depth 

profiles at the heated borehole for the borehole-interface separation distances of 1.5 m 

and 0.5 mare presented in Appendices I and J, respectively. Temperature results for the 

borehole-interface separation distance of 1.0 m are given in Appendix K. 

Figure 3.11 illustrates the maximum temperature deviations 5.0 cm from the 

heated borehole for separation distances of 1.5, 1.0 and 0.5 m. The maximum temperature 

deviations at the location of the heat injection and for the location 1.0 m down gradient, 

for all separation distances, are given in Appendix L. The maximum temperature 

deviation was determined by comparing the maximum temperature anomaly (located at 

depths corresponding to the enhanced seepage zone near 19-20 m) to the relatively 

constant temperatures simulated above (and below) the temperature anomaly. In the 

present analysis these temperature deviations were identified using the simulated vertical 

temperature profiles; however, it is expected that similar data would be available from 

monitoring of distributed temperature sensors placed within boreholes drilled in the 

concrete structure near the interface. 
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Table 3.3. Simulated discharge rates and pore water velocities through the anomalous 
seepage (i.e. medium sand) zone located at the clay-concrete interface. 

Hydraulic gradient, i 0.21 0.42 0.63 0.84 1.05 

Discharge rate {m3/s) l.75x10-6 3.50x10-6 5.24x10-6 6.99x10-6 8.74x10-6 

Pore water velocity (mis) 3.33x10·5 6.66xl0-5 9.99x10·S l.33x104 l.66x104 

3.3.2 Simulation results from the nonhomogeneous concrete porosity case 

The seepage rates through the zone of enhanced hydraulic conductivity for the 

nonhomogeneous concrete porosity simulations were the same as for the homogeneous 

concrete case {Table 3.3). 

Figures 3.12 through 3.15 present temperature-depth profiles at locations 5.0 cm 

and 1.0 m down gradient of the heat injection location for the borehole-interface 

separation distances of 1.5 m and 0.5 m. The temperature-depth profiles at the location of 

heat injection for the borehole-interface separation distances of 1.5 m and 0.5 m are given 

in Appendices M and N, respectively. Temperature results for the borehole-interface 

separation distance of 1.0 m are provided in Appendix 0. Figure 3.16 illustrates the 

maximum temperature deviations 5.0 cm from the heat injection for the separation 

distances of 1.5, 1.0 and 0.5 m. Maximum temperature deviations at the heat injection 

location are given in Appendix P. 
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Figure 3.5. Temperature variations as a function of time for a borehole-interface 
separation distance of Lid = 1.5 m, at a) the heated borehole location, and b) a distance 
from the heated borehole of 0.05 m. Results are shown for six values of the hydraulic 
gradient, i. 

33 



(a) 

50 
--- s u lr) • i = 0 
~O\ 40 --i=0.21 
(I) -i .§ 

--i=0.42 
30 --i=0.63 

(I) 1a --i=0.84 
~> --i= 1.05 s~ 20 (I) (I) 

~ 1a 
10 

0 0.5 
Distatice (m) 

1.5 2 

(b) 
50 

--- s • i= 0 u lr) 

~O\ 40 --i=0.21 
(I) - --i=0.42 
~ ~ 

30 --i=0.63 +-I 0 ro •.-4 

~ 1a --i=0.84 a] 20 --i = 1.05 
(I) (I) • ~ 1a 

10 

0 0.5 
Distatice (m) 

1.5 2 

(c) 
50 • i=O 

--- s --i=0.21 u lr) 40 - i=0.42 ~O\ 
(I) -

--i=0.63 

i .§ 30 --i=0.84 
- i= 1.05 

(I) 1a 
~> 20 s~ 
(I) (I) 

~ 1a 
10 

0 0.5 
Distatice (m) 

1.5 2 

Figure 3.6. Temperature profiles from the heated borehole for a borehole-interface 
separation distance of ~d = 0.5 m, for a) 5 days, b) 20 days, and c) 50 days. The distance 
extends from the heated borehole perpendicular to the interface and crosses the interface 
at 0.5 m. Results are shown for six values of the hydraulic gradient, i. 
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Figure 3.7. Vertical temperature profiles for a distance from the heated borehole of 0.05 m, and a borehole-interface separation 
distance of ~d = 1.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. Results are shown for six values of the hydraulic 
gradient, i. 
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Figure 3.8. Vertical temperature profiles for a distance from the heated borehole of 1.0 m down gradient, and a borehole-interface 
separation distance of ~d = 1.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. Results are shown for six values of the 
hydraulic gradient, i. 
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Figure 3.9. Vertical temperature profiles for a distance from the heated borehole of 0.05 m, and a borehole-interface separation 
distance of ~d = 0.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. Results are shown for six values of the hydraulic 
gradient, i. 
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Figure 3.10. Vertical temperature profiles for a distance from the heated borehole of 1.0 m down gradient, and a borehole-interface 
separation distance of Lid= 0.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. Results are shown for six values of the 
hydraulic gradient, i. 
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Figure 3.11. Maximum temperature deviations in vertical temperature profiles for a distance from the heated borehole of 0.05 m, for a) 
10 days, b) 20 days, c) 50 days, and d) 100 days. (~d; borehole-interface separation distance: homogeneous concrete case). 
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Figure 3.12. Vertical temperature profiles for a distance from the heated borehole of 0.05 m, and a borehole-interface separation 
distance of ~d = 1.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. Results are shown for six values of the hydraulic 
gradient, i. (Nonhomogeneous concrete case). 
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Figure 3.13. Vertical temperature profiles for a distance from the heated borehole of 1.0 m down gradient, and a borehole-interface 
separation distance of ~d = 1.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. Results are shown for six values of the 
hydraulic gradient, i. (Nonhomogeneous concrete case). 
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Figure 3.14. Vertical temperature profiles for a distance from the heated borehole of 0.05 m, and a borehole-interface separation 
distance of ~d = 0.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. Results are shown for six values of the hydraulic 
gradient, i. (Nonhomogeneous concrete case). 
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Figure 3.15. Vertical temperature profiles for a distance from the heated borehole of 1.0 m down gradient, and a borehole-interface 
separation distance of ~d = 0.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. Results are shown for six values of the 
hydraulic gradient, i. (Nonhomogeneous concrete case). 
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b) 20 days, c) 50 days, and d) 100 days. (~d; borehole-interface separation distance: nonhomogeneous concrete case). 



3.4 Discussion of simulation results 

3.4.1 Homogeneous concrete case 

The simulated seepage rates range from l.75x10-6 m3/s to 8.74x10-6 m3/s (Table 

3.3), which is orders of magnitude lower than the reported values for seepage discharge 

(range of 0.1-0.20 m3/s) from case studies at dams that have experienced internal erosion 

without or before breaching (Fell et al. 2005; Flores-Berrones et al. 2011). However, in 

the case studies examined by Flores-Berrones et al. (2011), the seepage rates were 

observed along the downstream slope of the dam, in the vicinity of the outlet pipeline. 

Temperatures at the heated borehole location and 0.05 m from the borehole 

increase to up to 80°C during the heating period and then drop to nearly 10°C during the 

post-heating (i.e. cooling) period (Figure 3.5). Figure 3.6 shows the temperature profiles 

developed due to heat conduction (i.e. hydraulic gradient, i = 0) and conduction and 

advection. For the cases with advection the temperatures drop significantly at the 

interface, where there is enhanced seepage. When there is only heat conduction, there is 

no interruption of the temperature profiles at the interface. The temperatures drop from 

17.5°C to 11 °C, and from 24°C to 12°C, after 5 days and 20 days of heating, respectively. 

In the case of a borehole separation distance of 1.5 m from the interface, the 

simulated temperatures at a distance of 0.05 m from the heated borehole range between 

45°C to 46°C at 10 days (Figure 3.7(a)) and 49°C to 50°C at 20 days (Figure 3.7(b)). The 

temperatures decrease to nearly 10°C (Figures 3.7(c) and 3.7(d)) at 50 and 100 days (i.e. 

during cooling). However, for a distance of 1.0 m down gradient, the simulated 

temperatures decrease significantly, ranging from 14°C to 15°C (Figure 3.8(a)), and 17°C 
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to 18°C (Figure 3.8(b)), at 10 and 20 days, respectively. Similarly, the temperatures 

decrease to nearly 10°C (Figures 3.8(c) and 3.8(d)) during cooling (at 50 and 100 days). 

Simulations for a borehole-interface separation distance of 1.0 m (Appendix K) 

produced similar results as those obtained for the separation distance of 1.5 m for the 

location 1.0 m down gradient. During heating the temperatures at 10 and 20 days range 

between 45°C to 46°C and 47.5°C to 50°C, respectively, for a location 0.05 m from the 

heating location. 

The simulation results obtained for the borehole-interface separation distance of 

0.5 m show a slightly larger temperature variation than those obtained for the separation 

distances of 1.5 m and 1.0 m during the 20 day-heating period. The temperature values 

range between 40°C to 47°C at 10 days (Figure 3.9(a)) and 42°C to 50°C at 20 days 

(Figure 3.9(b)). The temperature values decrease to nearly 10°C (Figures 3.9(c) and 

3.9(d)) at 50 and 100 days. At a distance of 1.0 m down gradient, the temperature values 

range between 12.6°C to 14.8°C at 10 days (Figure 3. lO(a)) and 13.6°C to 17.8°C at 20 

days (Figure 3 .1 O(b) ). The temperature values generally fall to nearly 10°C during the 

cooling period. 

Figure 3 .11 shows simulated maximum temperature deviations in the vertical 

temperature profiles for the five hydraulic gradients and three separation distances. The 

temperature deviations obviously increase with decreasing distance between the interface 

and the borehole heating and temperature monitoring locations, although by 100 days the 

differences are small. Temperature deviations range between O and 0.36°C 

(Figures3.l l(a) and 3.1 l(b)) during the heating phase for a borehole-interface separation 
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distance of 1.5 m. For the same hydraulic gradient conditions and the same separation 

distance, the maximum temperature deviations range between 0.01 °C and 0.55°C 

(Figures 3.1 l(d) and 3.1 l(c)) during the cooling phase. The temperature deviations for 

the separation distance of 1.0 m range from 0.01 °C to l.35°C during the heating period, 

and 0.01 °C to 0.82°C during the cooling period. The temperature deviations obtained for 

the borehole-interface separation distance of 0.5 m during the heating phase are 

significantly larger than those obtained forthe preceding separation distances. The 

maximum temperature deviations range between 0.05°C and 5.08°C, and 0.01 °C and 

l .17°C, during the heating phase and cooling phase, respectively. Deviations of less than 

3.0°C were simulated for the location 1.0 m down gradient (Appendix L), with higher 

values obtained for a borehole-interface separation distance of 0.5 m. 

Additional simulations have been conducted with a decrease of two orders of 

magnitude in the concrete hydraulic conductivity; these produce similar results for 

temperature profiles and temperature deviations. The maximum temperature deviations 

determined with a concrete hydraulic conductivity of 3.0x10·11 mis are only 3.6% higher 

than those obtained with a hydraulic conductivity of 3.0x10·9 mis for a borehole-interface 

separation distance of 1.5 m. As well, the maximum deviations obtained for the 

separation distances of 1.0 m and 0.5 m are in the range of 0.4-7 .5% greater than those 

obtained with the hydraulic conductivity of 3 .Ox 10·9 mis. Detailed temperature results for 

the simulations with the decreased concrete hydraulic conductivity are given in 

Appendices Q, R, Sand T. 
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Two other simulations were also conducted without thermal dispersion (i.e. 

aL, ar = 0) for the largest hydraulic gradient of 1.05 and borehole spacings of 1.5 m and 

0.5 m. These simulations also produce results similar to those presented above. The 

temperature deviations for the separation distance of 1.5 m range from Oto 0.27°C during 

the heating period, and 0.01°C to 0.65°C during the cooling period. The maximum 

temperature deviations range between 0.03°C and 5.44°C, and 0.01 °C and 1.77°C, during 

the heating phase and cooling phase, respectively, for the separation distance of 0.5 m. It 

therefore appears that the values used for the longitudinal and transverse dispersivities do 

not have a major influence on the simulated temperature distributions. 

3.4.2 N onhomogeneous concrete porosity case 

The numerical results are significantly affected by the spatially variable porosity 

values as shown by the vertical profiles (e.g. Figures 3.12 and 3.13). This occurs because 

changes in the porosity distribution result in changes in the thermal parameters of the 

concrete as explained in Section 3.2.2. The thermal conductivity of a saturated porous 

medium decreases as the porosity increases because solid material with a relatively high 

thermal conductivity is replaced by water with a lower thermal conductivity (Johansson 

2009). For the particular case simulated here, a range in porosity of 0.08 to 0.15 resulted 

in the thermal conductivity ranging from 2.41 W m·1 K-1 to 2.27 wm-1K-1• As well, the 

same range in concrete porosity resulted in a range in the volumetric heat capacity of 

2.46x106 J m·3 K-1 to 2.59x106 J m·3 K-1
• 

The general temperature distributions and variations are, however, similar to the 

results obtained for the homogeneous concrete case. Simulated temperatures range 
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between 44-47°C (Figure 3.12(a)) and 48-51°C (Figure 3.12(b)) at 10 days and 20 days, 

respectively, for the separation distance of 1.5 m. The temperature profiles also exhibit 

the largest temperature deviations at depths corresponding to the anomalous seepage zone 

(i.e. the region of high hydraulic conductivity) near the heated borehole. The 

temperatures decrease to near the initial temperature of 10°C (Figures 3 .12( c) and 

3.12(d)) at 50 and 100 days. Similar results as obtained for the homogeneous concrete 

case were obtained for the location 1.0 m down gradient, and for a borehole-interface 

separation distance of 1.5 m (Figure 3.13). 

The simulated temperatures for the borehole-interface separation distance of 1.0 

m (Appendix 0) are similar to those obtained for the separation distance of 1.5 m. During 

heating, the temperatures at 10 and 20 days range between 44°C to 47°C and 46.8°C to 

50.6°C, respectively, for a distance of 0.05 m from the heat injections. 

The simulated temperatures obtained for the separation distance 0.5 mare slightly 

larger than those obtained for the larger separation distances; the temperature values 

range between 40°C to 47°C (Figure 3.14(a)) and 41°C to 51°C (Figures 3.14(b)) at 10 

days and 20 days, respectively. These results are for a location 5 cm from the heated 

borehole. The temperature values generally fall to nearly 10°C during cooling. The same 

temperatures as for the homogeneous concrete case are simulated for the case of the 

distance from the borehole of 1.0 m down gradient (Figure 3.15). 

Figure 3 .16 shows simulated maximum temperature deviations in vertical 

temperature profiles for the five different hydraulic gradients and three separation 

distances. Again, the temperature deviations increase with decreasing distance between 
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the interface and the borehole heating and temperature monitoring locations, although by 

100 days the differences are small. Maximum temperature deviations range between 0.48 

to 0.90°C (Figures 3.16(a) and 3.16(b)) and 0.01 to 0.58°C (Figures 3.16(d) and 3.16(c)) 

during heating and cooling periods, respectively, for the separation distance of 1.5 m. The 

temperature deviations for the separation distance of 1.0 m range between 0.48°C and 

1.90°C during heating phase, and between 0.01 °C and 0.82°C during the cooling period. 

The temperature deviations obtained for the separation distance of 0.5 m are significantly 

larger during the heating phase than those obtained for the larger separation distances; the 

temperature deviations range between 0.53°C and 5.60°C, and 0.01°C and 1.13°C, during 

the heating and cooling phases, respectively. 

In summary, these results suggest that the borehole heating approach may be a 

feasible method for detecting zones of anomalous seepage. Predicted maximum 

temperature deviations in the range of 1.0-5.1°C are obtained after 20 days of heating for 

the borehole-interface separation distances of 1.0 m and 0.5 m. It thus appears that good 

temperature sensitivity, for example relative to distributed fibre optic sensors, can be 

achieved during the heating period. The interpretation of temperature profiles collected in 

boreholes close to the earth-concrete interface during and after heating could therefore 

provide information on the location(s) of permeable zones. With such information 

combined with numerical modeling, an estimate of seepage rates in this zone could be 

determined. The results, which were obtained by applying 164 W /m to the heated 

borehole, also indicate that the borehole should ideally be located less than 1.0 metre 

from the interface so that temperature deviations of 1.0°C and more are generated in the 

vertical temperature profiles. 

50 



4 Numerical Simulation of Heat Transport near a Clay Core-Concrete 
Interface at a Large Dam 

4.1 Introduction 

The Mactaquac dam is an embankment dam constructed with rock materials sealed 

by clay and it dams the waters of the Saint John River. The dam is located approximately 20 

km upstream from the City of Fredericton, New Brunswick (NB), and is currently managed 

by NB Power. The Mactaquac generating station was constructed between 1964 and 1968 

and is the largest hydroelectric generating facility in the Maritime Provinces (Beaman 

2007; Gilks et al. 2001). In the mid-1970s, distress in the concrete structures was first 

observed at Mactaquac, as evidenced by the increasing opening of a longitudinal joint in 

the powerhouse substructure (Gilks et al. 2001). The general arrangement of the main 

dam is illustrated in Figure 4.1. The entire dam structure is 55 m high, 518 m long, and 

has a crest level at elevation 42.1 m above mean sea level. The maximum water elevation 

is 39.7 m and the upstream reservoir has a maximum capacity of 1,307 million cubic 

metres. The dam has two concrete spill-ways (i.e. diversion spillway and main spillway) 

and serves as a public road bridge across the Saint John River. 

4.2 FEFLOW modeling of heat transport near the clay core-concrete interface of 
a large dam 

The main purpose of this section of the thesis is to simulate a borehole heat 

injection test for a geometry that is closer to an actual dam (based somewhat on the 

Mactaquac dam), and to include the effects of seasonal temperature fluctuations in the 

upstream reservoir that might be expected in a field setting. Figure 4.2 shows a three

dimensional conceptual model used for the simulation of the temperature distribution in 
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an embankment dam. The earth portion of the model (referred to as the embankment 

dam) is assumed to have the properties of sand and gravel, while the seepage zone is 

assumed to have properties similar to medium sand. The central impervious core is 

assumed to have the properties of clay. The anomalous seepage zone has an assumed 

thickness of 5 cm in the horizontal direction by 3 m in the vertical direction; the top of 

the anomalous seepage zone is located 13 m below the crest of the dam. The separation 

distance between the borehole in the concrete and the interface of the concrete-earth 

embankment is assumed to be 0.5 m. 

In this case, the temperature variations within the dam depend on changes in the 

upstream reservoir water temperature, the air temperature at the exposed surfaces of the 

dam, and the heat injected into the borehole located near the earth-concrete interface. For 

the current model, a simplified geometry based loosely on the Mactaquac dam has been 

considered. The dam segment simulated measured 20 m by 80 m in horizontal extent, and 

21 m in depth (Figure 4.3). The annual variation in the reservoir water level used in this 

analysis was assumed to be 5 m, which is considered typical of field conditions ( e.g. 

Smith and Konrad 2008). The borehole has an assumed length of 16.8 m and the top of 

the borehole is located 2.5 m below the crest of the dam and 1. 7 m above the dam 

bottom. The borehole is assumed to be uniformly heated along its entire length for a 

duration of 20 days (i.e. a constant heat injection rate of 164 W /m). 
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Figure 4.1. Mactaquac Dam - General Arrangement of Main Dam (Jessop and Harvie 
2003). 
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Figure 4.2. Conceptual model showing an earth-concrete dam for coupled reservoir water 
temperature monitoring and borehole heating experiment. Arrow indicates · water seepage. 

42.1 
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~ 
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w 

Figure 4.3. Dam segment used in FEFLOW simulation (Note: Figure not drawn to scale). 
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4.2.1 Finite element grid 

Figure 4.4 shows the 3D finite element mesh used in the modeling of variably

saturated water flow and heat transport. The grid contained 40,833 triangular elements 

and 23,690 nodes. The domain was subdivided into three regions with different material 

properties; the embankment dam, the interface, and the concrete structure. 

borehole location 

z 

Figure 4.4. Three dimensional view of the finite element grid. 

4.2.2 Boundary and initial conditions 

A time-varying reservoir level was applied as the flow boundary condition (i.e. a 

first type or Dirichlet boundary (Diersch 2009)) along the upstream dam face. Figure 4.5 

shows the variations in reservoir level and the mean reservoir temperature used. The 

maximum water level was assumed as 39.7 m at the free surface of the upstream 

reservoir. For this analysis, the reservoir level was varied between 34.7 m in cooler 
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months, to 39.7 m during periods of high runoff. A seepage face boundary condition was 

assigned along the downstream face of the dam. 

Time-dependent reservoir temperatures were assigned along the upstream face as 

the heat transport boundary condition (Dirichlet boundary). Reservoir water temperature 

values were taken from Smith and Konrad (2008) since they represent field conditions as 

shown in Figure 4.5. The reservoir water temperatures decrease to a nearly constant value 

of close to 0°C during winter and increase to 11 °C during summer. The Fredericton area 

daily mean air temperature values from 1952 to 2010 were obtained from Environment 

Canada (Fredericton A Station, Fredericton, New Brunswick) and these were assigned on 

the top and along the downstream face of the dam as the time-varying heat transport 

boundary condition. The mean air temperatures ranged from -8.95°C in January to a 

maximum of 19.75°C recorded in July. A type four heat boundary condition or a well 

boundary (singular point source) of 2755.2 W was applied at the borehole location from 

June 1 ( day 152) to June 20 ( day 171 ). At the bottom of the model, a no flow, or 

impermeable boundary, was assumed for flow and heat transport. Prior to simulating the 

injection of heat at the borehole, the simulation was run for a period of 9 years (3285 

days) so that a dynamic-steady state condition was established. Results are only shown 

for the year in which the borehole heat injection was simulated. 
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Figure 4.5. Mean reservoir temperature (after Smith and Konrad 2008) and assumed 
reservoir elevation used for numerical analysis. 

4.2.3 Material parameters 

Table 4.1 presents the model parameters used for the FEFLOW simulations. In 

this work, the porosity of the concrete structure was assumed to be uniform 

(homogeneous concrete). An average porosity of 0.12 was assigned based on the study by 

Muller and Haist (2009). 

The hydraulic properties for the earth materials were chosen based on the studies 

of Smith and Konrad (2008), Morris and Johnson (1967), and Varado et al. (2006). The 

hydraulic conductivity applied to the concrete structure was selected based on published 

values for dam construction materials (Mehta and Monteiro 1993). The thermal 

properties applied to the embankment dam were based on the studies of Markle and 

Schincariol (2007). The same values of heat capacity and thermal conductivity for 
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clay core, the seepage zone and the concrete structure as used in Section 3.2.5 were 

applied in this · simulation. As well, the same values of heat capacity and thermal 

conductivity of water, and longitudinal and transverse dispersivity, were used. 

Water flow through the dam is simulated using a variably-saturated flow model 

using the head-based ('I'-) form of Richards' equation, where the primary variable is the 

hydraulic head. In this simulation, the modified van Genuchten model (Diersch 2012) is 

used to describe saturated-unsaturated flow conditions. The van Genuchten parameters 

were selected based on the experimental investigation of moisture retention data for low 

to medium strength concrete (Kumar 2010). The parameters for the earth dam were 

chosen based on reported values for earth materials (Diersch and Perrochet 2009b ). 

Table 4.1. Model parameters for FEFLOW simulation 

Embankment Core (Clay) Seepage zone Concrete 
dam 

Hydraulic conductivity, K 
(ms-1) 

5.00 X 10-6 5.50 X 10-7 5.00 X 10-5 3.00 X 10-11 

Volumetric heat capacity, Cs 2.22 X 106 2.24 X 106 2.21 X 106 2.31 X 10° 
(Jm-3 Kt) 

Thermal conductivity, As 3.91 4.05 3.9 2.56 
(W m-1 K-1) 

Porosity, e 0.30 0.48 0.35 0.12 
Maximum saturation, Ss 1.00 1.00 1.00 1.00 
Residual saturation, Sr 0.08 0.23 0.08 0.20 
Curve fitting parameter, 6 1.00 1.00 1.00 1.00 
Curve fitting parameter, n 2.20 1.40 2.20 1.50 
Curve fitting parameter, m 0.55 0.29 0.55 0.34 
Curve fitting parameter, a (m-1

) 2.80 1.10 2.80 0.00051 

4.3 Results 

Figure 4.6 presents the temperature-depth profile in the concrete portion of the 

dam at a location 5.0 cm from the heat injection location for the assumed borehole-
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interface separation distance of 0.5 m. Figures 4.7 through 4.10 illustrate the temperature 

distribution within the dam at locations within the concrete and within the earth 

embankment of 0.45 m and 1.0 m from the interface, respectively, for the borehole

interface separation distance of 0.5 m. 
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Figure 4.6. Simulated temperature profiles for a distance from the heated borehole of 0.05 
m, and a borehole-interface separation distance of L1d = 0.5 m. Results are presented for a 
location in the concrete portion of the dam. Heat was applied to the borehole from June 1 

to June 20. 
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Figure 4.7. Temperature distribution within the dam for June 1 (day 1 of borehole 
heating) at a) a location within the concrete that is 0.45 m from the interface, and b) a 
location within the earth embankment that is 1.0 m from the interface. 
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Figure 4.8. Temperature distribution within the dam for June 10 ( day 10 of borehole 
heating) at a) a location within the concrete that is 0.45 m from the interface, and b) a 
location within the earth embankment that is 1.0 m from the interface. 
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Figure 4.9. Temperature distribution within the dam for June 20 (day 20 of borehole 
heating) at a) a location within the concrete that is 0.45 m from the interface, and b) a 
location within the earth embankment that is 1.0 m from the interface. 
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Figure 4.10. Temperature distribution within the dam for July 20 (30 days after borehole 
heating has ceased) at a) a location within the concrete that is 0.45 m from the interface, 
and b) a location within the earth embankment that is 1.0 m from the interface. 
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4.4 Discussion of simulation results 

The simulated seepage rates range from 3.9x10-6 m3/s to 5.7x10-6 m3/s in May 1 

and December 31, respectively, which is orders of magnitude lower than the reported 

values for seepage discharge between 0.1-0.20 m3/s from case studies at dams that have 

experienced internal erosion through the central core (Fell et al. 2005; Flores-Berrones et 

al. 2011 ). The average seepage rate of 4.4x 10-6 m3 Is is computed during the heating 

period (i.e. June 1 and June 20). 

The evolution of computed temperature in the concrete structure shows that the 

location of the maximum temperature deviations occurs at a depth that corresponds with 

the more permeable layer that is located between elevations 26.1 m and 29.1 m (Figure 

4.6). The maximum temperature deviations are in the range of 8.0-10.0°C during 

borehole heating (i.e. June 10 and June 20). The deviation values are less than 1.3°C 

during the cooling period (i.e. July 20 and August 11 ). Based on these results, it appears 

that the depth of anomalous seepage zones can be established using a relatively short time 

series of temperature data. In addition, large temperature deviations of up to 10.0°C can 

be generated that can be easily monitored using fibre optic DTS. 

The low temperatures that are maintained in the heat injection borehole, at depths 

corresponding to the anomalous seepage zone, result from the heat being carried away by 

advection within this region of the clay-concrete interface (Figures 4.7(a), 4.8(a), 4.9(a) 

and 4.lO(a)). The temperatures were lowered from 20°C to 5°C in this location. Simulated 

temperatures within the earth embankment dam, at a location 1.0 m from the interface 

(Figures 4.8(b), 4.9(b) and 4.lO(b)), show that there is only very minor temperature 
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deviations created from the borehole heating. The preferred location for the temperature 

monitoring is therefore within the concrete portion of the structure. 

In summary, the results show that seasonally varying reservoir and air 

temperatures did not adversely impact the borehole heating method in terms of detecting 

a more permeable zone at the earth-concrete interface. Because this simulation was 

conducted for a situation that resembles an actual dam configuration, it provides 

additional support for the application of the active borehole heating approach in field 

settings. 
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5 Conclusions and Recommendations 

In this research, numerical simulation was used to investigate the feasibility of 

employing active heat injection methods to identify anomalous seepage at the interface 

between earth embankments and adjoining concrete structures. The objectives of the 

research were to investigate the thermal response relative to the distance between the heat 

injection location and temperature monitoring boreholes, the separation distance from the 

earth-concrete interface, and the magnitude of the seepage rates within the zone of 

anomalous seepage. The main conclusions of this study are discussed below. 

For the parameter values and geometry assumed for the simplified conceptual 

model, the computed discharge rates through the anomalous seepage zone were in the 

range of 1.75xt0·3 Lis - 8.74x10·3 Lis for the corresponding range of hydraulic gradients 

of 0.21-1.05. The maximum discharge rate of 5.7x10·3 Lis through this zone was 

computed from the three-dimensional model based somewhat to Mactaquac dam. 

For a borehole to interface separation distance of 1.5 m, temperature deviations 

for a homogeneous concrete structure were larger during the cooling phase than during 

heating, and the maximum temperature deviation values were less than 0.6°C. 

Temperature deviations less than 1.0°C may not be large enough to confidently resolve in 

field installations, and it concluded that the heated borehole should be located closer to 

the interface than 1.5 m. 

The maximum temperature deviations were found to be larger than 1.0°C during 

the heating phase than cooling phase for the borehole-interface separation distances of 
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1.0 m and 0.5 m. Maximum temperature deviations in the range of l.O-l.4°C were 

simulated for the separation distance of 1.0 m (observed during heating phase (20 days)), 

whereas, the deviations were less than 0.82°C during the cooling phase. The maximum 

temperature deviations were simulated to be as large as 5 .1 °C for the separation distance 

of 0.5 m. Maximum temperature deviations of less than 3.0°C were simulated for a 

location 1.0 m down gradientof the heating location for all borehole-interface separation 

distances investigated. Measuring the temperature responses to heating as close to the 

heating location as feasible will therefore provide the most useful data. 

Temperature deviations for a conceptual model with nonhomogeneous concrete 

porosity were found to be close to the values obtained for the case of homogeneous 

concrete porosity. Variations in porosity of the magnitude studied here (i.e. 0.08 to 0.15) 

should not negatively impact the application of the active heating method. 

A simulation with realistic dam geometry, including seasonally varying reservoir 

and air temperature boundary conditions, showed that these factors would not overwhelm 

the temperature signal generated by borehole heating. Provided the borehole is heated to 

temperatures that are approximately 5°C to 10°C above the ambient dam temperatures, 

the active heating method should be feasible because the time period required for data 

collection is much shorter than the seasonally-induced temperature changes that occur 

within the dam. 

It is concluded that the interpretation of temperature data collected prior, during, 

and following heat injection near an earth-concrete interface should enable the 

identification of anomalous seepage zones. It is recommended that further experimental 
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studies be conducted, preferably in a field setting, to provide proof of the seepage 

monitoring concept proposed in this research. 

68 



6 References 

Anderson, M. P. (2005). Heat as a ground water tracer. Ground Water, 43(3): 951-968. 

Aufleger, M., Conrad, M., Goltz, M., Perzlmaier, S., and Porras, P. (2007). Innovative 
dam monitoring tools based on distributed temperature measurement. Jordan 
Journal of Civil Engineering, 1(1): 29-37. 

Aufleger, M., Domstlidter, J., and Mangarovski, 0. (2011). Distributed fiber optic 
temperature measurements in embankment dams with central core-new 
benchmark for seepage monitoring. Dams and Reservoirs under Changing 
Challenges. Edited by Robert M. Boes, Taylor & Francis Group, London, 107-
114. 

Artieres, 0., Bonelli, S., Fabre, J.-P., Guidoux, C., Radzicki, K., Royet, P., and Vedrenne, 
C. (2007). Active and passive defences against internal erosion of dikes. In: 
Intermediate Report of the European Working Group of International 
Commission on Large Dams (on assessment of the risk of internal erosion of 
water retaining structures: Dams, Dykes and Levees,), Freising, Germany, 17-19 
September 2007, 235-244. 

Artieres, 0., Beck, Y. L., Khan, A. A., Cunat, P., Fry, J. J., Courivaud, J. R., Guidoux, C., 
and Pinettes, P. (2010). Assessment of dams and dikes behavior with a fibre 
optics based monitoring solution. In: Proceedings of the 2"'1 International 
Congress on Dam Maintenance and Rehabilitation, Zaragoza, Spain, 23-25 
November 2010, 8p. 

Asawa, G. L. (2006). Irrigation and water resources engineering. New Age International 
(P) Ltd ISBN: 81-224-1673-X. 

Beaman, N. (2007). Prevention of expansion due to alkali silica reaction in concrete 
containing reactive aggregates from Mactaquac. M.Sc. thesis, Department of 
Civil Engineering, University of New Brunswick, Canada. 

Beck, Y. L., Khan, A. A., Cunat, P., Guidoux, C., Artieres, 0., Mars, J., and Fry, J. J. 
(2010). Thermal monitoring of embankment dams by fibre optics. In: 
Proceedings of the B'h International Congress on Large Dams, Austria, 22-23 
September 2010. International Commission on Large Dams (!COLD) 
European Club Symposium, 444-448. 

Birman, J. H., Esmilla, A. B., and Indreland, J.B. (1971). Thermal monitoring ofleakage 
through dams. Geological Society of America Bulletin, 82: 2261-2284. 

Boleve, A., Janod, F. M, Revil, A., Lafon, A., and Fry, J.-J. (2011). Localization and 
quantification of leakages in dams using time-lapse self-potential measurements 
associated with salt tracer injection. Journal of hydrology, 403: 242-252. 

69 



Bondarchuk, A. (2008). Rock mass behaviour under hydropower embankment dams: 
Results from numerical analyses. Licentiate thesis, Department of Civil, Mining 
and Environmental Engineering, Lulea University of Technology, Sweden. 

Boufadel, M. C., Suidan, M. T, Venosa, A. D., and Bowers, M. T. (1999). Steady seepage 
in trenches and dams: effects of capillary flow. Journal of Hydraulics 
Engineering, 125: 286-294. 

Carlsten, S., Johnsson, S., and Worman, A. (1995). Radar techniques for indicating 
internal erosion in embankment dams. Journal of Applied Geophysics, 33: 143-
156. 

Colpitts, B. and MacQuarrie, K. (2010). "Mactaquac Seepage Monitoring Proposal". 
Unpublished research proposal. Civil Engineering and Electrical Engineering 
Departments, University of New Brunswick, Canada. 

Constantz, J., and Stonestrom, D. A. (2003). Heat as a tracer of water movement near 
streams. In heat as a tool for studying the movement of ground water near 
streams, ed. D. A. Stonestrom and J. Constantz, 1-6, USGS Circular 1260. 
Reston, Virginia: USGS. 

Cooley, R. L. (1983). Some new procedures for numerical solution of variably saturated 
flow problems. Water Resources Research, 19(5): 1271-285. 

Diersch, H.-J. (1988). Finite element modelling of recirculating density-driven saltwater 
intrusion processes in groundwater, Advances in Water Resources, 11(1): 25-43. 

Diersch, H.-J. G. (2009a). Discrete feature modeling of flow, mass and heat transport 
processes by using FEFLOW. Finite Element Subsurface Flow &Transport 
Simulation System. White Papers, 1: 151-198. 

Diersch, H.-J. G. (2009b). Treatment of free surfaces in 20 and 30 groundwater 
modeling. Finite Element Subsurface Flow &Transport Simulation System. 
White Papers, 1: 67-100. 

Diersch, H.-J. G. (2009c). FEFLOw® Finite Element Subsurface Flow and Transport 
Simulation System. Reference manual. DHI-W ASY GmbH Berlin. 

Diersch, H.-J. G. (2009d). Chemical reactions. Finite Element Subsurface Flow & 
Transport Simulation System. White Papers, 1: 199-214. 

Diersch, H.-J. G. and Perrochet, P. (2009a). Error propagation in the Newton-based 
solution control of unsaturated flow. Finite Element Subsurface Flow & 
Transport Simulation System. White Papers, 1: 101-108. 

Diersch, H.-J. G. and Perrochet, P. (2009b). On the primary variable switching technique 
for simulating unsaturated-saturated flows. Finite Element Subsurface Flow & 
Transport Simulation System. White Papers, 1: 9-66. 

70 



Diersch, H.-J. G. (2010). DHI-WASY Software FEFLOw® 6. Finite Element 
Subsurface Flow and Transport Simulation System. User manual. DHI-W ASY 
GmbH Berlin. 

Diersch, H.-J. G. (2012). DHI-WASY Software FEFLOw® 6.1. Finite Element 
Subsurface Flow & Transport Simulation System. User manual. DHI-WASY 
GmbH Berlin. 

Dunnicliff, J. (1993). Geotechnical instrumentation for monitoring field performance. 
John Wiley & Sons, Inc. 

Eikenberry, W. F., Arthur, H. G., Bogner, N. F., Lacy, F. P. (JR.}, Schuster, R. T., and 
Willis, H.B. (1997). Failure of Teton dam: a report of findings. Teton dam failure 
review group. U.S. Department of the Interior. Denver Federal Center, Denver, 
Colorado. 

El-Kadi, A. I. (1985). On estimating the hydraulic properties of soil, Part 1. Comparison 
between forms to estimate the soil-water characteristic function. Adv. Water 
Resources, 8: 136-147. 

Eluwole, A. B. and Olorunfemi, M. 0. (2012). Time-lapsed geophysical investigation of 
the Mokuro earth dam embankment, southwestern Nigeria, for anomalous 
seepages. The Pacific Journal of Science and Technology, 14(1): 604-614. 

Esford, F. C. ( 1995). Heat flow through earth dams-a dam performance monitoring tool. 
M.Sc. thesis, University of British Columbia, BC. 

Fell, R., Wan, C. F., Cyganiewicz, J., and Foster, M. (2003). Time for development of 
internal erosion and piping in embankment dams. Journal of Geotechnical and 
Geoenvironmental Engineering, 129(4): 307-314. 

Fell, R. and Wan, C. F. (2005). Methods for estimating the probability of failure of 
embankment dams by internal erosion and piping in the foundation and from 
embankment to foundation. UNICIV report No. 436. The University of New 
South Wales, Jan. 2005. ISBN: 85841 403 1. 

Fell, R., MacGregor, P., Stapledon, D., and Bell, G. (2005). Geotechnical engineering of 
dams. Taylor & Francis Group pie, London, UK. 

Flores-Berrones, R., Ramirez-Reynaga, and Macari, E. J. (2011). Internal erosion and 
rehabilitation of an earth-rock dam. Journal of Geotechnical and 
Geoenvironmental Engineering, 137(2): 150-160. 

Foster, M., Fell, R., and Spannagle, M. (2000a). The statistics of embankment dam 
failures and accidents. Canadian Geotechnical Journal, 37(5): 1000-1024. 

Foster, M., Fell, R., and Spannagle, M. (2000b). A method for assessing the relative 
likelihood of failure of embankment dams by piping. Canadian Geotechnical 
Journal, 37(5): 1025-1061. 

71 



Fry, J.-J., Blais, J.-P., Perzlmaier, S., Aufleger, M. and Goltz, M. (2007). Introduction to 
the detection of internal erosion. In: Intermediate Report of the European 
Working Group of International Commission on Large Dams (on assessment of 
the risk of internal erosion of water retaining structures: Dams, Dykes and 
Levees,), Freising, Germany, 17-19 September 2007, 132-143. 

Gilks, P., May, T. and Curtis, D. (2001). "A review and management of AAR at 
Mactaquac generating station". Canadian Dam Association, CDA 2001 Annual 
Conference, 167-177. 

Huyakom, P.S., Thomas, S. D. and Thompson, B.M., (1984). Techniques for making 
finite elements competitive in modeling flow in variably saturated porous media. 
Water Resources Research, 20(8): 1099-1115. 

Inaudi, D. and Glisic, B. (2006). Distributed fibre optic strain and temperature sensing for 
structural health monitoring. In: the 3"' International Conference on Bridge 
Maintenance, Safety and Management, Porto, Portugal, 16-19 July 2006, 1-8. 

Johansson, S. and Dahlin, T. (1996). Seepage monitoring in an earth embankment dam by 
repeated resistivity measurements. European Journal of Environmental and 
Engineering Geophysics, 1: 229-247. 

Johansson, S. (1997). Seepage monitoring in embankment dams. Ph.D. thesis, Civil and 
Environmental Engineering Department, Royal Institute of Technology, Sweden. 

Johansson, S. (2009). A guide for seepage monitoring of embankment dams using 
temperature measurements. CEATI REPORT No. T062700-0214. 

Jessop B. M. and Harvie C. J. (2003). A CUSUM analysis of discharge patterns by a 
hydroelectric dam association of potential effects on the upstream migration of 
America! Eel Elvers. Canadian Technical Report of Fisheries and Aquatic 
Sciences No. 2454. Available from World Wide Web: 

http://www.dfo-mpo.gc.ca/Library/270449 .pdf 

Khan, A. A., Cunat, P., Beck, Y. L., Mars, J. I., Vrabie, V., and Fabre, J.-P. (2010). 
Distributed fibre optic temperature sensors for leakage detection in hydraulic 
structures. In: the 5th World Conference on Structural Control and Monitoring, 
Tokyo, Japan, 9 p. 

Konrad, J.-M., and Shen, M. (1996). 2D frost action modeling using the segregation 
potential of soils. Cold Regions Science and Technology, 24: 263-278. 

Kumar, A. (2010). Water flow and transport of chloride in unsaturated concrete. M.Sc. 
thesis, Civil and Geological Engineering Department, University of 
Saskatchewan, Saskatoon, Canada. 

72 



Lagerlund, J. (2009). Remedial injection grouting of embankment dams with non
hardening grouts. Licentiate thesis, Civil and Architectural Engineering, 
Stockholm, Sweden. 

Lapham, W. W. ( 1989). Use of temperature profiles beneath streams to determine rates of 
vertical ground-water flow and vertical hydraulic conductivity. United States 
Geological Survey Water-Supply Paper 2337, U.S. Geological Survey, Denver, 
co. 

Lee, C., Park, S., Won, J., and Choi, H. (2012). Back-analyses of in-situ thermal response 
test (TR T) for evaluating ground thermal conductivity. International Journal of 
Energy Research, DOI: 10.1002/er.2929. 

Lee, J-Y., Kim, H-S., Choi, Y-K., Lim, J-W., Cheon, J-Y., and Yi, M-J. (2007). 
Sequential tracer test for determining water seepage paths in a large rock-fill dam, 
Nakdong River basin, Korea. Engineering Geology, 89(3-4): 300-315. 

Levenick, J.L., Zawadzki, W., Haynes, A. and Manrique, R. (2009). Hydrogeological 
assessment of seepage through the Antamina tailings dam-Antamina 
Copper/Zinc Mine, Peru, South America. International Mine Water Conference, 
Pretoria, South Africa, ISBN No. 978-0-9802623-5-3, 730-737. 

Loperte, A., Bavus, M., Cerverizzo, G., Lapenna, V., and Soldovieri, F. (2011). Ground 
penetrating radar in dam monitoring: The test case of Acerenza (Southern Italy). 
International Journal of Geophysics, 2011: 1-9.doi:10.1155/2011/654194. 

Ma, R. and Zheng, C. (2010). Effects of density and viscosity in modeling heat as a 
groundwater tracer. Ground Water, 48(3): 380-389. 

Markle, J. M. and Schincariol, R. A. (2007). Thermal plume transport from sand and 
gravel pits-potential thermal impacts on cool water streams. Journal of 
Hydrology, 338: 174-195. 

Mattsson, G., Hellstrom, J. G. I. and Lundstrom, T. S. (2008). On internal erosion in 
embankment dams. Research report, Vol. 14, ISSN: 1402-1528, ISRN: LTU- FR. 
Lulea University of Technology, Sweden. 

Mehta, P. K. and Monteiro, J. M. (1993). Concrete: structure, properties, and materials, 
Prentice-Hall Inc., New Jersey. 

Morris, D. A. and Johnson, A. I. (1967). Summary of hydrologic and physical properties 
of rock and soil materials, as analysed by the hydrologic laboratory of the U.S. 
Geological Survey 1948-60. Geological Survey Water-Supply Paper 1839-D, 42p. 

Millier, H. S. and Haist, M. (2009). Concrete materials. jib Bulletin 51. Structural 
concrete textbook on behaviour, design and performance. 2°d ed., Vol. 1: 35-
149. 

Neville, A. M. (1995). Properties of concrete. Harlow: Longman Group Ltd. 

73 



Nwadibia, N. 0., Ugwu, E. I. and Aduloju, K. A. (2010). Theoretical analysis of the 
influence of the thermal diffusivity of clay soil on the thermal energy 
distribution in clay soil of Abakaliki, Nigeria. Research Journal of Applied 
Sciences, Engineering and Technology, 2(3): 216-221. 

Panthulu, T.V., Krishnaiah, C., and Shirke, J.M. (2001). Detection of seepage paths in 
earth dams using self-potential and electrical resistivity methods. Engineering 
Geology, 59(3-4): 281-295. 

Perzlmaier, S., Aufleger, M., and Dornstli.dter, J. (2007). Detection of internal erosion by 
means of the active temperature method. In: Intermediate Report of the European 
Working Group of International Commission on Large Dams ( on assessment 
of the risk of internal erosion of water retaining structures: Dams, Dykes and 
Levees,), Freising, Germany, 17-19 September 2007, 193-207. 

Porras, P. (2006). "Seepage and heat transport simulations for the further development 
of monitoring system for leakage in earthen structures". International FEFLOW 
User Conference, Berlin, Germany, 173-179. 

Radzicki, K. and Bonelli, S. (2012). Monitoring of the suffusion process development 
using thermal analysis performed with IRFT A model. In: the 61

h International 
Conference on Scour and Erosion, Paris. August 27 -31, 2012, 593-600. 

Richards, K. S. and Reddy, K. R. (2007). Critical appraisal of piping phenomena in earth 
dams. Bull. Eng. Geo!. Environ., 66: 381-402. 

Ronnqvist, H. (2008). Possible indicators of internal erosion prone dams comprising 
broadly graded materials. 'Ensuring reservoir safety into the future ': Proceedings 
of the 15th Conference of the British Dam Society. Thomas Telford, London, 
2008. 

Ronnqvist, H. (2010). Predicting surfacing internal erosion in moraine core dams. 
Licentiate thesis. Royal Institute of Technology, Sweden. 

Rubio, C. M., Ramon, J., and Ferrer, F. (2011). Influence of the hysteretic behaviour on 
silt loam soil thermal properties. Open Journal of Soil Science, 1: 77-85. 
doi:10.4236/ojss.2011.13011. 

Sasiharan, N. (2003). The failure of Teton dam-a new theory based on 'state based soil 
mechanics'. M.Sc. thesis, Department of Civil Engineering, Washington State 
University. 

Sheffer, M. R., Johansson, S., and Sjodahl, P. (2009). Recent developments in the use of 
temperature, resistivity and self-potential methods for monitoring embankment 
dam performance. Canadian Dam Association 2009 Annual Conference, 
Whistler, BC, Canada, 15 p. 

74 



Sjodahl, P. (2006). Resistivity investigation and monitoring for detection of internal 
erosion and anomalous seepage in embankment dams. Ph.D. thesis, Faculty of 
Engineering, Lund University. 

Sjodahl, P., Dahlin, T., Johansson, S. and Loke, M. H. (2008). Resistivity monitoring for 
leakage and internal erosion detection at Hallby embankment dam. Journal of 
Applied Geophysics, 65: 155-164. 

Smith, M. and Konrad, J.-M. (2008). Analysis of the annual thermal response of an earth 
dam for the assessment of the hydraulic conductivity of itscompacted till core. 
Canadian Geotechnical Journal, 45: 185-195. 

Smith, M., Cote, A., No!l, P ., and Babin, D. (2009). Characterising seepage at the 
junction of two embankment dams. In: Proceedings of 2009 CDA Annual 
Conference, Canadian Dam Association, Whistler, BC, Canada. 

Suiovska, M. (2007). Expected and actual seepage through the bodies and subsoils of 
earth dams. Slovak Journal of Civil Engineering, 19-28. 

Therrien, R. and Sudicky, E. A. (1996). Three-dimensional analysis of variably-saturated 
flow and solute transport in discretely-fractured porous media. Journal of 
Contaminant Hydrology, 23: 1-44. 

Torres, R. L. (2008). Considerations for detection of internal erosion in embankment 
dams. Biennial Geotechnical Seminar Conference, 82-98. 

V arado, N ., Braud, I., Ross, P. J ., and Haverkamp, R. (2005). Assessment of an efficient 
numerical solution of the ID Richards' equation on bare soil. Journal of 
Hydrology, 323: 244-257. 

Veesaert, C. J., Goris, J., Hammer, G. G., Huston, S. M., and McElroy, C. H. (2007). 
TADS: Training Aids for Dam Safety. Module: Inspection of embankment dam. 
Federal Emergency Management Agency (FEMA). Available from World Wide 
Web: 

http://www.deg.state.ms.us/MDEO.nsf/page/L& W Dam Safety?OpenDocument 

Wagner, R. and Clauser, C. (2005). Evaluating thermal response test using parameter 
estimation for thermal conductivity and thermal capacity. Journal of Geophysical 
Engineering, 2: 349-356. 

Zapata, R., Weis, C. and Bourne, J. (2010). "Assessment of post-closure flooding of 
Bonanza ledge open pit in British Columbia, Canada. International Conference 
on Water Management in the Mining Industry, Santiago, Chile. 

Zhu, P.Y., Zhou, Y., Thevenav, L., and Jiang, G. L. (2008). Seepage and settlement 
monitoring for earth embankment dams using fully distributed sensing along 
optical fibers. In: Proceedings of the International Society for Optics and 

75 



Photonics. International Conference on Optical Instruments and Technology, 
7160 716013-1: 7p. 

76 



Appendix A. Simplified Conceptual Model for a Borehole Heating 
Experiment Near an Earth-Concrete Interface 

77 



Figure A.1. A section used for borehole heating experiment near an earth-concrete dam. 
Detailed diagram is illustrated in Figure 3.1. (Note: Figure not drawn to scale) 
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MacQuarrie, K. and Colpitts, B. (2010). Mactaquac Seepage Monitoring Proposal 

Description of the Heat Injection System 

The down-hole heating system is to be composed of parallel electrical heater tapes 

suitable for direct burial. Each tape has a capacity of 39 watts/metre with additional heat 

output capacity achieved by using multiple heat tapes in parallel. In order to maintain the 

orientation of the down-hole equipment each heater and sensor will be strapped to the 

outside of a support pipe as depicted in Figure B. l. 

Support Pipe 

Heater Tape 

Optical Fiber Sensor 

Figure B.1. Support pipe showing orientation of heater tape and optical fiber sensors. 
Four heater tapes are shown which will provide 156 W/m of heating capacity. Three 
optical fiber sensors are shown, one is the Brugg cable used by Sensomet the other two 
are OFS cables for the UNB system. (Source: Colpitts and MacQuarrie 2010). 
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C.1 Numerical Modelling of Heat Transport Beneath Streams 

It was significant to first benchmark the computer code used in this study to show 

that the software solves fully coupled water flow and heat transport problems to some 

acceptable degree of accuracy. The numerical model was first applied to evaluate vertical 

temperature profiles in sediments beneath streams as presented by Lapham (1989). 

Lapham (1989) developed a numerical model based on a finite difference approximation 

of Stallman's (1963) equation describing the simultaneous flow of heat and fluid in 

porous media. He successfully applied the model to groundwater temperatures measured 

beneath streams at two sites in Massachusetts, and one site in New Jersey. 

This section focuses on comparisons of numerical simulation results from 

FEFLOw® with finite-difference solutions presented in Lapham (1989). Comparisons are 

carried out with respect to temperature profiles obtained for two vertical groundwater 

velocities. An idealized cross section of a homogeneous saturated aquifer measuring 10 

m x 10 min horizontal directions and 76.2 min depth was used. The thermal boundary 

conditions as presented in Lapham (1989) are: 

T = Tstream = Tav + Tsamp(sin((21r/r)d + ph)) at z = 0 

atz = L 

where Tstream is the temperature of the stream at any time d, Tav is mean stream 

temperature, Tsamp is the semi amplitude of the stream temperature variation during the 

harmonic pe~od (12.5°C), 'tis the period of harmonic g phase, dis time (365 days), phis 

the phase angle (0) and T gw is ambient groundwater temperature. These boundary 
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conditions produce stream temperatures at z = 0 m that range from O to 25°C, while 

groundwater temperature is constant at a mean stream temperature of 12.5°C at a depth of 

approximately 76 m (250 ft) below the stream bottom. Table C.1.1 lists the model 

parameters used in the numerical simulations. 

Table C.1.1. Model Parameters 

Porosity, n Aquifer Initial Thermal Volumetric Hydraulic 
thickness temperature conductivity heat car,acity conductivity 

(m) (OC) (J/s m K) (Jim K) (mis) 

0.25 1 12.5 1.4 2.73 X 106 2.31 X 10-4 

Simulated monthly profiles for two downward velocities are shown in Figure 

C.1.1. Figures C.1.1 a and C.1.1 b are compared with Figures 6B and 6A in Lapham 

(1989), respectively. Figures 6A and 6B in Lapham (1989) indicate that the temperature 

profiles and envelopes are sensitive to variations in the vertical groundwater velocity. 

FEFLOw® 6.0 was able to accurately reproduce the temperature profiles and envelopes 

below the river surface as shown in Figures C.1.1 a and C.1.1 b. 
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Figure C.1.1. Simulated monthly temperature profiles from FEFLOw® 6.0 for Darcy 
velocities of: a) q = 0.03 mid, and b) q = 0.3 mid. 
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C.2 Numerical Modelling of QA-01 Dam 

C.2.1 Introduction 

In 1997, a 3 year research project was initiated to develop a model for the 

interpretation of the temperature data and to determine the influence of seepage on the 

thermal response of the QA-01 dam (Smith and Konrad 2008). The dam was part of the 

LG-4 project of the James Bay hydroelectric complex in northern Quebec, Canada. It was 

constructed with sand and gravel materials and a central impervious core composed of 

compacted till. The dam measured 94.5 m high and 1360 m long. Figure C.2.1 illustrates 

a cross section of the dam and the locations of the temperature measurements. 

Temperature profiles were measured at different depths in the reservoir and in 

borehole and open-tube piezometers using manual temperature probes. Thermistor lines 

were used to collect temperature measurements in the reservoir and in the upstream and 

downstream filters of the dam. Temperature measurements from nearby reservoirs were 

also used. Apart from collecting temperature data, reservoir level was also monitored 

since its variation could change thermal boundary conditions with time. The reservoir 

level variations were less than 6 m during the period of study. 

Smith and Konrad (2008) used temperature data collected m the field to 

investigate the influence of hydraulic conductivity contrasts in horizontal layers within 

the core, variations in reservoir conditions ( elevation and temperature), unsaturated zones 

in the upstream sand and gravel shell and filters, as well as layer thickness and the 

location of more permeable zones in the core. They also used geostatistical analysis to 

compute the annual temperature amplitudes in areas where no temperature measurements 
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were collected. This method provided a spatial representation of the thermal amplitudes 

across the dam section in the direction of the seepage flow. 

This appendix describes details of model scenarios used for the numerical 

analysis of the dam. It also describes the FEFLOw® finite element grid used during 

simulation. The simulated results are compared to predicted temperatures profiles 

obtained by a modified model, SP-2D (Konrad and Shen 1996), and observed data. 

380 
370 g 360 

a = 
i = m 310 alluvlal foundation 

300 
290 - - - - - - - - -biclricli" - - -

-200 -160 -120 -80 -40 0 40 80 120 160 200 
DiSlance from axis (m) 

Figure C.2.1. Cross section of the QA-01 dam. u/s, upstream; dis, downstream (as 
presented in Smith and Konrad 2008) 

C.2.2 Modeling of QA-01 dam, northern Quebec, Canada 

In the current study, the FEFLOw® software was used to investigate zones of 

increased seepage in the compacted till core of the QA-01 dam. In these simulations, two 

forms of Richards' flow equation were used: the head-based (w-) form, where the 

primary variable is the hydraulic head, and the saturation-based (s-) form, where the 

saturation ( or moisture content 0) is selected as the primary variable (Diersch and 

Perrochet 2009b ). A mass-conservative solution procedure based on chord slope 

approximation for the moisture capacity term was chosen for the standard w-form, while 

89 



the analytic derivative scheme was selected for the s-form. SAMG and BiCGSTAP 

solvers were selected for solving symmetric and nonsymmetric equation systems, 

respectively. FEFLOW® results were obtained for a simulation time of 3650 days (10 

years). A first-order-accurate predictor-corrector method (Forward Euler/Backward Euler 

(FE/BE)) was selected for time step length control. 

C.2.2.1 Finite element grid 

The two dimensional domain was discretized into a finite element grid containing 

7,526 triangular elements and 3,907 nodes as shown in the Figure C.2.2. The model 

domain was based on the study conducted by Smith and Konrad (2008). A flexible 

triangulation algorithm (GridBuilder (Diersch 2010)) was used to generate the mesh for 

the domain. 

182.0 

Figure C.2.2. The finite element mesh used to analyse the QA-01 dam. 

C.2.2.2 Boundary and initial conditions 

A 1st type boundary (i.e. Dirichlet boundary condition) for hydraulic head was 

imposed along the line AB with a time-varying water level. A seepage face condition was 

assigned along the line DC (Figure C.2.2). In this boundary condition, FEFLOw® applies 
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an additional constraint condition (i.e. a maximum flux = 0 m3 /s) that only allows 

outflow (Diersch 2012). Along the line BC a zero flux condition (Neumann boundary 

condition) was assumed for water flow and heat transport. Temperature boundaries were 

prescribed in the reservoir along the line AB and in the air along the line ADC. The initial 

head and temperature conditions were taken as 36.5 m and 3°C respectively. 

C.2.2.3 Material parameters 

Table C.2.1 presents the hydraulic conductivities used in the FEFLOw® 

simulations. The hydraulic properties of the embankment dam were selected based on the 

studies of Smith and Konrad (2008), and Morris and Johnson (1967). The embankment 

dam is assumed to have the properties of sand and gravel materials, while the core was 

composed of clay till with a porosity of 0.5. The thermal properties of the embankment 

dam were chosen based on the study of Markle and Schincariol (2007). Van Genuchten 

parameters for the earth dam were chosen based on reported values for earth materials 

(Diersch and Perrochet 2009b ). A summary of physical properties used in the FEFLOw® 

simulations is given in Table C.2.2. 

Table C.2.1. Hydraulic conductivity values used for the FEFLOW simulation 

Elevation of pervious Upstream and Upstream and Core 
layers downstream shells downstream filters 
(m) K (mis) K (mis) K (mis) 

360-381 5x10-S 5x10-6 lxt0·' 

350-360 5x10·5 2xl0-5 2x10-6 

340-350 lx104 4x10·S 2.5x10-6 

Note: K, hydraulic conductivity 
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Table C.2.2. Physical properties for FEFLOW simulation 

Parameter Symbol Value Unit Data Source 

Porosity of the core E 0.5 a 

Porosity of the embankment dam E 0.3 a 

Volumetric heat capacity of water Cw 4.2 X 106 1m-JK1 b 

Volumetric heat capacity of the core Cs 0.694 X 106 J m·JK·1 
C 

Volumetric heat capacity of the Cs 2.24 X 106 1 m·3 K·1 d 
embankment dam 

Thermal conductivity of water A.w 0.65 J m·1 s·1 K-1 b 

Thermal conductivity of the core ls 2.99 J m·1 s·1 K·1 
C 

Thermal conductivity of the ls 3.91 J m·1 s·1 K·1 d 
embankment dam 

Longitudinal dispersivity al 0 m a 

Transverse dispersivity U7 0 m a 

Initial temperature To 3 oc a 

Residual saturation (core) s, 0.23 b 

Residual saturation s, 0.08 b 
( embankment dam) 

Maximum saturation (core) Ss I b 

Maximum saturation Ss 1 b 
( embankment dam) 

Curve-fitting parameter (core) a 1.1 m-1 b 

Curve-fitting parameter a 2.8 m·• b 
( embankment dam) 

Curve-fitting parameter (core) n 1.4 b 

Curve-fitting parameter n 2.2 b 
( embankment dam) 

Curve-fitting parameter (core) m 0.29 b 

Curve-fitting parameter m 0.55 b 
( embankment dam) 

Curve-fitting parameter (core) 0 I b 

Curve-fitting parameter 0 1 b 
( embankment dam) 

Note: a) Morris and Johnson 1967, b) Diersch and Perrochet 2009b, c) Smith and Konrad 
2008, and d) Markle and Schincariol 2007 
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C.2.3 Results 

Figures C.2.3 and C.2.4 present the results obtained using the head-based form of 

Richards' equation with and without coupling between heat transport and groundwater 

flow, respectively. Figures C.2.5 and C.2.6 illustrate the results from the saturation-based 

Richards' equation with and without coupling between heat transport and groundwater 

flow. Figure C.2. 7 shows the temperature distribution within the dam at day 1739 

(October 7) 

C.2.4 Discussion of modelling results 

The FEFLOw® results were compared to those obtained at the QA-01 dam as 

reported by Smith and Konrad (2008). Reasonable agreement is achieved between the 

FEFLOw® simulation results (Figures C.2.3(a), C.2.4(a), C.2.5(a) and C.2.6(a)) and the 

measured temperature profiles in the core. Similarly, the simulated results obtained in the 

upstream filters (Figures C.2.3(b ), C.2.4(b ), C.2.5(b) and C.2.6(b )) are in close agreement 

with those obtained using the SP-2D finite element code; however, they do not match 

exactly due to limited information and data provided in the paper. Such information and 

data include hydraulic properties of the dam (i.e. porosity values for till core and 

sand/gravel materials and hydraulic conductivity values between elevations 345-350 m 

and elevations 350-360 m), thermal properties of the embankment dam (i.e. sand and 

gravel materials), and curve fitting parameters for unsaturated-saturated model. 

Furthermore, the simulation results with and without the coupling between heat transport 

and groundwater flow are similar for both forms. 
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The simulated temperature distribution within the dam section (Figure C.2. 7) is 

also compared with the annual temperature amplitudes obtained by Smith and Konrad 

(2008) using geostatistical techniques. Again, there is good agreement between the two 

analyses in terms of their shape and distribution within the dam. The location of a zone of 

higher seepage velocity within the core is indicted by the hydraulic flow line ABC 

(Figure C.2. 7). 

C.3 Summary and Conclusions 

In conclusion, the computer code FEFLOw® was successfully benchmarked by 

reproducing the temperature profiles presented by Lapham ( 1989) and the temperature 

results presented by Smith and Konrad (2008) for the QA-01 dam. Both comparisons 

provided reasonable agreement between simulated results and the previously published 

data. 
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Figure C.2.3. Predicted temperature profiles for a) the core, and b) the upstream filter. el., 
elevation. (Head-based form of Richards ' equation: simulations include coupling 
between heat transport and groundwater flow) 
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Figure C.2.5. Predicted temperature profiles for a) the core, and b) the upstream filter. el. , 
elevation. (Head-saturation based form of Richards ' equation: simulations include 
coupling between heat transport and groundwater flow) 
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Appendix D. Concrete Porosity Values 
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Table D.1. Porosity values assigned for the second conceptual model with 
nonhomogeneous concrete. Each 2 m-model layer was assigned a porosity value, which 
was assumed to be constant within that vertical segment of the model domain. 

Elevation (m) Porosity, s rl 
0-2 0.08 
2-4 0.10 

4-6 0.09 

6-8 0.12 

8-10 0.14 

10-12 0.12 

12- 14 0.08 

14- 16 0.11 

16- 18 0.12 

18-20 0.09 

20-22 0.13 

22-24 0.15 
24-26 0.08 
26-28 0.10 

28-30 0.14 

30-32 0.12 
32-34 0.11 

34-36 0.08 

36-38 0.12 

38-40 0.14 

40-42 0.09 

42-44 0.13 

44-46 0.11 

46-48 0.12 

48- 50 0.15 
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Appendix E. Temperature Variations as a Function of Time for a 
Borehole-Interface Separation Distance 1.0 m: Homogeneous 

Concrete Case 
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Figure E.1. Temperature variations as a function of time for a borehole-interface 
separation distance of ~d = 1.0 m, at a) the heated borehole location, and b) a distance 
from the heated borehole of 0.05 m. Results are shown for six values of the hydraulic 
gradient, i. 
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Appendix F. Temperature Variations as a Function of Time for a 
Borehole-Interface Separation Distance 0.5 m: Homogeneous 

Concrete Case 
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Figure F. l. Temperature variations as a function of time for a borehole-interface 
separation distance of Lid= 0.5 m, at a) the heated borehole location, and b) a distance 
from the heated borehole of 0.05 m. Results are shown for six values of the hydraulic 
gradient, i. 
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Appendix G. Temperature Variations for a Borehole-Interface 
Separation Distance 1.0 m: Homogeneous Concrete Case 
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Figure G.l. Temperature profiles from the heated borehole for a borehole-interface 
separation distance of L1d = 1.0 m, for a) 5 days, b) 20 days, andc) 50 days. The distance 
extends from the heated borehole perpendicular to the interface and crosses the interface 
at 1.0 m. Results are shown for six values of the hydraulic gradient, i. 
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Appendix H. Temperature Variations for a Borehole-Interface 
Separation Distance 1.S m: Homogeneous Concrete Case 
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Figure H.1. Temperature profiles from the heated borehole for a borehole-interface 
separation distance of ~d = 1.5 m, for a) 5 days, b) 20 days, and c) 50 days. The distance 
extends from the heated borehole perpendicular to the interface and crosses the interface 
at 1.5 m. Results are shown for six values of the hydraulic gradient, i. 
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Appendix I. Vertical Temperature Profiles for a Borehole-Interface 
Separation Distance 1.S m: Homogeneous Concrete Case 
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Figure 1.1. Vertical temperature profiles at the heated borehole for a borehole-interface 
separation distance of Lid = 1.5 m, for a) 10 days, b) 20 days, c) 50 days, and 100 days. 
Results are shown for six values of the hydraulic gradient, i. 
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Appendix J. Vertical Temperature Profiles for a Borehole-Interface 
Separation Distance O.S m: Homogeneous Concrete Case 
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Figure J. l. Vertical temperature profiles at the heated borehole for a borehole-interface 
separation distance of Lid= 0.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. 
Results are shown for six values of the hydraulic gradient, i. 
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Appendix K. Vertical Temperature Profiles for a Borehole-Interface 
Separation Distance 1.0 m: Homogeneous Concrete Case 
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Figure K.1. Vertical temperature profiles at the heated borehole for a borehole-interface 
separation distance of ~d = 1.0 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. 
Results are shown for six values of the hydraulic gradient, i. 
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Figure K.2. Vertical temperature profiles for a distance from the borehole of 0.05 m, and 
a borehole-interface separation distance of Lid = 1.0 m, for a) days, b) 20 days, c) 50 days, 
and d) 100 days. Results are shown for six values of the hydraulic gradient, i. 
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Figure K.3. Vertical temperature profiles for a distance from the borehole of 1.0 m down 
gradient, and a borehole-interface separation distance of ~d = 1.0 m, for a) 10 days, b) 20 
days, c) 50 days, and d) 100 m. Results are shown for six values of the hydraulic 
gradient, i. 
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Appendix L. Maximum Temperature Deviations: Homogeneous 
Concrete Case 
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Table L. l. Maximum temperature deviations (~ T) for vertical temperature profiles at the 
heated borehole. 

Distance, r = 0 
.!\T 0e (days) 

Separation Distance, ad (m) i = 0 i = 0.21 i = 0.42 i = 0.63 i = 0.84 i = 1.05 
1.5 0.00 (10) 0.04 (10) 0.05 (10) 0.05 (10) 0.05 (10) 0.06 (10) 

0.00 (20) 0.24 (20) 0.30 (20) 0.32 (20) 0.33 (20) 0.34 (20) 
0.01 (50) 0.43 (50) 0.52 (50) 0.54 (50) 0.54 (50) 0.54 (50) 

0.01 (100) 0.24 (100) 0.28 (100) 0.29 (100) 0.28 (100) 0.28 (100) 
1.0 0.00 (10) 0.38 (10) 0.46 (10) 0.49 (10) 0.50(10) 0.50 (10) 

0.01 (20) 0.99 (20) 1.19 (20) 1.25 (20) 1.27 (20) 1.26 (20) 
0.01 (50) 0.68 (50) 0.79 (50) 0.80 (50) 0.79 (50) 0.77 (50) 

0.01 (100) 0.30 (100) 0.34 (100) 0.34 (100) 0.33 (100) 0.32 (100) 
0.5 0.05 (10) 2.99 (10) 3.22 (10) 3.24 (10) 3.20 (10) 3.13 (10) 

0.08 (20) 4.44 (20) 4.78 (20) 4.77 (20) 4.66 (20) 4.53 (20) 
0.01 (50) 1.09 (50) 1.15 (50) 1.12 (50) 1.07 (50) 1.02 (50) 

0.01 (100) 0.41 (100) 0.43 (100) 0.42 (100) 0.40 (100) 0.38 (100) 

Table L.2. Maximum temperature deviations (a T) for vertical temperature profiles 1.0 m 
down gradient. 

Distance, r = 1.0 m 
.!\T 0e (days) 

Separation Distance, ad (m) i=O i = 0.21 i = 0.42 i = 0.63 i = 0.84 i = 1.05 
1.5 0.00 (10) 0.02 (10) 0.03(10) 0.03(10) 0.03(10) 0.03(10) 

0.00 (20) 0.25(20) 0.21(20) 0.23(20) 0.24(20) 0.25(20) 
0.01 (50) 0.35 (50) 0.44(50) 0.47(50) 0.47(50) 0.48(50) 

0.01 (100) 0.20(100) 0.24 (100) 0.25(100) 0.26(100) 0.25(100) 
1.0 0.00 (10) 0.15(10) 0.21(10) 0.25(10) 0.27(10) 0.28(10) 

0.01 (20) 0.56 (20) 0.75 (20) 0.83 (20) 0.87 (20) 0.88(20) 
0.01 (50) 0.56 (50) 0.66 (50) 0.69(50) 0.69 (50) 0.68(50) 

0.01 (100) 0.25(100) 0.29 (100) 0.30(100) 0.30(100) 0.29(100) 
0.5 0.01 (10) 0.98 (10) 1.34 (10) 1.50(10) 1.50 (10) 1.62 (10) 

0.02(20) 2.06 (20) 2.57 (20) 2.76 (20) 2.83 (20) 2.82 (20) 
0.01 (50) 0.91 (50) 1.01 (50) 1.01 (50) 0.99 (50) 0.95 (50) 

0.01 (100) 0.35(100) 0.39 (100) 0.39(100) 0.38 (100) 0.36 (100) 
Note: i, hydraulic gradient 
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Appendix M. Vertical Temperature Profiles for a Borehole-Interface 
Separation Distance 1.5 m: Nonhomogeneous Concrete Case 
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Figure M.1. Vertical temperature profiles at the heated borehole for a borehole-interface 
separation distance of ~d = 1.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. 
Results are shown for six values of the hydraulic gradient, i. 
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Appendix N. Vertical Temperature Profiles for a Borehole-Interface 
Separation Distance 0.5 m: Nonhomogeneous Concrete Case 
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Figure N.1. Vertical temperature profiles at the heated borehole for a borehole-interface 
separation distance of ~d = 0.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. 
Results are shown for six values of the hydraulic gradient, i. 
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Appendix 0. Vertical Temperature Profiles for a Borehole-Interface 
Separation Distance 1.0 m: Nonhomogeneous Concrete Case 
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Figure 0.1. Vertical temperature profiles at the heated borehole for a borehole-interface 
separation distance of ~d = 1.0 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. 
Results are shown for six values of the hydraulic gradient, i. 
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Figure 0.2. Vertical temperature profiles for a distance from the borehole of 0.05 m, and 
a borehole-interface separation distance of ~d = 1.0 m, for a) 10 days, b) 20 days, c) 50 
days, and d) 100 days. Results are shown for six values of the hydraulic gradient, i. 
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Figure 0.3. Vertical temperature profiles for a distance from the borehole of 1.0 m down 
gradient, and a borehole-interface separation distance of ~d = 1.0 m, for a) 10 days, b) 20 
days, c) 50 days, and d) 100 days. Results are shown for six values of the hydraulic 
gradient, i. 
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Appendix P. Maximum Temperature Deviations: Nonhomogeneous 
Concrete Case 

138 



Table P .1. Maximum temperature deviations (~ T) for vertical temperature profiles at the 
borehole: nonhomogeneous concrete case (concrete: hydraulic conductivity, K = 3 x 10·11 

mis) 
Distance, r = 0 

AT°C (days) 
Separation Distance, Ad (m) i = 0 i = 0.21 i = 0.42 i = 0.63 i = 0.84 i = 1.05 

1.5 1.19 (10) 1.24 (10) 1.25 (10) 1.25 (10) 1.25 (10) 1.26 (10) 
1.24 (20) 1.49 (20) 0.55 (20) 1.57 (20) 1.58 (20) 1.59 (20) 
0.02 (50) 0.45 (50) 0.54 (50) 0.56 (50) 0.56 (50) 0.56 (50) 

0.01 (100) 0.24 (100) 0.28 (100) 0.28 (100) 0.28 (100) 0.27 (100) 
1.0 1.37 (10) 1.76 (10) 1.84 (10) 1.87 (10) 1.88 (10) 1.89 (10) 

1.42 (20) 2.41 (20) 2.61 (20) 2.68 (20) 2.70 (20) 2.69 (20) 
0.02 (50) 0.69 (50) 0.79 (50) 0.80 (50) 0.79 (50) 0.77 (50) 

0.01 (100) 0.29 (100) 0.32 (100) 0.33 (100) 0.32 (100) 0.31 (100) 
0.5 0.88 (10) 3.82 (10) 4.09 (50) 4.12 (10) 4.07 (10) 4.00 (10) 

0.95 (20) 5.32 (20) 5.66 (20) 5.65 (20) 5.55 (20) 5.42 (20) 
0.02 (50) 1.05 (50) 1.11 (50) 1.08 (50) 1.04 (50) 0.98 (50) 

0.01 (100) 0.38 (100) 0.41 (100) 0.40 (100) 0.38 (100) 0.36 (100) 
Note: i, hydraulic gradient 
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Appendix Q. Temperature Profiles for a Borehole-Interface Separation 
Distance 1.5 m: Homogeneous Concrete Case(Hydraulic Conductivity, 

K = 3.0 x 10-9 m/s) 
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Figure Q.1. Vertical temperature profiles at the heated borehole for a borehole-interface 
separation distance of ~d = 1.5 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. 
Results are shown for six values of the hydraulic gradient, i. 
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Figure Q.2. Vertical temperature profiles for a distance from the borehole of 0.05 m, and 
a borehole-interface separation distance of ~d = 1.5 m, for a) 10 days, b) 20 days, c) 50 
days, and d) 100 days. Results are shown for six values of the hydraulic gradient, i. 
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Appendix R. Temperature Profiles for a Borehole-Interface Separation 
Distance 1.0 m: Homogeneous Concrete Case (Hydraulic Conductivity, 

K = 3.0 x 10-9 mis) 
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Figure R.1. Vertical temperature profiles at the heated borehole for a borehole-interface 
separation distance of ~d = 1.0 m, for a) 10 days, b) 20 days, c) 50 days, and d) 100 days. 
Results are shown for six values of the hydraulic gradient, i. 
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Figure R.2. Vertical temperature profiles for a distance from the borehole of 0.05 m, and 
a borehole-interface separation distance of ~d = 1.0 m, for a) 10 days, b) 20 days, c) 50 
days, and d) 100 days. Results are shown for six values of the hydraulic gradient, i. 
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Appendix S. Temperature Profiles for a Borehole-Interface Separation 
Distance O.S m: Homogeneous Concrete Case (Hydraulic Conductivity, 

K = 3.0 x 10-9 m/s) 
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Figure S. l. Vertical temperature profiles at the heated borehole for a borehole-interface 
separation distance of ~d = 0.5 m, for a) 10 day, b) 20 days, c) 50 days, and d) 100 days. Results 
are shown for six values of the hydraulic gradient, i. 
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Figure S.2. Vertical temperature profiles for a distance from the borehole of 0.05 m, and a 
borehole-interface separation distance of ~d = 0.5 m, for a) 10 days, b) 20 days, c) 50 days, and 
d) 100 days. Results are shown for six values of the hydraulic gradient, i. 
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Appendix T. Maximum Temperature Deviations: Homogeneous 
Concrete Case (Hydraulic Conductivity, K = 3.0 x 10-9 m/s) 
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Table T.1. Maximum temperature deviations (AT) for vertical temperature profiles at the 
9 borehole (concrete: hydraulic conductivity, K = 3 x 10- mis) 

Distance, r = 0 
AT°C (days) 

Separation Distance, Ad (m) i = 0 i = 0.21 i = 0.42 i = 0.63 i = 0.84 i = 1.05 
1.5 0.00 (10) 0.04 (10) 0.05 (10) 0.05 (10) 0.06 (10) 0.06 (10) 

0.00 (20) 0.24 (20) 0.30 (20) 0.32 (20) 0.33 (20) 0.33 (20) 
0.01 (50) 0.43 (50) 0.52 (50) 0.54 (50) 0.54 (50) 0.54 (50) 

0.01 (100) 0.24 (100) 0.27 (100) 0.28 (100) 0.27 (100) 0.27 (100) 
1.0 0.00 (10) 0.37 (10) 0.45 (10) 0.48 (10) 0.49 (10) 0.49 (10) 

0.01 (20) 0.99 (20) 1.18 (20) 1.24 (20) 1.25 (20) 1.24 (20) 
0.01 (50) 0.68 (50) 0.78 (50) 0.79 (50) 0.78 (50) 0.76 (50) 

0.01 (100) 0.29 (100) 0.32 (100) 0.33 (100) 0.32 (100) 0.30 (100) 
0.5 0.05 (10) 2.94 (10) 3.19 (10) 3.20 (10) 3.14 (10) 3.07 (10) 

0.08 (20) 4.42 (20) 4.73 (20) 4.70 (20) 4.58 (20) 4.43 (20) 
0.01 (50) 1.05 (50) 1.11 (50) 1.08 (50) 1.03 (50) 0.98 (50) 
0.01 (100) 0.39 (100) 0.41 (100) 0.40 (100) 0.38 (100) 0.35 (100) 

Note: i, hydraulic gradient 

Table T.2. Maximum temperature deviations (AT) for vertical temperature profiles 5 cm 
9 from the borehole (concrete: hydraulic conductivity, K = 3 x 10- mis) 

Distance, r = 0 .05 m 
AT°C (days) 

Separation Distance, Ad (m) i = 0 i = 0.21 i = 0.42 i = 0.63 i = 0.84 i = 1.05 
1.5 0.00 (10) 0.04 (10) 0.06 (10) 0.06 (10) 0.06 (10) 0.06 (10) 

0.00 (20) 0.26 (20) 0.32 (20) 0.35 (20) 0.36 (20) 0.36 (20) 
0.01 (50) 0.45 (50) 0.53 (50) 0.56 (50) 0.56 (50) 0.55 (50) 

0.01 (100) 0.24 (100) 0.28 (100) 0.29 (100) 0.28 (100) 0.27 (100) 
1.0 0.00 (10) 0.41 (10) 0.50 (10) 0.53 (10) 0.54 (10) 0.54 (10) 

0.01 (20) 1.06 (20) 1.26 (20) 1.32 (20) 1.34 (20) 1.33 (20) 
0.01 (50) 0.70 (50) 0.80 (50) 0.81 (50) 0.79 (50) 0.77 (50) 

0.01 (100) 0.29 (100) 0.33 (100) 0.33 (100) 0.32 (100) 0.31 (100) 
0.5 0.05 (10) 3.20 (10) 3.46 (10) 3.47 (10) 3.40 (10) 3.31 (10) 

0.09 (20) 4.72 (20) 5.03 (20) 4.99 (20) 4.86 (20) 4.70 (20) 
0.01 (50) 1.07 (50) 1.12 (50) 1.09 (50) 1.04 (50) 0.98 (50) 

0.01 (100) 0.39 (100) 0.42 (100) 0.40 (100) 0.38 (100) 0.36 (100) 
Note: i, hydraulic gradient 
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