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Abstract 

Seasonal thermal stresses have been found to contribute signitkantly to the long term 

degradatiot' of strength and stiffness of concrete dams located in northern regions. Muretlver, 

thermal stresses and strains must be evaluatP.d to define the initialloading conditions for s~isrnh: 

satety analyses. In this study, tinite element procedures to model the thermal responsc of 

concrete gravit y dams are presented. Heat transfer and structural mndels of a typh:al dam­

foundation-reservoir system are developed. The reservoir, toundation, and air temperature 

variations, as weil as solar radiation, are evaluated from data collected from different sources. 

The rate of convergence of the numerical solution is examined, and a methodology to identify 

the critical temperature states and to compute the related stresses, considering creep. is 

pr~ented. 

Extensive parametric analyses are then performed to determine the relative intluence of 

(i) the geometrical, thermal, and mechanicru properties of the dam, (ii) the reservoir, foundation 

and air temperature distributions, and (iii) the heat supply from solar radiation, on the stress­

strain response of the system. Temperature states to define critical stress conditions for 

structural saf(~ty analysis are determined. 

Significant thermal stresses occur in the vicinity of the exposed surfaces of the dam. The 

typical depth of frost penetration is about 6m. The parameters which affect the surface stresses 

most are the air temperature distribution and the height of the dam, while for the froSl 

penetration they are the solar radiation, convection coeffident. and conduction coefficient. 



Résumé 

Les contraintes saisonnières d'origine thermique contribuent de façon significative à la 

dégradation de la rigidité et de la résistance des barrages de béton situés en régions nordiques. 

De plu~, les contraintes et déformations d'origine thermique doivent être évaluées afin de définir 

les conditions initiales pour les analyses de vérification sismiques. Dans cette étude, une 

rrocédure utilisant la méthode des éléments finis pour modéliser la réponse thermique des 

barrage-poids en béton est présentée. Des modèles d'analyse de transfert l1e chaleur et structural 

sont développés pour un système barragf-fondation-réservoir typique. Les variations de 

températures du réservoir, de la fondation et de l'air, de même que l'effet des radiations ~olaire 

sont évaluées à partir de données obtenues de différentes sources. La convergence des solutions 

numériques est examinée, et une méthodologie pour identifier les états critiques de température 

et calculer les cuntraintes qui y sont associées, tout en tenant compte du fluage, est présentée. 

Une étude paramétrique exhaustive est menée afin de déterminer l'influence (i) des 

propriétés géométriques, thermiques, et mécaniques du barrage, (ii) de la distribution des 

températures dans le réservoir, la fondation, et l'air, et (iii) de l'absorption de chaleur par 

radiatiun solaire, sur l'étal de contrainte et de déformation du système. Les distributions 

critiques de température définissant les conditions initiales pour des études d'intégrité structurale 

subséquentes sont établies. 

Des contraintes thermiques importantes se produisent près des surfaces exposées du 

barrage. La pénétration typique du gel et d'environ 6m. Les paramètres qui affectent le plus les 

contraintes de surface sont la température de l'air et la hauteur du barrage, alors que pour la 
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pénétration du gel ce sont les radiations solaire. le ~lleftïcient de condu~tion. t!t It! ~o~ftidt!nt 

de convection. 

Hi 



Acknowledgerr.ents 

The author would like to express hls gratitude to his research supervisor, Dr. P. Léger, 

t()r the helpful ~()mments and suggestions made during the course of this study. 

The tinanclaJ support provided by the F.O. Fowler Fellowship was greatly appreciated. 

The computational environment provided by research funds from the National Sciences and 

Engineering Research Council of Canada is gratefully acknowledged. 

The author would Iike to thank Sudip Bhattacharjee for his assistance in verifying the 

computational results. and Eduardo Guevara for having helped in preparing the computer 

mndels. 

iv 

• 



Table of Contents 

List of Figures .......... . ...... . VIIi 

List of Tables . . . . . . . . . . .. ......... ... . 

CHAPTER 1 

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

1.1 Overview and Objectives . . . . . . . . . . . . . . .. ..... ... . 

1.2 Past Work .. , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. ....... 5 

1.3 Organization of the Thesis ...... . . . . . . . . . . . . . . . . . . . . . . . . .. 7 

CHAPTER 2 

Structural Analysis cf Concrete Dams Including Thermal Effectli 8 

2.1 Heat Transfer Processes and Thermal Stresses. . . . . . . . . . . . . . . . . . .. 8 

2.2 Computational Procedures .................... .......... 10 

2.3 Structural Models ............................. .. .. 13 

CHAPTER3 

Heat Transfer Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 

3.1 Heat Flow Equilibrium Equation .. . . . . . . . . . . . . . . . . . . . . . . . .. 14 

3.2 Thermal Boundary Conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 16 

3.2.1 Concrete-Air Interface .......... . . . . . . . . . . . . . . . .. 16 

1 
3.2.2 Concrete-Water Interface. . . . . . . . . . . . . . . . . . . . . . . . .. 18 

v 



1 
3.2.3 Concrete-Foundation Interface 18 

• 
3.3 Initial Conditions 19 

CflAPTER 4 

Finite Element Model of the Dam-Foundation-Reservoir System 20 

4.1 Geometrie Properties .............. ................... 20 

4.2 Material Prop,mies . . . .. .............................. 22 

4.3 Critical Thermal States and Load Combinations . . . . . . . . .. ....... 23 

4.4 Evaluation of Thermal Stresses 24 

CHAPTER S 

Environmental Parameters 26 

5.1 Introduction '" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 26 

5.2 Air Temperatures .................................... 26 

5.3 Solar Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 28 

5.4 ReservDir Temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 34 

5.5 Foundation Temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 37 

CHAIFfER 6 

Seasonal Variations of Temptrature and Stress Distributions 39 

6.1 Convergence of Heat Transfer Analysis . . . . . . . . . . . . . . . . . . . . . .. 39 

6.2 Transient Thermal and Stress Response . . . . . . . . . . . . . . . . . . . . . .. 41 

6.3 Yearly Temperature and Stress Distributions Envelopes . . . . . . . . . . . .. 41 

6.4 Critical Temperature and Stress Distributions for Structural Safety 

vi 



., 

analysis . 

CHAPTER 7 

Parametric Analyses 

7.1 IntroductIon 

7.2 Height Effects on Dam Response . . . . . . 

7.3 Effects of Concrete Thermal Properties on Dam Response 

7.4 Effects of Concrete Mechanical Properties on Dam Respunse 

7.5 Effects of Environmental Conditions ... " ...... .. 

7.5.1 Eft~ct of Air Temper2.ture ......... . 

7.5.2 Eff~ct of Reservoir Temperatures 

7.5.3 Eft~ct of Solar Radiation ............ " .. 

7.5.4 Effect of Thermal Response of fqundation . . . . . . 

7.6 Correlation with Simplified Analysis Procedures ., ..... . 

CHAPTER 8 

Summary and Conclusion.~ 

8.1 Surnmary ....................... . 

51 

5\ 

52 

57 

60 

64 

64 

68 

71 

75 

75 

79 

79 

8.2 Conclusions ............ . . . . . . . . . . . . . . . . . . . . . . . . . 80 

8.3 Suggestions for future Work .............. . 86 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 89 

vii 



List of Figures 

Figure 1 1 Tlme variation of structural resistance and nppli~ loading (adapted from 

Jaeohs, I(88). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2 

Figure 1.2 Location of major eoncrete dams ID Quebec, the freezing inJex, and 1988 

Sag~enay earthquake. ..................................... 4 

Figure 1 3 Temperature tield of a massive gravit y dam in opel '\tion, in oC (Oust-lIIim 

dam. USSR; Rosanov et al. 1970) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6 

Figure 1 4 Mean annual temperature for Fontana dam, in oC (Baylosis 

1988). . .......... . 6 

Figure 2.1 Loading on eoncrete dams' (a) statie, thermal, and dynamic loads; (b) heat 

transfer processes for dam. .................................. 9 

Figure 2.2 Restraints to volumetrie changes: (a) dam-foundation; (b) individual 

monolith ............................................ 10 

Figure 2.3 Temperature history of artificially cooled concrete (Tarbox 1977). . . . . . .. Il 

Figure 4.1 Oam·foundation-reservoir system analyzed. . . . . . . . . . . . . . . . . . . . .. 21 

Figure 5.1 Average air temperatures: (a) daily and monthly average; (b) sinusoidal 

representation of daily average temperature. ...................... 27 

Figure 5.2 Bearn radiation, sky diffuse radiation, and ground diffuse radiation . . . . .. 29 

Figure 5.3 Variation of solar radiation for a surface facing south east with a 52° 

inclination and for an absorptivity of 1.0 and a terrain factor of 1.0: (a) typicai 

hourly variation; (b) daily variation. ........................... 31 

Figure 5.4 Angles in solar radiation equations; (a) e; (b) 0,; (c) "Y. ..•....•••.. 33 

viii 



r 

Figure 5.5 Reservoir temperature protiles: (a) deep reservoirs with small w.tter intake 

with respect to thcir volumes: (h) shallower reservoirs Wlth Important intlowof 

water with respect to thelr volumes. 

Figure 5.6 Foundation temperature protile .. 

Figure 6.1 Convergence of mathematical solution ..... . 

Figure 6.2 Average thermal response of the dam. .. . 

Figure 6.3 Time history of stresses wl:.~in outer concrete shell. .. 

Figure 6.4 Tensile stresses: (a) mmimum temperature envelope~ (b) day when minimum 

temperature oceurs; (c) tensile stress envelope, (d) day when maximum tensile 

stresses occur. (Note: temperature contours are at 4 oC intervals. day contours 

at 49 day intervals, stress contours at 0.75 MPa mtervals. Values reported at 

36 

38 

40 

40 

the surface are maximum values.) .................... 43 

Figure 6.5 Compressive stresses: (a) maximum temperature envelope; (b) day when 

maximum temperature occurs; (c) compressive stress envelope; (d) day wh en 

maximum compressive stresses occur. ................ . .. . 

Figure 6.6 Maximum thermal stresses for structural safety evaluauon: (a) temperature 

profile which produces maximum tensile stresses for the top ~ectlon on the 

downstream face (day 356); (b) maximum tensile stresses tor top section; (c) 

temperature profile which produces maximum tensile strtlSSes for oottom on 

4S 

downstream face (day 19); (d) maximum tensile stresses for hottom section.. 47 

Figure 6.7 Mean stresses for structural safety evaluation: (a) temperature protile when 

temperature of top section is minimum (day 50); (b) corresponding tensile 

stresses; (c) temperature profile when surface gradient is half that of the critical 

temperature gradient (day 317); (d) corresponding tensile stresses. . . . . . . . . 48 

ix 



Figure 6.8 Load combinations, stresses due to: (a) self weight; (b) self weight + 

hydrostatic; (c) self wl!Îght + hydrostatic + critical temperature protile for the 

top ~e<.:tJon; (d) self weight + hydrostatic + cntical temperature profile for the 

hottom !lection; (e) self weight + hydrostatic +temperature profile for mean 

!ltre~ses for top section (day 317). . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 49 

Figure 7.1 Response parameters for parametric analysis. . . . . . . . . . . . . . . . . . . .. 52 

Figure 7.2 Stress and temperature envelope for the 3 dam heights: (a) temperature 

envelope for 90m; (b) temperature envelope for 45m; (c) temperature envelope 

tor 22.5m; (d) tensile stress envelope for 9Om; (e) tensile stress envelope for 

45m; (f) tensile stress envelope for 22.5m (note that h=90m). ........... 53 

Figure 7.3 Air temperature: (a) average minimum air temperature and year with lowest 

annual temperature; (b) year with lowest monthly temperature and year with 

lowest daily temperature. .................................. 65 

Figure 7.4 Tensile stress and temperature envelopes: (a) minimum temperature envelope 

for year with lowest mean annual temperature; (b) minimum temperature 

envelope for year with lowest monthly temperature; (c) minimum temperature 

envelope for year with lowest daily temperature; (d) tensile stress envelope for 

year with lowest annual temperature; (e) tensile stress env el ope for year with 

lowest monthly temperature; (t) tensile stress envelope for year with lowest 

daily temperature. 67 

Figure 7.5 Type Il reservoir: (a) temperature envelope; (b) tensile stress envelope. 

Operational reservoir condition: (c) temperature envelope; (d) tensile stress 

envelope. ...................... . . . . . . . . . . . . . .. ...... 70 

Figure 7.6 Time history of surface temperature at location A with and without solar 

1 
• 

x 



---- ------------------------------

l radiation ............... . 

Figure 7.7 Temperature envelopes: (a) maxilnum temperature enw!ope wnh no solar 

radiation: lb) maximum temperature envelope with 38% solar radiation: (~) 

maximum temperature envelope with 65% !llliar radiation: (li) mmimum 

temperature envelope with no solar radiation: (e) minimum temperature 

envelope with 38 % solar radiation; (t) minimum temperature envelope with 

65% solar radiation. . ........... . 73 

Figure 7.8 Temperature at location A and at a depth of O.8m from location A. 77 

xi 



List of Tables 

Table 1.1 Most frequent classification headings of deterioration for concrete dams 

(lCOLD 1984 .......................................... 3 

Table 4.1 Mechanical and thermal properties of system analyzed. .............. 23 

Table 5.1 Recommended average day for each month and values ofn by months (Duffie 

and 8eckman 1980) ..................................... 35 

Table 5.2 Solar radiation at mid month based on equations by Duffie and 8eckman 

(1980). 

Table 7.1: Intluence of dam height on thermal and structural behaviour. 

Table 7.2' Intluence of he and k on the thermal and structural behaviour for a 45m 

dam. 

35 

54 

58 

Table 7.3: Intluence of c on the thermal and structural behaviour for a 45m dam. 59 

Table 7.4: Influence of structural modelling on the tttcrmai and structural behaviour for 

a 45m dam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 61 

Table 7.5: Intluence of E and a on the thermal and structural behaviour of a 45m 

dam ............................................... , 63 

Table 7.6: Influence of air temperature on thermal and structural behaviour of a 45m 

dam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 66 

Table 7.7: Intluence of reservoir on thermal and structural beJtaviour for a 45m 

dam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 69 

Table 7.8: Intluence of solar radiation and foundation on thermal and structural 

response for a 45m dam. .................................. 74 

xii 



' .. 

CHAPTER 1 

Introduction 

1.1 Overview and Objectives 

The safety evaluation of con crete dams is a complex prohlem due to the unccrtainties 

related to the prediction of the spatial and temporal variatiolls of applieù loadings sHch as 

temperature, ice, and earthquakes. Moreover, long term aging of the dam-foundatioll system IS 

characterized by a decrease in stiffness and resistance ovcr lime, as evidenced hy concrete 

cracking observed in severa) dams (Fig. 1.1). The lime degradation of mechanical properties 

can be significantly accelerated in the presence of alkal i-aggregale reactions, water aggressivity. 

freezing and thawing, anJ foundation ditl'erential seulement. 

ln northern regions, like the province of Quehec. thermally induccd cycl ic stresses haVI.! 

been shown to play a significant role in the degradation of the strength and stiffness of concretc 

dams (Ballivy et al. 1991; Veltrop et al. 1990; Tahmazian et al. 1989). Thermal stresses must 

therefore be consideret: .n the structural safety evaluation prm:cdu ·e~ A report on deterioration 

of dams and reservoirs puhlished by ICOLD (1984) li~ts t'reezing and thawmg. and cxtcrnal 

temperature variations, to he the most common cause of deterioration in concrctc dams. A~ can 

be seen from Table 1.1, seasonal temperature cycles and variation~ are the cau~e of dctcrioration 



dam foundation resistance 

Age of the Dam (years) 

Figure 1.1 Till'e variation of structural resistance and applied IOilding (adapted from Jacobs, 
1988). 

in 28~ of cases. 

The recent earthquake activities in Quebec have raised serious questions regarding the 

st!ismic vulnerability of critical aging structures such as concrete dams, and a knowledge of 

thermal stre~ses is required to perform a thorough safety evaluation (Dascal 1991; 1990). Figure 

1.2 indicates the location of the main concrete dams (above 25m) in Quebec, the yearly normal 

t'reezing index in degree days (oC), that is defined as the cumulative total of the difference 

hetween daily mean air temperatures and the freezing point, and the epicentre location of the 

1988 Saguenay earthquake, that contained high \~nergy in the frequency range of concrete dams. 

To investigate the seismic safety of concrete dams, it is cssential to quantify the statie state of 

stress and strain that exists at the time the earthquake occurs. The pre·earthquake initial stress 

and strain distributions are primarily due to gravit y loads and hydrostatic pressure. Thermal, 

shrinkage. and creep strains may also have a major effect on the initial condition in which the 

earthquake tinds the dam. The temperature gradient through old dams is controlled by the cyclic 

2 
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Table 1.1 Most frequent classificatIOn headmgs of Jetenorallon for concrctc Jalll~ llCOLD 1984) 

ClassificatIOn Headmg of Deterioration 

1. Resistance to freezmg and thawmg 

:! External ternperature vanations 

3. Permeabllity 

4 Reactions betwccn concrete 
conslituents and enVlronr,lent 

S Concretmg 

6. Percolation (foundatlon) 

7 Temp. vanatlons due to heat of hydratton 

8. Reacllons of concrete constituents 

9. Structural joints 

10. Uplift (foundalion or dam body) 

Il. InternaI erosion 

12 Deformation and land subsidence 

13 Tensile stresses 

14. Grout curtams and olher waterllghl systems 

1S Dramage systems 

16. Cleanmg of drains 

Pcrcentagc of Dams Alfcctcd 

19 

9 

9 

8 

7 

6 

6 

6 

5 

5 

5 

3 

3 

2 

2 

2 

seasonal temperature and climatic variations. The strain capacity available to resist the seismic 

induced forces without concrete damage will thus be affected to a different degree depending 

on the season in which the seismic event may occur. For a given earthquake. several analyses 

might therefore be required to consider the initial conditions at different times during the 

expected service life of the dam (NRC 1990). 

The objective of this study is to develop a methodology to evaluate the thermal stresses 

3 
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Figure 1.2 Location of major concrete dams ID Quebec, the freezing IDd~x, and 1988 Sagu~nay earthquake. 
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and strains in typical concrete gravit y dams located in northern regions. Finite element mlldels 

suitable for transient heat transfer and subsequent structural analyses are presentoo. Th~ 

reservoir. foundation. and air temperature distributions. the heat suppl y t'rom sola:- radiation. 

and the geometrical. thermal, and mechanical properties of typical dam foundation reservoir 

systems are developed from data collected from various sources. The numerical convergenœ 

of transient heat flow analyses is examined. The initict' temperature distribution, the reference 

thermal state to compute seasonal stress oscillations. and a meth~)dology to det~rmine critical 

temperature distributions for structural safety investigations are presented. 

1.2 Past Work 

Many empirical methods and c10sed form solutions exist to obtain the thermal 

distribution in dams. But the reliability of these methods as environmental conditions vary from 

site to site are not known. The finite differences method (Schimdt method) has also heen used 

to obtain thermal distributions. Figure 1.3 shows the temperature tield obtained hy this method 

for Oust-lJIim gravit y dam (USSR) during operationaJ conditions (Rosanov et al. 1970). Actual 

measurements of dam temperatures may also be used to obtain thermal stresses, as was dcme 

at Fontana dam, but this is not a practical approach (142 m, North Carolina, USA; Fig 1.4; 

Baylosis 1988). The finite element method (FEM) has been recently used to condu~t transient 

heat flow analysis. Veltrop et al. have used the FEM to obtain the temperature distribution at 

Daniel Johnson multiple arch dam (214m, Quebec, Canada), which was experiencing thermal 

cracking. Their analysis was based on a sinusoidal representation of air and reservoir 

temperature. Paul and Tarbox (1991) have presented a finite element analysis of the temperature 

and stress distribution in arch dams. A more detailed review of previous contributions to the 

5 



, 

IS Ir II~ 

Figure 1.3 Temperature tield of a massive gravit y dam in operation, in oC (Oust-Illim dam, 
USSR; Rosanovet al. 1970). 

Figure 1.4 Mean annual temperature for Fontana dam, in OC (Baylosis 1988). 
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thermo-mechanical analysis of dam-foundation-reservuir systems is presented in charter 2. 

1.3 Organization of the Th~is 

Chapter 2 p:esents a review of the heat transfer proœss. the structural 1tl,'lIellmg 

procedures. and the .:omputational procooures. In Chapter 3 the transient he;\t tlow analysis 

using the FEM is explained in detai!. Charter 4 introduces the liam- founllation-reservoir mollel 

used in the preliminary analysis. 

ln Chapter 5 the procedure to define the environmental panulleters (lffecling Ihe thermal 

response are explained. In Chapler 6 convergence of th!! heat transter analysis. and the 

preliminary results on temperature and stress distrihutions. are introlluccll. An extensive 

parametric analysis is then perfi.lrmed in Chapter 7 to deterrnrne the intluence III' dittelenl 

modelIing parameters, related tn the geometry. mechanical and thermal prorerties. ami 

environmental parameters, on the computed temperature and stre~s distnhution. Finally. in 

Chapter 8 a summary, conclusions. and future research directions are presented. 

7 



, .. 
CHAPTER 2 

Structural Analysis of Concrete Dams Including Thermal 

EtTects 

2.1 Heat Transfer Pr~~ and Thermal Str~ses 

Figure 2.10 summarizes the main sources of internai and external loads that might 

contribute to the cracking of concrete gravit y dams. The internai thermal load consists in the 

hydration heat. while the external thermalloads are produced by solar radiation, air, reservoir, 

and foundation temperatures. Frost, snow, and ice eovers will also affect the thermal response 

of the dam-foundation-reservoir system. Figure 2.1b describ~ me heat transfer processes 

occurring in a dam-foundation-reservoir system and the thermal boundary conditions adopted 

in this study. These temperature fluctuations produee volumetrie changes of the dam. If these 

volumetrie changes are restrained, temperature stresses will develop. The restraints may be 

caused by internai or external conditions. Internai restraints are induced by a difference in 

temperature between the interior and the exterior of the dam. External restraints are provided 

by the stiffness of the restraining foundation, and the three-dimensional interaction between 

adjacent monoliths. as shown in Fig. 2.2. 

r 
8 
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Figure 2.1 Loading on concrete dams: (a) static, thermal, and dynamic loads; (b) heat transter 
processes for dam. 
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3D effects 
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'oundat,on restralnts 

(b) 

Figure 2.2 Restraints to volumetrie changes: (a) dam-foundation; (b) individuaJ monolith. 

2.2 Computational Procedures 

InternaI temperature stresses are induced during the incremental construction process. 

Th~!o.e residual stresses involve a complex nonlinear interaction of creep, shrinkage, and thermaJ 

effects of young mass concrete that are difficult to predict either experimentaJly or numericaJly 

(Truman et al. 1991a,b; Sadouki and Wittmann 1991; Ishikawa 1991; Machida and Uehara 

1987). Cracking provldes a stress relief mechanism for internal residual tensile stresses 

excel!()ing the tensile strength of the concrete. These cracks affect the structural behaviour of 

the dam only if they allow water penetration and/or are located in areas where operationalloads 

induce tensile stresses (Widmann 1990). 

Temperature observations in Many dams have indicated that after the construction phase 

is pasto a regular periodic change in the temperature of the dam will gradually appear (Fig. 2.3; 

Tarbox 1977; Baylosis 1988). In large dams, a natural balance or "temperature stability" will 

be eMablished between the internal and external temperatures after Many years. The 
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l'Igure 2.3 Temperature history of artificially cooled concrete (Tarbox 1977). 

"temperature stability" has been defined by Baylosis (1988) as the "condition where radical 

temperature changes will no longer occur to cause large movements in the dam or high stresses, 

except in the zone immediately adjacent to the faces". Detailed experimental and numerical 

investigations of the thermal response of Fontana gravit y dam (142 m, North Carolina, USA) 

and Daniel Johnson multiple arch dam have indicated that the "temperature stahility", or 

reference temperature state, upon which seasonal variations will oscillate, is approximately equal 

to the long term mean air temperature at the site (Paul and Tarbox 1991; Baylosis 1988). 

The seasonal thermal oscillations effects can be included in the structural analysis using 

different modelling techniques (Cervera et al. 1990): 

(i) A coupled time advancing thermo-elastic or thermo-inelastic problem deaJing simultaneously 

with displace'-.l's.lS and temperatures can be performed. Matenal modelling can include 
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{ tcmpcrature dependence of ail parameters, anisotropie thermal conductivity, and gap 

conductance and radiation. Allowance for water and air penetration through cracks, with related 

conductlvity across the cracks and cro~!; radiation as a function of crack width, should be ideally 

con~idered (Norman and Anderson 1985). This alternative is numerically very expensive and 

requires detaiJed m'()rmation ahout the three-dimensional thermal history of the concrete 

surfaces thal is generally not avaiJahle. 

(ii) A separate thermal analysis can be performed to define critical temperature distributions that 

can he uset! suhsequently as input for the structural analysis mode!. The thermal analysis can 

he performed with different degree of sophistication. Simple assumptions of structural restraints 

(cg. semi-intinite sulid) and sinusoidal variations of thermal boundary conditions will lead to 

c10sed fbrm analytical solutions to approximate the temperature gradients within the cross­

section (Geinats et al. 1989; ACI 1981; Leliavsky 1981; USBR 1977). Finite differences 

(Schmidt method) has also heen used extensively to deal with more complex variations of the 

applied temperature tield. Alternatively, transient or steady-state heat tlow analysis using the 

Finite Element Method (FEM) can be carried out (Paul and Tarbox 1991; Fanelli and 

Giuscppetti 1985; Tarhox 1977). The FEM can be used effectively to determine the temperature 

distrilmtÎon in a structure with complex geometry and boundary conditions. The same model cao 

he utilized for heat transfer and stress analyses, therefore minimizing the required effort to 

gencrate the input data. 

(iii) If extensive measured internai and external temperature field data exists, these can be 

interpohlted directly to detine the isothermal contours at different times of the year. 

12 



2.3 Structural Models 

Concrete gravit y dams are generally analyzed using two-dimensional models. Tu 

establish the initial conditions a plane-stress or a plane-strain idealization May he adopted 

depending on the degree of restraint provided by the presence of vertical joints hetween the 

monoliths. Three-dimensional analysis should be considered for dams located in rdativcly 

narrow valleys, with crest-Iength-to-height ratios of 5 to 1 or less. or having irregular shapes 

from one abutment to another (NRC 1990). Thermal strains can induce longitudinal and related 

frictional forces perpendicular to the contraction joints that will produce signiticant three-

dimensional load carrying mechanisms, causing the dam to behave more like a continullus 

structure. The tightening of the contraction joints will alter the statie (ie .• stiffness) and dynamic 

(ie.,natural periods, damping level) properties of the dam. Variations of amhicnt temperature 

have also been found to affect the effectiveness of the grout curtain of concrete dams (Kalkani 

1992). 

13 



CHAPTER 3 

Heat TransCer Analysis 

3.1 Heat Flow Equilibrium Equation 

The structural and thermal behaviour of typical eoncrete gravit y dams can be represented 

by two-dimensional models assuming a uniform distribution of the thermal properties and 

boundary conditions along the longitudinal axis. 

ln two dimensions the transient heat conduction equation for an isotropie material 

detined in the x-y plane is: 

[3.1) &T &r 
-+-+ 
ax2 0,2 

q pc aT ----
le le at 

in which T is the temperature of the medium, in oK; k is the isotropie thermal eonductivity 

coefticient. in W/(m OK); q is the heat generated within the body (eg. by hydration), in W/m3; 

p is the density, in kg/m3; c is the specifie heat, in J/(kg OK); t is the time, in seconds. 

The matrix equation for heat flow equilibrium can be derived for the unknown 

temperatures, {T(t)}, at each node of the finite element model as (Cook et al. 1989): 

[3.2] [C] (nt)} + [K] {llt)} - (Q(t)} 
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, ... 
in which (CI is the system heat capacity matrix which is dependent on p and c: IKI is the syst~m 

thermal conductivity matrix. The system heat tlux vector. {Q(t)}. can he written as 

[3.3] {Q(t)} - {Q(t)} t + (Q(t)} c + (Q(t)}, + (Q(t» , 

where {Q(t)}. is the externally supplied heat tlux; {Q(t)L is the convective he.n tntnsfer at th~ 

surfaces; {Q(t)} r is the radiative heat transfer at the surfaces: {Q(t)} 1 is the internai heat 

generation (eg. from hydration). In absence of any radiation. {Q(t)} can he tllrmulated 

independently of the unknown temperature.l\. The system of heat transfer equations is then line"r 

and can be solved directly by a step-by-step integration procedure. The presence of radiating 

boundary conditions induces nonlinearity in the analysis such that the solution at each time ster 

must be found by iteration (Bathe 1982). This increases very signiticantly the required 

computational effort. 

If water is present in the concrete and il goes through a phase change, the internai heat 

transfer process will be affected. Before water can change phase from Iiquid to solid (or solid 

to Iiquid) it must release (or gain) a certain amount of energy. This energy is the latent heat of 

fusion, which for pure water is 334 J/g. In the thermal analysis of soli with a high water 

content, the phase change process bas been found to bave a significant impact on the depth nf 

frost penetration. Considering the low permeability of concrete, the effect of water changing 

phase as the frost line moves from the downstream face towards the upstream face was not 

considered in the study. 

15 
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3.2 Thermal Boundary Conditions 

Tu determine a unique solution to the heat transfer equations. the initial temperature 

,.hMnhution throughout the system at time zero must be defined, and the thermal boundary 

conditions at the concrete-air, concrete-water, and concrete-foundation interfaces must also be 

~pecitied. 

3.2.1 Concrete-Air Interrace 

The heat transfer between the dam and the air boundary layer is a function of air and 

concrete temperature, wind speed, and solar radiation intensity. For a dam in normal operating 

condition, the downstream face receives a significant amount of radiant heat from the sun. This 

will cause the temperature of the cnncrete surface to be above that of the surrounding air. 

Therefore, the thllowing boundary conditions must be considered at the concrete-air interface; 

(i) heat tlow from the sun, (ii) convection, and (iii) radiation. The amount of solar energy, Il 

(W 1m2), that is absorbed by the dam is given by: 

[3.4) 
q. - a l, 

in which a is the solar absorptivity of the surface. 

The heat gained or lost to the surrounding air as a result of temperature differences 

hetween the dam surface and the air is due to convection and is given by Newton's law of 

cooling: 

16 



[3.5] q - -h(T-7) C (G 

in which he is the convection coefficient, in W/(m"OK); T is the temperature of the surface, ln 

OK; T. is the temperature of the surrounding air, in oK. The surtal.'e temperature of a dam 

subjected to ~onvection heat transfer will generally follow c10sely the air temperature variation. 

The amount by which the surface temperature lags behind the air temperature depemls on the 

conv~ction coefficient. If a large convection coefficient is uself (h, = 10111
), the surface 

temperature will follow the air temperature exactly (Polivka and Wilson 1976). 

The surface of the dam releases electromagnetic radiation, known as thermal radiation, 

as a result of temperature difference between the surface of the dam and the air. This radiatiun 

is measured by the Stefan-Boltzmann law: 

[3.6] 

in which e is the emissivity of the surface; C. is the Stefan-Boltzmann constant given as 5.669 

X 10-8 W 1m2 • Note that within the range of temperature differenees between the air and the 

concrete surface, heat loss by radiation is not expected to be signifieant. ft is then possihle tu 

rewrite equation [3.6] in a quasi-Iinear form (Mirambell and Aguado 1989; Elbadry and Ghali 

1983): 

[3.7] q, - -h, (TG -1) 

where hr is defined as 

[3.8] h, .. t C. (T
G

2 + Tl)(Ta + 7). 

! 
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Therefore, the effects of radiation May be considered by adding hr to he to obtain a new 

convection coefficient. For example, Dilger et al. (1983) assumed a value of 4 W / (m2 OK) for 

hr in the analysis of a composite box girder bridge in nonhern British Columbia. In this study 

a preliminary analysis was conducted, excJuding radiation, and the average difference between 

the surface and air temperature was then used to obtain an average value of ~. 

3.2.2 Concrete-Water Interface 

Whether there is water flow or not a10ng the dam-water interface, there will be a small 

error by assuming that the concrete temperature is equal to the water temperature. This is 

because tor a thick dam the heat transfer and the related dam-water interface thermal gradient 

will be small. Therefore, il is assumed that the concrete temperature variations are idenlical to 

the water temperature fluctuations at the dam-water interface. Thus, no convection and radiation 

is assumed to occur at this boundary. The concrete temperature in contact with the water is 

therefore prescribed in lime in the mathematical model. This is similar to specifying 

displacement boundary conditions in structural analysis. 

3.2.3 Concrete-Foundation Interface 

The dam-foundation interface represents a discontinuity extending across the entire 

cross-section. Moreover, a finite element model of a dam fixed at the dam-foundation interface 

will develop an unrealistically large amount of restraint al the base of the dam. A foundation 

model has therefore been developed for this study. It is assumed that only heat transfer by 

conduction occurs at the concrete-foundation interface. If there is water flowing at the dam-

18 
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founda~ion interface. the heat transfer mechani~ll" will be affccted. Tn avoid the tinite clement 

representation of the foundation. an adiabatic condition has sometimes been used al the dam­

foundation interface (Veltrop et al. 1990) It should be noted that near the heel. the concrete 

temperature will be very close to the water temperature. while near the toc the concrete 

temperature will be influenced by the air temperature. 

3.3 Initial Conditions 

The cyclical boundary temperature variations will ultimately control the temperature in 

the dam after the hydration heat developed during construction has dissipated. Convergence is 

obtained when a repetitive mean annual concrete temperature time history is observed (Paul and 

Tarbox 1991). To compute the mean concrete temperature, the average temperature of each 

element is calculated from the nodal temperatures. The resulting temperature is then multiplied 

by the volume of the element. A summation of these weighted temperatures is carried out for 

ail the elements of the dam (or for a selective group of elements). The result is then dividoo by 

the sum of the concrete element volumes to obtain the mean concrete temperature. To obtain 

a rapid convergence of the solution, the initial temperature distribution at time zero should be 

defined as near to the final reference temperature condition as possible. Tt> determine an initial 

temperature distribution, a steady-state heat transfer analysis is carried out by applying the mcan 

annual air, water, and foundation temperatures directly at the boundaries of the system. The 

effect of solar radiation is talcen into account by increasing the mean annual temperature of the 

concrete-air interface above the mean annual air temperature. This increase is based on solar 

radiation data available from Tarbox (1977) for exposed surfaces at varying ';Iopes, orientation~, 

and latitudes. 
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CHAPTER 4 

Finite Element Model of the Dam-Foundation-Reservoir 

System 

4.1 Geometrie Properties 

Figure 4.1 shows the dam-foundation-reservoir system analyzed. The typical cross-

section of the dam has been adapted from Mlakar (1987). The dam is 90m high, which 

corresponds approximately to the tallest gravity dams located in Quebec (91m Manic 2, 84m 

Outarde 3). In this study the same mesh is used for the heat transfer and static stress analysis. 

The finite element mesh, consisting of four nodes isoparametric elements, has been retined at 

the top of the dam and near the dam-foundation interface. These are critical locations where 

seismic induced cracking is Iikely to occur (Bhattacharjee and Léger 1992). The dam is 

constituted of jointed monoliths, therefore the system is assumed to be in a state of plane stress 

for the structural analysis. The dam has been divided ioto three sections over the height (top, 

middle, bottom) to compute the Mean temperature time histories and to establish critical 

temperature states. These temperature states will subsequently be used in combination with statie 

loads. The computer program SAP90 (1990, 1989) has been used to carry out the computations. 

20 



~~'lI:~'" .", .. ~ •• ~ ...... 

....-

E 
~ 

y 

Lx 

.--

.-

SOm S6m 

180 m 

Sm __ 1'4--

h 
"3 Upper section (1) 

70m 

h 
"3 

h 
3" 

pz ~ ,~ 

Middle section (2) 

Bottom section (3) 

90m 
_._~ 

Figure 4.1 Dam-foundation-reservoir system anaJyzed . 

'1 
.. 



1 

4.2 Material Properties 

A range of thermal and elastic properties of mass concrete and rock are listed in Table 

4.1 (Jofriet et al. 1990; Gallico and Cavalli 1985; Dilger et al. 1983; ASHRAE 1982; ACI 

1981; USBR 1977; Freedman 1974). The selected thermal properties were assumed ,,, be 

independent of temperature. The absorptivity and emissivity values for concrete are dependent 

on the surface condition. If the surface is clean, the absorptivity factor is between 0.5 and 0.65 

while the emissivity factor is between 0.65 to 0.9. If a film of ice or a layer of fine fresh snow 

or frost is present, these values are affected. Dilger et al. (1983), in an analysis of thermal 

effects on composite box girder bridges, have mentioned values of 0.96 and 0.31 for emissivity 

and absorptivity wh en a film of ice is present, and O. g, and 0.13 when a layer of snow or frost 

is present. 

The convection coefficient is a function of the wind speed and of the material properties. 

Values for the convection coefficient May be obtained from the ASHRAE Handbook (1985) or 

by using the following approximate equation for wind blowing over and parallel to a surface 

(Kreith and Kreider 1981): 

[4.1] he = 3.8 Y + S.7(W/"."'K) 

in which he is in W 1 (m20K) and V is the wind speed in mIs. 
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Table 4.1 Mechanical and thermal properties of system analyzed. 

Thennal Properties: 

Specific Heat, c, J/(kgOK) 
Thermal Conductivlty, k, W/(m"K) 
Coefficient of Themlal Expansion, a. 106/"K 
Conve.ction Coefficient, he, W/(m:!<>K) 
Linearized Radiation CoeffiCient, hr. W /(mZ"K) 
Solar Absorptivlty, a 
Earusslvlty, e 

Mechanical Properties: 

Modulus of Blastlclty, E, MPa 
Density, p, kg/m3 

Poisson's rallo, v 

• Values used 10 numencal model 
•• For wind speed of 4.6 rn/sec. 

Concret'! 

870-1080 (912)" 
1.47-4.38 (2.62) 
7.2-11.2 (8.9) 

23.2-
4.2 

0.5-0.65 (0.5) 
0.65-0.9 (.88) 

27960 
2400 
0.2 

4.3 Critical Thermal States and Load Combinations 

Rock 

840 
2.42-3.46 (2.42) 
3.6-12.8 (8.'» 

27960 
2400 
0.33 

The critical temperature states for the structural safety of the dam can he hroadly 

c1assified as: (i) the state that produces the highest upstream principal tensile stresses, (ii) the 

state that produces the highest downstream principal tensile stresses, and (iii) the stale thal 

produce the largest principal compressive stress (Paul and Tarhox 1991). To accounl t"r the 

uncertainties and joint occurrence of different load condit ions, severalload comhinations dealing 

with "usual", "unusual" and "extreme" loadings, and related perfürmance criteria, arc gcnerally 

defined (USBR 1987). Usual temperatures are defined from "mean de),ign conditions". Unusual 

temperature conditions are generally defined from an expected value, ohtained trom the mcan 
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L:ondition, plu~ ~ome constant times the standard deviation (Dungar 1991). In this study. 

nu merl cal result~ have hetm ohtamed for the usual temperature conditions. 

4.4 Evaluation of Thermal Str~ses 

The magnitude of the thermal stresses depends on the temperature field, the mechanical 

propertil!s of the L:()ftcrete, and the nature of the restraints. Thermal stresses are generally not 

proportiunal to the temperature field within the structure as defined by thermal gradients, or 

minimum temperature drop. Under long term action of stress, creep gives rise te an increase 

in c(mcn~te strain relieving sorne of the induced temperature stresses. The concrete creep 

mechanism depends on several factors such as the age of the structure at loading, duration and 

time variation of loading, temperature, and humidity. A rigorous stress-creep-temperature 

interaction study requires a coupled step-by-step stress-creep-temperature interaction analysis 

which is beyond the scope of the present study. To obtain reasonable results, consistent with the 

L:urrent state-of-practice, the temperature stresses, O'T' induced over a relatively long period (t-t') 

can he estimated from: 

[4.2] 

with 

[4.3] • _ X+(t"'> 
l+X+(t,t') 

where 101 is the plane stress materiaJ stiffness matrix; (E-E,) is the elastic strain resulting from 

restraint effects on the unrestrained (stress-free) temperature strain, E" without taking creep 

effects into consideratiOli; ~ (0 s ~ SI) is the relaxation coefficient detined in terms of the aging 
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coefticient, x, that accounts for creep under gradually applied stress; cIl(t,t') is the llsllal ~rt~ep 

"oefticient. For example. seasonally induced temperature tensile stre!-ses are vary mg t'rom UfIl 

to their maximum value over a period of appwximately 3 months. Usmg aeep related data 

avallable from MacGregor et al. (1985) and Ghali and Favre (1986) the rda" ilion ~oefticlcnl 

is estimated as tf=0.35. that is, the long term temperature stress will he approximalcly 65% 

of the results obtained by a shon term elastic analysis. These results a!'~ "!ll1sistent with the 

current state of practice which recommends a reduction of 20% to 40% ot the in!\lantaneolis 

modulus of elasticity for thermal stress computation (Hayward el al 1991; USBR 1977). 

The theoretical stress-free reference temperature state is likely tn l'le al'fectoo hy mass 

cooling, creep effects, and seasonal temperature cycles. For old dams, Paul and Tarhm( ( 1991) 

suggest that a reasonable asslJmption would be to utilize the mean annual concrete temperature 

of a reasonably thick dam as the reference temperature to establish thermal gradients and 

compute related stresses. Concrete cracking is assumoo to occur wh en the tensile stress l'rom 

the combined action of ail loading conditions are exceeding the tensile strtmgth. The ttmsile 

strength of concrete used in dam construction ranges from 1.5 MPa to 3.5 MPa witt! a typical 

value in the order of 2 MPa. The temperature induced stresses in an initially cracked region will 

generally be smaller than in an uncracked region. Seasonal temperature and stress distrihutions 

in initially damaged concrete dams requires further study. 
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CHAnER 5 

Environmental Parameters 

S.I Introduction 

Seasonal variations of air. reservoir. and foundation temperatures as weil as incident 

solar radiation are establ ished for the northern region of Quebec, near the Baie-Comeau region, 

were several dams are located (Fig. 1.2 Manicouagan-Outarde region). 

5.2 Air Tem~ratur~ 

Based on available temperature records, a typical design year of 365 days was obtained. 

The daily temperature records were obtained from the Quebec Ministry of Environment for a 

weather station located at Manic 2. The records cover a 22 year period, from 1967 to 1989. The 

daily design temperatures were obtained by averaging the recorded temperatures. The average 

daily and the monthly design air temperatures are shown in Fig. 5. la. The minimum average 

daily air temperature, -19.4 oC. occurs in January, while the maximum average daily air 

temperature. 19.8 oC. occurs in July. 

If no daily temperature record is available for a region, the air temperature may be 
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approximated by the fbllowing sinusoidal function (Fig. 5. lb; adapted from Tarbox 1977): 

[5.1) T (t) = Â sin 2n(t-Q + B 
CI P 

where 

[5.2) 
Â = O.S x( 1 T!MI - T _1 + 1 T.... - T IIItCIII 1 ) 

in which A is the amplitude of the sine wave, in oC; t is the time, in days; ~ is the lag factor, 

in radians; P is the period of the sine function, 365 days; B is a constant, in oC; T max is the 

maximum average monthly temperature, in oC; T _ is the minimum average monthly 

temperature, in oC; T m_ is the yearly mean average temperature, in OC. Available data may be 

used to represent other locations if it is adjusted for latitude and elevation. The temperature 

should be decreased by 0.55 OC for an increase of 1.4° in latitude, and by 0.55 ·C for an 

increase of 77m in elevation (Tarbox 1977; USBR 1977). 

The average wind speed at Baie-Comeau, 4.6 mIs west, is assumed to represent the area 

of interest (Environment Canada, atmospheric environment service 1985). 

5.3 Solar Radiation 

An important source of energy to reach the surface of the dam not covered by water is 

solar radiation. The total solar radiation that reaches a tilted surface is made up of three 

components; (i) beam radiation, (ii) sky diffuse radiation, and (iii) ground diffuse radiation (fig. 

5.2). Beam radiation reaches the face of the dam directly from the sun. Sky diffuse radiation 

is solar radiation that reaches the dam surface after its direction bas been cbanged by scattering 
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Figure 5.2 B,.:aJD radiation, sky diffuse radiation, and ground diffuse radia,ion. 

by the atmosphere. Finally, ground diffuse radiation is solar radiation that is retlected hy the 

ground. The percentage of total solar radiation which is reflected by the ground is a function 

of the ground cover. Suggested values are 20% wh en there is no snow co ver and 70% when 

there is snow cover (Duffie and Beckman 1980). The amount of solar radiation reachlng Ihe 

l'oncrete surface follows a cyclical seasonal variation. This variation is a function of; (i) latitude 

of the site, (ii) orientation of the exposed face, (iH) slope of the exposed face, (iv) IOpography 

of the surrounding terrain thal may block out certain hours of sunshine (terrain factor, Tarhox 

1977; USBR 1977), and (v) time of the day, and the day of the year. 

Solar radiation data for thP, Baie-Comeau region is available from McKay and Morris 

(1985). Using Iinear interpolation, the amount of solar radiation reaching the downslream face 

of the dam was obtained. The solar radiation data is given tor an average day of the month. ft 

is assumed that this day occurs at mid month and that a linear variation exists between months. 

The solar radiation data is given for a surface resting on a Hat terrain. To take into account the 

... 
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topography ot the !lurrounding terrain, the data was modified by the terrain factor. To obtain 

the terram fa~tor. the !llope~ of the terrain on the sicle of the dam along an east west profile are 

extemJed; the angle between these two lines, divided by 180". is the terrain factor (Tarbox 

1977). A terrain fa~tor of 0.75 was calculated for this study by using a typical profile found in 

the area of inlerest. The amount of solar radiation reaching a surface facing south east at an 

inclination of 52° is shown in Fig. 5.3. 

Data filr solar radiation reaching an inclined surface at a particular location and 

orientation is often not readily available, while data for solar radiation reaching a horizontal 

!lurface is more easily obtainable (McKay and Morris 1985). By knowing the beam and diffuse 

radiation reaching a horizontal surface it is possible to estimate the radiation reaching an inclined 

surface through the use oftransformation equations (Duffie and Beckman 1980). The equations 

consists of three parts. The first part calculate the beam radiation reaching the tilted surface, the 

second the sky diffuse radiation. and the third part calculate the ground diffuse radiation 

reaching the surface: 

[5.3] 

in wh ich IT is the total l'ad iation on a tilted surface, in W 1m2 
; lb is the beam radiation on a 

horizontal surface. in W 1m2; Rb is the geometric factor; Id is the diffuse radiation on a horizontal 

surface, in W 1m2; fi is the tilt of surface measurçd from the horizontal, in degrees; p is the 

diffuse ground retlectance (0.2 wh en no snow cover is present and 0.7 when snow is present). 

The geometric factor, Rb, is the ratio of the beam radiation on a tilted surface to that 

on a horizontal surface. The geometric factor is given by: 

J , 
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[5.4] R _ case 
b case 

l 

in which e is the angle between the beam radiation on a surface and the normal to that surface 

(fig. 5.4a); Oz is the angle between the bearn radiation on a horizontal surface and the normal 

tll that surface (fig. 5.4b). 

[S.S] 

Theta, e, is given by: 

cose-sin&sin+CosP - sin3cos."sin~cosy + cos3co~~cos(,) ... 
... + cos6sin~in~cosycosCl) + cos&sin(}sinysinf.!) 

in which 4J is the latitude, north of the equator is positive, -90" S ~ S 90; 6 is the declination, 

the angular position of the sun at solar noon with respect to the plane of the equator, north 

positive, -23.45° S ô S 23.45°; 'Y is the surface azimuth angle, the deviation of the projection 

on a horizontal plane of the normal to the surface from the local meridian, with zero due south, 

east negative, west positive, -180" S 'Y S 180" (fig. S.4c); w is the hour angle, the angular 

displa~ement of the sun east or west of the local meridian due to rotation of the earth on its axis 

at 15° per hour. morning negative, afternoon positive. 

For a horizontal surface (J is zero, and the angle of incidence is the zenith angle of the 

sun, 8z • Equation 5.5 reduces to 

[5.6] cosa l - cos6cos~f.!) + sin6sin'" 
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'1' 
Figure 5.4 Angles in solar radiation equations; (a) 0; (b) Oz; (c) "'(. 
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Declination may be found by: 

[5.7] 

where n is the day of the year. Table 5.1 shows the day of the month that should be used to 

obtain an average monthly value. 

Using the data available from McKay and Morris (1985) for hourly radiation reaching 

a horizontal surface, the houri y solar radiation reaching the face of the dam was calculated (fig 

5.3h). Equations 15.3)-(5.7) were also used to calculate the solar radiation reaching the dam at 

the middle of the month and these were compared to the values obtained from McKay and 

Morris. As may be seen from table 5.2, the average difference is Il %. The snow cover was 

assumed to he present from November to March. For April, an average for p was used. 

5.4 Reservoir Temperatures 

Reservoir temperature varies with depth and follows a cyclical seasonal variation. The 

temperature can vary significantly from one site to éulother due to reservoir geometry, 

elwironmental conditions acting at the surface (such as wind, temperature, and ice cover), the 

intlow of water, and t.he operating conditions. There is no simple role to define a reservoir 

temperature profile. Closed form e1.pressions to obtain the reservoir temperature profile, and 

its variation with time, have been suggested by Bofang and Zhanmei (1990) for arch dams 

located in the People's Republic of Chir.a. However, general use of these expressions is 

questionahle. especially if an ice cover is present for a significant part of the year. Additional 

intè.lfmation available l'rom the Iiterature has been used in this study to develop mathematical 

r mndels to establish temperature profiles in the reservoir (Paul and Tarbox 1991; Veltrop et al. 
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Table 5.1 Recommended average day for each month and values of n hy munths (Duftie and 
8eckman 1980) 

Month Date n. Day of the Year O. Dedination 

January 17 17 -20.9 
February 16 47 -13.0 
March 16 75 -2.4 

April 15 105 9.4 
May 15 135 18.8 
June Il 162 23.1 

July 17 198 21.2 
August 16 228 13.5 
September 15 258 2.2 

Oetober 15 288 -9.6 
November 14 318 -18.9 
December 10 344 -23.0 

Table 5.2 Solar radiation at mid montb based on equations by Duffie and Beckman (1980). 

Solar Radiation at Mid Month - MJfm2 per day 
Month Equations Measured Percent Difference 

January 
February 
Mareh 

April 
May 
June 

July 
August 
September 

Oetober 
November 
Deeember 

7.8 
11.6 
15.1 

15.7 
15.9 
17.2 

16.3 
15.0 
12.2 

9.2 
6.6 
6.4 

9.3 20 
13.4 16 
16.5 9 

16.7 6 
16.9 6 
18.0 5 

17.1 5 
16.1 7 
13.3 9 

JO.3 12 
7.4 11 
7.8 22 
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Figure 5.5 Reservoir temperature profiles: (a) deep reservoirs with small water intake with 
respect to their volumes; (b) shallower reservoirs with important intlow of water with respect 
tn their volumes. 

1990; Marcotte et al. 1977; Tarbox 1977). Two types of reservoirs with different temperature 

profiles are generally r/'!cognized as is shown in Fig 5.5. The first type is formed by a deep 

reservoir with smaJl water intake with respect to its volume (Fig. 5.5a). The second type of 

reservoir has an important intlow of water with respect to its volume and is usually shallower 

(Fig. 5.5b). 

The temperature profile used for the reservoir in the preliminary study is shown in Fig. 

5.5a. The maximum surface temperature is assumed to occur at the end of July, beginning of 

August. The ice period is assumed to be from about November 15 to April 15. During this 

period it is assumed that the ice insulates the reservoir, therefore no tempt~rature fluctuation is 

occurring. During the ice free season, surface conditions are assumed to cause the water 

temperature to tluctuate in time. Throughout the reservoir depth, this time fluctuation is assumed 
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to follow a sine curve representation. Since 3 points on the sine curve are known. equation 15.11 

is used to obtain the temperature protile. 

5.5 Foundation Temperatures 

The depth of penetration of annuaJ temperature oscillations in the foundation is assumed 

to be lOm (ASHRAE 1982). Below this depth the soi! temperature increases due tn the 

geothermaJ gradient as shown in Fig. 5.6 (Hammer et al. 1985). The geothermal gradient is 

assumed to be 3 oc per 100 m (Gupta 1980) . Temperature measurements for the tirst 3m of 

soil are available for Normadin (49 ON latitude, 72 °W longitude), which is close tu the area of 

interest (Environment Canada, atmospheric environment service 1984). Basoo on interpolation 

of the available data, the soil temperature at tOm is assumed to be 5 oc . The temperature at 

the base of the foundation (90 m) is therefore 7.7 oC. Note that snow insulates the soil against 

air temperature during the winter months. The soil temperature at the bottom of the reservoir 

is assumed to be at the same tempe rature as the water at this location; 4 oC for the type 1 

reservoir used (fig. 5.5a). The temperature profile used for the exposed toundation 18 also used 

here, with the exception that the top layer is at 4 oC. 
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CHAPTER 6 

Seasonal Variations of Temperature and Stress 

Distributions 

6.1 Convergence of Reat Transfer Analysis 

Figure 6.1 shows the time history of the average temperatures for the dam and sections 

1,2, and 3 (fig. 4.1), using a time step of one day. A smaJler lime step of haIt' a day was flJund 

not t() affect the results. Convergence, which is obtained for the second year of analysis, is 

defined when the average concrete temperature evaluated on January tst did not vary by more 

than 1 % for sections 1, 2, or 3. If, as a convergence criteria, the temperature of anode located 

at the centre of each section is considered, convergence is achieved on the third year. It was 

decided to use the 365 temperature distributions obtained for the third year to represent the 

typical variations of "seasonal lemperature" distributions. 
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Figure 6.2 Average thermal response of the dam. 
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6.2 Transient Thermal and Stress Response 

After convergence of the heat transfer analysis. 365 daily temperature distrilmtions. that 

are assumed to be represenlative of a typical yearly response. are obtained. Figure 6.2 shows 

the average thermal response of the dam due to seasonal variation!oo of air. reservoir. foundatilln 

temperatures and solar radiation. The average temperature variations for the top. middle and 

bottom third sections of the dam are in phase. Due to thermal inertia. a time lag of 

approximately 30 days is observed between the lime at which the minimum (maximum) average 

temperature of the dam is reached, and the time at which the minimum (maximum) air 

temperature is occurring. The annual average concrete temperature for the complete dam was 

computed as 4.2 oC, as compared with an annual average air temperature of 2.1 oc without sular 

radiation and of 6.4 oC wh en solar radiation is accounted for. A reference temperature of 4.2 

oC will thus be used to evaluate the thermal stresses. A reference temperature of 50°C wall 

obtained for the foundation. 

6.3 Yearly Temperature and Stress Distributions Envelopes 

To study the temperature and stress distributions in the dam, weekly temperature 

distributions were used to carry out 52 stress analyses. Figure 6.3 shows the typical temperature 

stress time histories for node l, located at the dam-air interface, and node Il, locate<! 4m within 

the dam. The stresses variations at 1 are in phase with the air tempe rature variations. The stress 

drop between pealcs is 70%, and a lag time of 175 days occurs between peaks. Moreover, 

location II, within the dam, is in a biaxiaJ stress state, while location l, on the oul'iide surface, 

r 
l. 
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Figure 6.3 Time history of stresses within outer concrete shell. 

is in an uniaxial stress state. 

Figure 6.4a presents an envelope of minimum temperature distribution based on 365 

daily heat transfer analysis results. High thermal gradients are occurring along the downstream 

face exposed to air over a depth of approximately 5 m. The bulk of the dam never goes below 

2"C. while the downstream face may reach approximately -16 oC, Figure 6.4b shows contours 

nf the days al which the minimum temperatures shown in Fig. 6.4a have been reached. The 

contour Iines are parallel, the deeper inside the structure, the longer the time lag to reach the 

minimum temperature. From Fig. 6.4a the maximum depth of frost penetration for a 90m dam 
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Figure 6.4 Tensile stresses: (a) minimum temperature envelope; (b) day when minimum 
temperature occurs; (c) tensile stress envelope; (d) day when maximum tensile strt~sses occur. 
(Note: temperature contours are at 4 oC intervals, day contours at 49 day intervilJs, stre!ls 
contours at 0.75 MPa intervals. Values reported at the surface are maximum values.) 
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'" \. locale<.! ln the lower St-Lawrence region can be seen as the 0 oC contour line. The depth of frost 

ptmctratÎon Î!I alm()~t unitorm over the height and is approximately 6m. The maximum frost 

penetration is occurring in mid March mstead of the coldesl period of the year due to the 

thermal inertia of the system in responding to the external air temperature variations. 

Figure 6.4c shows an envelope of the highest principal tensile stresses reached within 

the dam ba~e<.! on 7-day incremental stress analyses using the corresponding temperature 

distributions computed from the heat transfer analysis. The maximum tensile stress near the 

downstream face at tb~ toe of the dam is of the order of 3.8 MPa and occurs during the coldest 

peri(ld in December-January. The maximum tensile stress near the downstream face at the top 

of the dam, in the vicinity of anticipated seismic induced cracking, is of the order of 2.8 MPa 

and occurs in December-January. Figure 6.4d shows contours of the days at which the 

maximum tensile principal stress have been reached within the dam. ft is obvious that a few 

critical times must be selected to define temperature distributions that will maximize the stress 

response in different zones of the dam for subsequent combinations with self-weight, 

hydrostatic, seismic and other loads. 

Figure 6.5 shows the stress results obtained for the maximum temperature distribution. 

The maximum increase in compressive stresses is of the order of 3.4 MPa and is located near 

the toe of the dam. Compressive stresses are usually not of a concern, but problems may arise 

wh en sections of the dam have different orientations. For example, Fontana dam experienced 

cracking in the summer due to a longitudinal thrust in the curved section of the dam caused by 

the southern exposure of the downstream face, a gradual warming of the concrete mass after 

cnmitructilln. and temperature sensitive alkali-silicate reactivity (Abraham and Sloan 1978). 

( 
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Figure 6.5 Compressive stresses: (a) maximum temperature envelope; (b) day when maximum 
temperature occurs; (c) compressive stress envelope; (d) day when maximum c()mpressive 
stresses occur. 
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6.4 Critical Temperature and Streis Distributions ror Structural Sarety analysis 

To determine the critical tensile thermal stresses and related temperature distributions 

on the downMream face, a study of the thermal gradients computed at various sections along the 

dam height from the difference in temperature between the node located at the outside surface, 

and the tirst node within the dam has been carried out. The time at which the maximum surface 

thermal gradient (criticaJ gradient) occurs corresponds to the time of maximum stress. However, 

this is not true tor any other pair of consecutive nodes located within the dam. Figure 6.6 shows 

the resulting critical temperature and stress distributions for maximum downstream tensile 

stresses at the top and bottom regions of the dam. 

Seasonal temperature variations provide significant tensile stressing mechanism in the 

vicinity of the downstream face. Therefore, in a safety analysis it would be appropriate to 

combine the temperature effects with the seismic effects and other relevant loads to evaluate the 

performance of the dam. Although it is possible that the maximum temperature induced tensile 

stresses occurs simultaneously with the Maximum Credible Earthquake (MCE), this joint 

probability of occurrence is small. The return period for this load combination, that should be 

considered in the safety evaluation, is obviously greater than the return period of the MeE. To 

obtain a more "probable" thermo-seismic load combination, the temperature distribution 

inducing average tensile stresses corresponding to half of the maximum value reached at a 

particular criticaJ location can be considered. Numerical investigations have shown that for the 

system analyzed. the day of the coldest average concrete temperature for the top section will 

pmduce a reasonable vaJue to estimate average tensile stress distribution in the top region as 
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Figure 6.6 Maximum thermal stresses for structural safety evaJuation: (a) temperature profile 
which produces maximum tensile stresses for the top section on the downstream face (day 356); 
(b) maximum tensile stresses for top section; (c) temperature profile which produces maximum 
tensile stresses for bonom on downstream face (day 19); (d) maximum tensile stresses for 
bottom section. 
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Figure 6.7 Mean stresses for structural safety evaluation: (a) temperature profile when 
temperature of top section is minimum (day 50); (b) corresponding tensile stresses; (c) 
temperature profile when surface gradient is half that of the critical temperature gradient (day 
317); (d) corresponding tensile stresses. 
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Figure 6.8 Load combinations, stresses due to: (a) self weight; (b) self weight + hydrostatic; (c) self weight + hydrostatic + criticaJ 
temperarure protile for the top section; (d) self weight + hydrostatic + critical temperature profile for the bonom section; (e) self weight 
+ hydrostatk +temperarure profile for mean stresses for top section (day 317). 
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!'hown in Fig. 6.7. Il was also noted that wh en the thermal gradient between the surface node 

and anode located at about 1 m inside was half that of the critical gradient, mean stresses were 

ohlained. Figure 6.8 shows combined stress distribution due to self-weight, hydrostatic, and 

temperature loads for critical tensile stress in the top and bottom of the dam, and average tensile 

response in the top of the dam. Significant thermally induced tensile stresses are observed in the 

top region of the dam which is most vulnerable for seismic response. 

The maximum displacement was obtained on the day when the Mean temperature of the 

top section was minimum. Thermal stresses cause displacements al the crest of the dam varying 

from + .omm in winter, to -11.2mm in summer. Extreme crest displacement values are reached 

at times which are close to the days at which the maximum and minimum average concrete 

temperatures are observed. 
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CHAPTER 7 

Parametric Analyses 

7.1 Introduction 

The reference air, reservoir, and foundation temperatures, the material properties, and 

the stress relaxation factor due to creep of the dam-foundation-reservoir system have heen 

previously described. However, there are a1ways uncertainties associated with these parameters. 

Temperature, and the extent of damage that the structure has received, affects the material 

properties. Uncertainties in environmental parameters are due to the varîability of c1imatic 

conditions from year to year, a!ld to the imprecise knowledge of the lime history and spatial 

distribution of lemperature and heat fluxes at the boundaries of the dam. Therefore, a parametric 

analysis is conducted to assess the influence of different modelling assumptions and tu identify 

the most important paramelt=rs that affect the structural response of the system. The influence 

of (i) the geometrical, thermal, and mechanical properties of the dam, (ii) the reservoir, 

foundation, and air temperature distributions, and (iii) the heat supply from soldr radiation, on 

the stress-strain response of the system, are investigated. Figure 7.1 shows the main response 

parameters examined in this study. Note that location A is in the zone that is most susceptible 

to seismic cracking, and that the depth of the 0.75 MPa line is measured on the day when the 

thermal gradient at location A is critîcal . 
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Figure 7.1 Response parameters for parametric analysis. 

7,2 Height Effeds on Dam Response 

The 90m dam-foundation-reservoir model is scaled down to 45m and 22.5m to 

investigate the effect of height on the thermo-mechaniral response. The stress and temperature 

envelopes, based on 52 weekly runs, are shown in fig. 7.2 for dam heights of 90m, 45m, and 

22.5m. Table 7.1 compares the structural response of each dam. As the dam height is reduced, 

the maximum tensile stress at location A decreases. The maximum teusile stress for the 90m 

dam (2.7 MPa) is 42 % larger than that of the 45m dam (1.9 MPa), and the stress for thll 22.5m 

dam (0.9 MPa) 1553% smaller. The critical day for the maximum stress at location A occurs 

at about the same time for each height. The stresses at location B for the 90m, 45m, and 22.5m 
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Figure 7.2 Stress and temperature envelope for the 3 dam heights: (a) temperature envelope for 9Om: (b) temperature envelope for 45m; 
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Tahle 7.1: Influence of dam helght on thermal and structural bebaviour. 

Rt!,>ponl>e Parameter Dam Helght (m) 

90 45 22.5 

Mean annual "T: 
ctlmpll:te dam (nc) 4.2 4.0 4.1 
top !.eCtlOn 4.0 4.2 4.1 
mld-.. ectlon 4.0 4.0 4.1 
hottom M!Ctlon 4.2 4.1 4.4 

Minimum mean "T: 
complete dam (nC,Oay) 2.4,50 0.9,50 -1.8,50 
top secllon -1.0,50 -4.4,50 -7.1, 19 
mld-!>ecIIOR 2.4,50 0.7,69 -3.1,50 
hottom sllClIon 3.2,50 2.2,50 0.0,69 

Minimum ~urface "T: 
location A ("C,Day) -16. I. 18 -16.3, 18 -16.3, 18 
location B -15.5. 19 -15.8, 18 -16.2. 18 

Critical "T gradient: 
location A eC,Day) 9.1,356 5.9,344 3.1, 343 
location B 18.2, 19 13.6. 357 9.0,356 

Max. ten.~ile stress : 
location A (MPa,Day) 2.7,356 1.9, 344 0.9,343 
locallon B 3.8, 19 3.0,357 2.1,356 

Deplh of 0.75 MPa1
: 

Incallon A (m) 2.0 0.9 0.1 
location B 4.6 2.2 1.4 

Sirs. - mean Â"T al 
location A: 
location A (MPa,Day) 1.3,317 1.2,329 0.6,315 
location B 0.9,311 1.6,329 1.2, 315 

Fm,t penetration: 
IllCallon A (m) 6.0 6.6 3.5 
locahon B 5.5 5.8 6.5 

Max. displacement: 
w~~t (mm. Day) 10.5 7, 50 5. 19 

1: On day of entlcal temperature gradient at location A. 
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dams are 3.8 MPa. 3.0 MPa. and 2.1 MPa. respe~tively. As the dam height il' roou~ed the mesh 

spacing is also redu~ed. therefore. the critical temperature gradients ~annllt he ~"mparcd 

directly. 

For the 45m dam, "mean" stress values are not obtainoo wher .&..~ mean temperature fùr 

the top section is minimum. The stress at location A is 0.6 MPa, which is 69% smaller than the 

maximum stress of 1.9 MPa. The "mean" stress ohtained for the 22.5 dam ilo. 0.4 MPa. whlch 

is 56% smaller than the maximum of 0.9 MPa. "Mean" stress values arc obtainoo on the day 

wh en the temperature gradient is halfthat of the critkal temperature gradient. When this melhlld 

is used, the "mean" stress for the 90m dam at location A is 48% of the maximum stress, while 

for the 45m and 22.5m dams the "mean" stress at location A is ahout 65% ot the maximum 

stress. This method therefore provides results that are close to haIt" of the cntical Mress tè.lr the 

90m dam, and results that represent an upper bound for the 45m and 22.5m daml\. 

The depth of the 0.75 MPa line decreases as the dam height decrealit!s. At locatiun A. 

the 0.75 MPa line is at a depth of2.0m for the 90m dam, 0.9m for the 45m dam, and 0.1 m filr 

the 21.5m dam. At location B the 0.75 MPa line is at 4.6m, 2.2m, and t .4m t'or the 90m, 45m, 

and 22.5m dams, respectively. 

The mean annual temperatures for the 9Om, 45m, and 22.5m dams are 4.2 "C, 4.0 "C, 

and 4.1 oC, respectively. The difference between cach value is less than 5 %. As the height 

decreases, the variation of temperature in the dam mcreases. The minimum mean tcmperature 

for the 90m dam is 2.4 oC, while for the 45m and 22 .5m dams the minimum mean temperatures 

are 0.9 oC and -1.8 oC, respectively. Sorne reduction in minimum temperature I!I due tu the 
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re~erv()ir tempt:rature in contact with the dam, where a greater portion of the upstream face is 

in contact with cold water ti)r dams of hmited height. A smaJl change in the stress free reference 

tempt:rature U!lOO for the dam, for example an increase of 1°C, has a negligible effect (,0 the 

,omputed !ltre!l!les. The foundation reference temperatures tor the 9Om, 45m. and 22.5m dams 

art: re~pectiveJy 5.0 oC, 5.2 oC, and 5.0 oC. 

The top maximum positive displacements for the 90m, 45m, and 22.5m dams are 

respectlvf..ly IOmm, 7mm, and 5mm. The maximum displacements occur wh en the mean 

tempt:rature (If the top sections are lowest. For the 90m and 45m dams, the minimum mean 

temperature!l fln the top section occur on the same day as when the mean temperatures of the 

complete dams are minimum. If the displacement for the 22.5m dam is caJculated on the day 

wh en the mean temperature of the complete dam is minimum, a very good approximation is 

ohtainoo. 

The depth of frost penetration for each dam is similar. The average depth of frost 

penetration at location B is about 6m. The depth of frost penetration at location A for the 45m 

and 22.sm dams extends through most of the dams' thicknesses, where the thicknesses are 7.3m 

and 3. 7m. respectivel y. In each case, the reservoir prevents the frost penetration from going 

through the dam. The maximum depth of trost penetration occurs in mid March for the 90m and 

22 .Sm dams. while for the 45m dam it occurs at the beginning of March. 

A signitkant number of gravit y dams located in Quehec have a height close to 45m; 

therefore. the rest of the parametric anaJysis is conducted for this height. The presentation of 

the results will emphasize the magnitude of thermaJ stresses, and the depth of frost penetration. 
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7.3 Errects or Concrete Thermal Properti~ on Dam R~ptlnse 

The convc:ction coefticient. he. that regulates the heat ex change hetween air and concrete 

is dependent on the wind speed. If no wind is present. the convection cneftident is 5.1 

W /(m~K). This represents a reduction of 75% from the value whtm the average wllld l>(leoo il' 

present (23.2 W /(m~OK». To obtain an upper bound the convection coefficient. h,. Il> Încreal>eJ 

by 75% (40.6 W/(m:oK». To account for radiation, the Iinearized radlatiun weftident. 1\. IS 

added to the convection coefticient, he' (4.2 W /(mZoK». 

As table 1.2 indicates, the convection coefticic:nt, he, has a small effect on the tensile 

stresses. The major effect is on the depth of frost penetration. When the convection coefticient. 

he, is 5.7 W /(m~K) the depth of frost penetration at location B is reducoo hy 38 %. At location 

A, the depth of frost penetration is not affected by much. This is due tu the tact that lhe M!ction 

al location A is thinner, therefore the reservoir has a greater intluence on the thermal res(lonse. 

Wh en the convection coefficient, he, is 40.6 W /(m20J() the depth of t'rost penetration allocation 

B increases by 10%. 

The conduction coefficient, k, and specitie heat. e, of concrete are a tuncuon of the type 

of aggregate. To investigate the effects of these parameters, upper and lower hmllil tor the!!e 

parameters are obtained from the Iiterature (ACI 1981). Values ot 1 87 W/(m"K) and 3.68 

W /(mOK) are selected for the cor,duction coefficient, k, and value!! of 870 J/(kg"K) and 945 

J/(kgOK) are selected for the specifie heat, e. The effects of these parameter!! are listoo in tables 

7.2 and 7.3. 
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Tahle 7.2. Influence of he and k on the thermal and structural behavlour for a 45m dam. 

Re .. pono,t: Parllmeh:r h, (W/(m::nK» k (W/(mOK» 

5.7 23.4 40.6 1.87 2.62 

Mean Ilnnual '1': 
complete dam (oC) 5.8 4.0 3.7 4.1 4.0 
top ~dl()n 6.2 4.2 3.8 4.2 4.2 
mld-o,ectlOn 5.9 4.0 3.6 4.0 4.0 
holtom M!CtlOn 5.6 4.1 3.8 4.1 4.1 

Minimum mean '7: 
\"omplete dam (nC.Day) 2.6.50 0.9.50 0.5.50 1.3,50 0.9,50 
lop M!Ctum -2.5.45 -4.4.50 -4.9,50 -3.7,50 -4.4,50 
mld-~IIC)n 2.6,50 0.7,69 0.3,69 1.2, 50 0.7,69 
hottom sedum 3.7,50 2.2,50 1.9, 50 2.5,50 2.2,50 

Critical .,. .radient: 
location A rC.Day) -12.1,18 -16.3. 18 -17.3, 18 -16.5. 18 -16.3, 18 
location 8 -11.7, 19 -15.8, 18 -17.0, 18 -15.6. 18 -15.8, 18 

Maximum surface ~.,.: 
location A (OC.Day) 5.1, 344 5.9,344 6.1,347 6.8,344 5.9,344 
location 8 i2.8,357 13.6,357 13.9,356 14.9, 357 13.6, 357 

Max. tm,ile stres., : 
locatum A (MPa.Day) 1.8. 344 1.9, 344 1.9, 347 2.1. 344 1.9, 344 
l'lCatH," B 2.8. 357 3.0,357 3.0,356 3.1. 357 3.0,357 

Depth or 0.75 MPa' : 
location A (m) 0.9 0.9 1.0 1.0 0.9 
l(lCahon B 2.1 2.2 2.3 2 .2 2.2 

Strs.- mean 4-"1'at 
location A: 
IllCahon A (MPa.Day) 1.1,312 1.2. 329 l.l, 16 1.2, 310 1.2,329 
l(lCatlon B 0.9, 312 1.6, 329 2.8, 16 0.8, 310 1.6,329 

Fn~t penetration: 
l(lCahon A (m) 6.1 6.6 6.6 6.4 6.6 
location B 3.6 5.8 6.4 4.9 5.8 

Max. displllcement: 
cr~ .. t (mm. Day) 5.45 7.50 6,50 6, 50 7, 50 

1. On day of cnheal temperature gmhent at location A . 
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l Table 7.3: Influence of c on the thermal and structural ht!havlour tor 1 45m dam. i 
------

Respon~ Parameter c (J/(kg"K» 

870 912 Q4S 

------- --~-

Mean annual "1': 
complete dam ("C) 4.1 4.0 .. 1 
top ~tlon 4.2 4.2 4.2 
nud-~tlon 4.0 4.0 4.0 
bottom section 4.1 4.1 4.1 

Minimum mean "T: 
complete dam ("C,Day) 0.8.50 0.9,50 \.0,50 
top section -4.5. 45 -4.4, 50 -4.3,50 
nud-~tlon 0.6.69 0.7,69 0.7.69 
bottom section 2.2.50 2.2,50 2.2.50 

CriticaJ "T gradient: 
locallon A ("C,Day) -16.4. 18 -16.3. 18 -16.3, 18 
locatIOn B -15.8, 18 -15.8, 18 -157, 19 

Maximum surface â"T: 
location A (OC,Day) 5.8, 344 5.9,344 6.0,344 
locatlOo B 13.5. 357 13.6,357 13.8, 357 

Max. tensile stress : 
locallon A (MPa,Day) 1.8, 344 1.9,344 1.9, 344 
location B 3.0, 357 3.0,357 3.0,357 

Depth of 0.75 MPal
: 

locallon A (m) 0.9 0.9 0.9 
location B 2.2 2.2 2.2 

Strs. - mean A"T at 
location A: 
location A (MPa,Day) 1.2, 329 1.2,329 1.2, 329 
location B 1.6, 329 1.6,329 1.6, 329 

Frost penetration: 
location A (m) 6.6 6.6 6.6 
location B 5.9 5.8 5.6 

Max. displacement: 
crest (mm, Day) 6,45 7, 50 6,50 

------
1: On day of cntical temperature gradient at locahon A. 
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When the conduction coefficient, k, is 1.87 W/(mOK), the maximum stress at location 

A mcrea.'ie~ by 10% and at location B by 3 %. The depth of frost penetration at B decreases by 

15 % When the conduction coefficient, k, is 3.68 W l(mOK), the maximum stress at A is reduced 

hy 15%. the stress at B is reduced by 7 %, and the depth of frost penetration increases by 1 Q % 

at location B. The depth of the 0.75 MPa is not signiticantly affected for both cases. The 

variation ID specifie heat has a negligible effect on the response parameters of the system. 

7.4 Errects or Concrete Mechanical Properties on Dam Response 

The mechanical properties of the system are never known exactly, especially for old 

dams where aging May affect the concrete strength and stiffness. Moreover, the dam May be 

under plane stress or plain strain condition depending on the state of the interface monolith 

joints If the monoliths of the dam act as a contilluous section, the dam will be under plane 

strain conditions. If the monoliths are free to MOye independently of each other, then the dam 

will be under plane stress conditions. When a plane strain formulation is used, the maximum 

stresses increase by about 27%. The depth of the 0.75 MPa line increases by 33 % at location 

A and by 9% at location B (table 1.4). 

The toundation may provide different degrees of restraint to the base of the dam 

deptmding on the continuity condition provided by the interface friction and cohesion. Extreme 

dam-toundation interface continuity conditions May be simulated by using fixed and free dam 

restramts at the interface. As table 1.4 shows. the degree of restraint of the foundation has a 

negligible effect on the system away from the foundation-dam interface. When the foundation 

is part of the tinite element model. the principal thermal tensile stresses close to the heel and 

! .. 
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Table 7.4: Influence of structural modelhng on the thermal and structural ~hllvlour ti.lf Il 45m dam. 

Response Parameter Plane St raID Plane Stre!lS Foundataon 

Flx~d FEM Fr~~ 

Mean annual "T: 
complete dam eC) 4.0 4.0 4.0 4.0 4.0 
top section 4.2 4.2 4.2 4.2 4.2 
rrud-sectlon 4.0 4.0 4.0 4.0 4.0 
bottom section 4.1 4.1 4.1 4.1 4.1 

Minimum mean "T: 
complete dam (OC,Oay) 0.9,50 0.9,50 0.9,50 0.9,50 09,50 
top sectIOn -4.4,50 -4.4,50 -4.4,50 -4.4,50 -4.4,50 
mid-section 0.7,69 0.7,69 0.7,69 0.7,69 0.1.69 
bottom section 2.2,50 2.2,50 2.2.50 2.2.50 2.2.50 

Critical "T gradient: 
location A eC,Day) -16.3, 18 -16.3, 18 -16.3, 18 -16.3. 18 -16.3. 18 
locatIOn 8 -15.8, 18 -IS.8. 18 -15.8, 18 -15.8. 18 -15.8. 18 

Maximum surface .1-'1': 
locahon A eC,Oay) 5.9,344 5.9, 344 5.9,344 5.9,344 5.9,344 
location 8 13.6,357 13.6,357 13.6, 357 13.6, 357 13.6,357 

Max. tensile stress : 
location A (MPa,Oay) 2.4,344 1.9, 344 1.9. 344 1.9, 344 1.9,344 
location 8 3.8,357 3.0,357 3.1. 357 3.0.357 3.1. 357 

Depth of 0.75 MPa' : 
locahon A (m) 1.2 0.9 0.9 0.9 0.9 
location 8 2.4 2.2 2.2 2.2 2.2 

Strs.· mean .1'" at 
location A: 
location A (MPa,Oay) 1.6,329 1.2,329 1.2,329 1.2, 329 1.2 
locahon 8 2.1,329 1.6,329 1. 7,329 1.6, 329 1.7 

Frost penetration: 
location A (m) 6.6 6.6 6.6 6.6 6.6 
location 8 5.8 5.8 5.8 5.8 5.8 

Max. displacement: 
cre&t (mm, Day) 7, 50 7, 50 6,50 7, 50 

----
1: On day of cntical temperature gradient al location A. 

J 
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toe, on the day when the !ltress at location B is maximum, are 0.6 MPa and 2.8 MPa. 

rellpectively The principal thermal tensile stresses obtained close to the heel and toe when a 

fixed haM! ill as~umed are 0 5 MPa and 3.2 MPa, respectively. and wh en the base is on roll ers 

the principal thermal tensile !ltresses are 0.4 MPa and 1.0 MPa, respectively. 

Due to the long term action of stress, creep gives rise to an increase in concrete strain 

which relieves sorne of the indu.ed temperature stresses. To take into account the effects of 

creep, the instan'aneous modulus of elasticity, E, is reduced to an effective value, as was 

prevlously mentioned. In the current state of practice, the insta"taneous modulus of elasticity 

is reduced from 20% to 40% (Hayward et al. 1991; Paul and Tarbox 1991; NRC 1990). Due 

to the ettects of aging the modulus of elasticity may itself vary by approximately ±20%. The 

modulus of elasucity is aJso affected by temperature. The modulus of elasticity at -10 oC is 

ahout 10% larger than when the temperature is 20 oC (Lee et al 1988). Based on these 

conditions. a lower (13375 MPa) and upper (29500 MPa) bound for the modulus of elasticity 

is obtained. Note that the effective modulus of ~lasticity used in the initial analysis, when creep 

is considered. is 18175 MPa. Since the system is assumed linear elastic, the stresses vary 

linearly with the variation in the modulus of elasticity. The maximum thermal tensile stresses 

are reduced by about 25% when the lower bound for the modulus of elasticity is used, while 

the maximum thermal tensile stresses increase uy about 60% wh en the upper bound for the 

mmlulus of elasticity is used (table 7.5). 

The coefficient of thermal expansion is a function of the type of aggregate. The lower 

and upper limits selected l'rom the literature are 7.7xl0~/oK and 1O.3xlO-6/oK (ACI 1981). The 

maximum thermal tensile stresses are reduced by about 15% wh en the lower limit of the 
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1 Table 7.5. InfluenCe! of E and a on the thermal and structural hehavlOur ot li 45m dam. 

Response Parameter E (MPa) (Y (\O~/"K) 

-------------
13375 18175 29500 77 8.9 Ill..' 

Mean annual "T: 
complete dam (OC) 4.0 4.0 4.0 4.0 40 4.0 
top sectIOn 4.2 4.2 4.2 4.2 4 2 4.2 
nud-sectlon 4.0 4.0 4.0 4.0 4.0 4.0 
bottom sectIon 4.1 4.1 4.1 4.1 4.1 4.1 

Minimwn mean "T: 
complete dam eC,Day) 0.9,50 0.9,50 0.9,50 0.9,50 0.9,50 0.9,50 
top section -4.4,50 -4.4,50 -4.4, 50 -4.4,50 -44,50 -4.4,50 
nud-sectlon 0.7,69 0.7,69 0.7,69 0.7,69 0.7,69 0.7, b9 
bottom sectIon 2.2,50 2.2,50 2.2.50 2.2.50 2.2,50 2.2,50 

Critical "T gradient: 
location A (OC,Day) -16.3, 18 -16.3. 18 -16.3. 18 -16.3, 18 -16.3, 18 -16.3, 18 
location 8 -15.8, 18 -15.8, 18 -15.8. 18 -15.8. 18 -15.8, 18 -158, 18 

Maximwn surface 4"T: 
locatIon A ("C,Day) 5.9,344 5.9,344 5.9. 344 5.9. 344 5.9,344 5.9.344 
locatIon B 13.6, 357 13.6, 357 13.6, 357 13.6, 357 13.6, 357 13.6. lS7 

Max. tensile stress : 
locatton A (MPa,Day) 1.4.344 1.9.344 3.0, 344 1.6.344 1.9,344 2.2,344 
locatIon B 2.3,357 3.0.357 4.8. 357 2.6. 357 3.0,357 3.4,357 

Depth of O.7S MPa': 
locatIon A (m) 0.7 0.9 1.4 0.8 0.9 1.1 
location 8 1.8 2.2 2.6 2.0 2.2 2.3 

Strs.- Mean 4'" at 
location A: 
location A (MPa,Day) 0.9,329 1.2,329 2.0,329 1.0. 329 1.2, 329 1.4,329 
location 8 1.2,329 1.6,329 2.6,329 1.4.329 1.6,329 1.9,329 

Frost penetration: 
locahon A (m) 6.6 6.6 6.6 6.6 6.6 6.6 
location 8 5.8 5.8 5.8 5.8 5.8 5.8 

Max. displacement: 
crest (mm, Day) 6, 50 7.50 6,50 5.50 7,50 7, 50 

------
1: On day of cnttcal temperature gmhent at locatIon A . 

• 
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coefficient of thermal expansion is used, and increase by about the same amount for the upper 

limit. 

7.S Errects or Environmental Conditions 

7.S.1 Erreet or Air Temperature 

The air temperature that was used in the preliminary analysis was based on a 22 year 

average. The averaging process has the effect of smoothing any large thermal shock that the 

system may experience. To investigate the effect that the averaging pro cess has on the response 

of the system, actual measured air temperatures are used for the third year of the analysis. Three 

years are chosen; the year with the lowest mean annual temperature, the year with the lowest 

mnnthly temperature, and the year with the lowest daily temperature (fig. 7.3). 

Wh en actual air temperature variations are used, the maximum surface tensile stresses 

increase by a factor ranging from 1.5 to 2 (table 7.6). This large increase is due to the large 

temperature change that occurs from day to day. This increase in stresses is Iimited to the 

surface of the dam since the depth of the 0.75 MPa line does not vary by a large amount. 

Figure 7.4 shows the temperature and tensile stress envelopes for each year. The maximum 

depth of l'rost penetration oceurs for the year with the coldest monthly temperature; note that 

the increase is only of 5%. 

As was previously discussed, the air temperature may be modelled by a sinusoidal 

equation 15.1) (fig. 5.1b). The effects of modelling the air temperature by a sine curve are 
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Figure 7.3 Air temperature: (a) average minimum air temperature and year with lowest annual 
temperature; (b) year with lowest monthly temperature and year with lowest daily temperature. 
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Table 7.6: Influence of au temperature on thermal and structural behavlour of a 45m dam. 

Re!>pono,e Parameter Year wlth Colde~t A verage Au Temperature 

Year Month Day 22 Yr Sm Mm. 
(1980) (1984) (1978) 

Mean annual "T: 
complete dam (oC) 4.1 4.0 3.8 4.0 3.8 1.2 
top M:Ctlon 4.3 4.1 3.6 4.2 3.9 0.7 
mld-!>octlOn 4.1 3.9 3.6 4.0 3.7 1.0 
bottom o;ectlOn 4.2 4.0 3.9 4.1 3.9 1.3 

Minimum mean "1': 
complete dam (OC,Day) 0.8,59 0.3,41 0.8,85 0.9,50 0.8,55 -2.1, 50 
top section -4.7,361 -6.5,22 -4.4,50 -4.4,50 -4.4,41 -8.2, 50 
Imd-sectlon 0.6,59 0.0,69 0.4,85 0.7,69 0.5,62 -2.3, 70 
hottom section 2.1,59 1.8,69 2.1, 85 2.2,50 2.1,59 -0.6, 70 

eritial "1' gradient: 
location A re,Day) -27.0,355 -27.0, 22 -24.8, 343 -16.3, 18 -13.0, 16 -22.3, 18 
locahon B -26.6,356 -25.5, 22 -22.8,344 -15.8, 18 -13.0, 16 -21.8, 19 

Maximum surface 4"1': 
locatIOn A (Oe,Day) 16.0,346 13.9, 361 15.5, 343 5.9,344 4.0,338 7.0,347 
locahon B 26.3,356 23.4, 361 23.4,344 13.6,357 11.2, 354 145,3S7 

Max. ten.4iile strei.4i : 
locahon A (MPa,Day) 4.0,346 3.7,361 4.0,343 1.9, 344 1.5, 338 2.1,347 
locahon B 5.4,356 4.7,361 4.7, 344 3.0,357 2.6,354 3.1,357 

Depth of 0.75 MPa' : 
locahon A (m) 1.0 1.2 1.2 0.9 0.9 1.8 
locahon B 2.5 2.6 2.6 2.2 2.2 3.1 

Strs.- mean 4"T at 
location A: 
locahon A (MPa,Day) 1.9,22 1.8,348 2.4, 332 1.2,329 0.8,278 1.0, 11 
location B 2.8,22 1.8,348 3.1, 332 1.6,329 0.2,278 2.3, Il 

Frost penetration: 
locahon A (m) 6.5 6.7 6.6 6.6 6.6 6.9 
locahon B 5.5 6.1 6.1 5.8 6.2 12.1 

Ma.~. displacement: 
crest (mm, Day) 7.361 8.22 6, 50 7,50 6,41 8,50 

1: On day of entleal temperature gradient at location A. 
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mvesugated. When a !linu~()idal representation is used, the maximum surface tensile stress at 

1000:aUon A I!I reduced by 22%, while at B a reduction of 15% occurs. This drop is du~ to the 

unitormity ot t:le ,me curve which produces no thermal shocks. The location of the 0.75 MPa 

line rcmams unchanged. The depth of frost penetration at location B increases by 7%. 

To inveMigate the effects of extreme air temperatures on the dam, an average of 

minimum recorded air temperatures over a 22 yt~ar period is used (fig 7.3). The maximum 

tensile stress at location A is tound to increase by 10%, while at location B the increase is of 

3%. The depth of the 0.75 MPa line increases by a factor of 2 al location A, and by 44% at 

location 8. The depth of frost penetration at location B increases by a factor of 2. 

7.S.2 Errect or Reservoir Temperatures 

As previously discussed, 2 types of reservoirs are generally recognized. The effects of 

the second type of reservoir, type Il mg. 5.5b), are investigated. The maximum temperature 

is as!tumed to he 14 oC and the minimum temperature is assumed to be 0.5 oC. The transition 

fmm 0 oC to 0.5 oC is assumed to occur over a depth of Sm. The computed maximum tensile 

stresses at locations C and D are 1 MPa, while the stresses for the type 1 reservoir are 0.8 MPa 

and 0.6 MPa at locations C and D, respectively. The type Il reservoir has a negligible effect 

on the thermal and stress response on the downstream face (table 7.7). Figure 7.5 shows the 

temperature and stress envelopes. 

If the catch ment area for the reservoir is small, draw down of the reservoir for power 

may exceed the water intlow during winter wh en the river flows are smalt. Therefore, the 
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1 Table 7.7: Influence of reSC:fVOIr on thermal and structunll beha\'lOur for a .$Sm oam. 

----- --- ---~------- -
Re!>pon~ Parameter Re!\ervllir 

------ - - - ----- -
Ty~ \1 Tyf'C! 1 °rer. 

._---- ----- ------- ---
Mean annual "T: 
complete dam rC) 4.7 .$.0 .$.7 
top section 4.7 4.:! 4. , 
nud-sectlOn 4.7 4.0 ·U 
bottom section 4.7 4.1 4.7 

Minimum mean "T: 
complete dam ("C,Day) 1.1. 50 0.9,50 1.0,50 
top section -4.4,50 -4.4. 50 -5.8, 44 
nud-seclton 0.8.69 0.7.69 0.8, (lI) 

bottom section 2.5,70 22.50 2.5, 70 

Minimum surface "T: 
location A ("C,Day) -16.3. 18 -16.3. 18 -163. 18 
location B -15.7, 18 -15.8, 18 -15.7, 18 

Critical "T gradient: 
location A ("C,Day) 6.1,344 5.9. 344 6.0,344 
locallon B 13.7,357 13.6. 357 137,351 

Max. tensile stress : 
location A (MPa,Day) 2.0,344 1.9, 344 2.0,344 
location B 3.0,351 3.0,351 3.0.351 

Depth of 0.75 MPal
: 

locatIon A (m) 1.1 0.9 I.J 
location B 2.2 2.2 2.2 

Strs.- mean 4"T al 
location A: 
location A (MPa,Day) 1.3,6 1.2, 329 1.3,6 
location B 2.7,6 1.6,329 2.7,6 

Frost penetration: 
location A (m) 6.9 6.6 7.0 
locabon B 5.5 5.8 5.5 

Max. displacemenl: 
crest (mm, Day) 6,50 7, 50 6,44 

--------
1: On day of critical temperature gradient at location A. 
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Figure 7.5 Type II reservoir: (a) temperature envelope; (b) tensile stress envelope. Operational 
reservoir condition: (c) temperature envelope; (d) tensile stress envelope. 
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upstream tàce of the dam may he~ome expo~ed III freeze .md thaw ~ydes tur J signitkant 

ponion of the dam height. This IS pankularly ~ntlcal he~ause near the tlu~tuating water sllrt~,œ 

level the concrete IS ln a saturated ~ondition and very sUl-œplil'lle to d.ullage mdu~ed hy cydÎl.: 

t'rost penetration. To model this nperatmg comhtinn. the water level i~ Js~umed to he reduccd 

hy 5m during the winler seasons (note that the etfecl~ of phd.'1e chdnge Jre nol clln~ldercd in the 

transient heat tlow analysis). The drop ln water levd IS assumed 10 o~cllr gradually trom 

November 15 to Oecember 15. and the water leve1 is assumed to me gradually trom April 15 

to May 15. The operational reservoir condition atfects the depth ot the 0.75 MPa Ime at IOCdlll"l 

A, which increases by 44%. The mam change is in the ~tressell on the upstream faœ of the d.un 

(tig. 7.5). For ex ample, the stress at a depth of 3m bdow the mitial WJter surtace (43m) is 2.3 

MPa as compared to a value of 0.5 MPa when the reservoir level IS not ~hangmg. 

7.S.3 Erreet of Solar Radiation 

The amount of solar radiation reaching the surface of the dam depends on the 

absorptivity of the concrete and on the terrain tàctor. To slmulate extreme conditiuns, solar 

radiation is first assumed not to reach the dam (terrain factor = 0) and then 65 % (terrain faclur 

= 1, a=0.65) of the solar radiation is assumed to reach the dam. Note that tor a terrain tactur 

of 0.75 and an absorptivity of 0.5, corresponding to the previous analysis, the percentage uf 

solar radiation absorbed by the dam is 38 %. Another factor affecting solar radiation is the 

orientation of the dam. A southern exposure will receive the highe~t amount of soJar radiation, 

while a northern exposure will receive the least. 

Figure 7.6 shows the surface temperature at location A when solar radiation is 
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Figure 7.6 Time history of surface temperature at location A with and without solar radiation. 

considered. The maximum increase in surface l~mperature is 3 oC and 5 oC when solar radiation 

is 38% and 65%. respectively, and this occurs in mid june. The smallest temperature increase 

is 1.2 oC and 2.0 oc and this occurs towards the end of Detober. The mean annual increase in 

temperature when 38% of the solar radiation is absorbed by the dam is 2.1 oC. The annual 

increase in temperature. due to solar radiation, obtained from data avaiIable from Tarbox (1977) 

is 4.3 oC. The data a'/ailable from Tarbox (1977) therefore overestimates the temperature 

increase due to solar radiation. 

Figure 7.7 shows the maximum and minimum templ~rature envelopes for each case. 

Solar radiation affects mainly the depth of frost penetration (table 7.8). Wh en no solar radiation 

is considered. the depth of frost penetration at location B increases by 28 %. Wh en 65 % of solar 
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Tahk 7.S- Intluc:m.c: of I,olar radIatIon and foundatlon on thermal and structural respon!>e for a 45m dam. 

----- ---- ----
R~.,pCln.,c: Paramc:kr Snlar RadIatIon FoundatlOn 

0% 38% 65% No Present 

------- ----------
Mean annual '1': 
l.ompldc: dam ( 'C) 3.1 4.0 4.8 4.0 4.0 
top '>t:(;llon 3.1 4.2 5.0 4.2 4.2 
mld-.,edlon 2.9 4.0 4.8 4.0 4.0 
hottom "I:(.tlon 3.2 4.1 4.7 4.0 4.1 

Minim'jIJI mean '7: 
l.Omplde dam (UC.Day) 0.50 0.9.50 1.5.50 0.8.50 0.9.50 
top '>t:(;tlon -5.4. 50 -4.4.50 -3.7.44 -4.4.50 -44.50 
mld-'>t:(;tlon -0.3,69 0.7,69 1.4.50 0.7,69 0.7.69 
hotlom 1>cctlon 1.4. 70 2.2.50 2.8,50 2.0,50 2.2.50 

Minimum !.urface "T: 
locatIon A ("C ,Day) -17.8. 18 -16.3. 18 -15.2, 18 -16.3, 18 -16.3. 18 
locatIOn B -17.3, 19 -15.8, 18 -14.6, 18 -15.8, 18 -15.8, 18 

Critical "T "radient: 
locatIOn A (nc, Day) 5.9,344 5.9,344 5.9, 344 5.9,344 5.9,344 
locatIOn B 13.5,357 13.6, 357 13.7, 357 13.6,357 13.6,357 

Max. lell ... ile "tr~.'i : 
I(ICalulO A (MPa.Day) 1. 8.344 1.9, 344 1.9, 344 1.9,344 1.9,344 
I(ICatlon B 2.9,357 3.0,357 3.0, 357 3.0,357 3.0,357 

Depth of 0.75 MPaI
: 

locatIon A (m) 0.9 0.9 1.0 0.9 0.9 
locatIOn B 2.2 2.2 2.2 2.2 2.2 

Strs. - mean 4"T at 
location A: 
location A (MPa.Day) 1.2. 329 1.2, 329 1.2,313 1.2,329 1.2,329 
hlCatlOn B 1.5,329 1.6,329 1.0, 313 1.6,329 1.6,329 

Frost penetration: 
I(ICatlon A (m) 6.7 6.6 6.5 6.6 6.6 
location B 7.4 5.8 4.8 5.8 5.8 

Max. displllcement: 
crest (mm. Day) 8. 50 7,50 5,44 7,50 7.50 

1: On t1ay of enlleal temperature gradient at location A. 

74 



, 
l radiation is absorbe<! by the dam the depth of l'rost penetration al lucation B decrea. .. l.!s by 17% 

The effect on the stresses is negligible. 

7.5.4 Erred of Thermal Response of foundation 

The foundation is sometimes not modeled in the transient heat tluw analyslloo. When thi~ 

is done, an adiabatic condition is assumed at the dam-l'oundation interface. As can he M!en l'rom 

table 7.8 this has no effect on the response of the system away fmm the dam-foundatiun 

interface. The tensile thermal stress close to the heel, on the day when the stress is critical at 

location B, IS 0.9 MPa and the stress dose to the toe is 2.7 MPa. When the tllundalion is 

considere<! in the transient heat flow analysis, the stresses dose lo the heel and toe are 0.6 MPa 

and 2.8 MPa, respectively. Note that for the stress analysis the tllUndation is mdudeJ in the 

finite element model. 

7.6 Correlation with Simplified Analysis Procedures 

Many empirical formulae have been developed lo obtain the temperatuœ variation in 

concrete dams. One such equation developed for thick concrete sections, assuming a sinusoidal 

representation for the air temperature, is (ACI 1981): 

[7.1] R;c _ t! -% J ft: y 

RD 
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where 

[7.2) le 
c p 

in which R, il> the amplitude of the temperature at the location of interest, in oC; Ro is the 

amplitude of the l>urface temperature, in oC; x is the depth of the point of interest, in m; 'Y is 

the peflod of the air temperature, 365 days; h2 is the diffuslvity of concrete, in m2/day: k is the 

conduction coetticlent, in J/(day m OK); c is the specifie heat of concrete, in J/(kgOK); p is the 

density of concrete. in kg/m). From equation (7.1), the amplitude al a depth of 0.8m from 

location A is 13.0 oC. Note that the amplitude of the average air temperature distribution is 16.5 

ne. For the 45m dam subjected to the average air temperature distribution the amplitude 

obtainoo from the timte element tr,'nsient heat flow analysis at a depth of O.8m is 14.5 oC. The 

amplitude obtained from the transient heat flow analysis is 10% larger than that obtained from 

equation (7. 1 ). 

The time lag, Z, which is the length of time for which changes in external temperature 

take to penetrate to a point x, may be approximated from: 

[7.3) 

where A is the eross seetional area to reach the point x, in or. From equation [7.3] a time lag 

of R days is obtained. The time lag obtained from the transient heat flow analysis is 11 days 

(tig. 7.8). The results obtained from equations [7.1] and [7.3] and fi om the finite element 

transient heat tlow analysis are found to be in good agreement. The critical temperature gradient 

obtained from equations (7.1] and (7.3) is 5.5 oC. The tempe rature gradient is obtained from 

a sinusoidal representation of the air temperature, since equation [7.1] is based on this 
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Figure 7.8 Temperature al location A and al a depth of 0.8m from location A. 

assumption. The critical temperature gradient obtained from the tinite e1t!mt!nt transient heat 

flow anal ysis is 5.9 oC, which is 7 % larger tban that obtained from equatioo 17. 11 and 17.31. 

Assuming a fully l'estrained condition, the stress may be obtained from: 

[7.4] "T - EI/f CE IlT 

where E." is the effective modulus of elasticity, in MPa. The stress obtained from equation /1.41 

is 0.9 MPa and represents an average value for the area from the surface to a depth of O.Sm. 

The average stress obtained from the finite element analysis over the same depth is 1.4 MPa. 

The amplitude and phase shift at location A are accurately predictt'd by equations (7.11-(7.31, 

but the average stress is underestimated by equation [7.4). 
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As a simplitied procedure. one May think that a steady state analysis using external 

temperature conditions correllponding to a critical state might be performed to obtain critical 

thermal and lItrells distributions. However. a steady state atlctJysis will produce unrealistic 

tcmpcrature gradients and corresponding stresses. For example, when a steady state analysis is 

pertiJrmed fiJr the 45m dam, on the day when the temperature gradient is critical at location A 

(hasoo on an average air temperature distribution) the surface stresses are of the order 0.2 MPa, 

and the t'rost penetration at location B is 20.4m. Therefore, the transient nature of the thermo­

mechanical response must be considered to obtain realistic results. 
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CHAPTER 8 

Summary and Conclusions 

8.1 Summary 

Dam safety evaluation requires a realistic detinition of ail loads that intluence the 

structural behaviour of the dam-foundation-reservoir system. For dams huilt in northern regions, 

seasonal thermal stresses contribute significantly to the final stress condition in the vicinity of 

the downstrearn face. Repeated freeze-thaw cycles and related frost penetration also contrihute 

significantly to strength and stiffness degradation. Thermal stresses have often heen estimatoo 

using simplified assumptions with crude analysis procedures. Seasonal temperature and stress 

distributions may be obtained in a more rigorous manner by using tinite element transient heat 

tlow analysis in conjunction with stress analysis. The results are necessary tu optimize the 

rehabilitation of existing dams through thermal insulation (eg. Daniel Johnson) or restraint 

releases by the introduction of joints (eg. Paugan, Fontana). Realistic thermal stresses and 

strains are also required to perform reliable fracture and seismic !.afety analyses. Morcover, 

auscultation and surveillance of dams rely on measurements of deformations, strains, water 

leakage, and uplift pressure. To asses the structural integrity of the dam, th!! reversihle part of 

each measured quantity due to hydrostatic and seasonal temperature variations must he 

determined to evaluate the irreversible part of the deformations. 
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This study presented a methodology to compute seasonal temperature and stress 

distributions ID concrete gravit y dams by using a finite element technology operation al on 

mkrocomputers and widely available ID the industry. An extensive parametric analysis was 

performed to investigate the effects of different modelling assumptions related to the geometric, 

therrndl, and mechanical properties of the dam, and the influence of external heat fluxes supplied 

hy the air, sun, re!lervoir, and foundation, on the thermo-mechanical response of the system. 

8.2 Conclusions 

Seasonal variations of ternperatures provide significant tensile stressing mechanisms in 

the vicinity of the downstream face during cold temperature periods. Based on the procedures 

developed, and the numerical investigations reported, the following conclusions may be drawn: 

(1) To obtain a rapid convergence of the cyclical thermal behaviour of the dam-foundation-

reservoir system, when seasonal thermal variations are present at the boundaries of the system, 

the initial tempe rature distribution must be near to the mean annual temperature distribution of 

the dam. The temperature distribution obtained from a steady state analysis gives a reliable 

estimate of the mean temperature distribution of the system when yearly average tempe ratures 

are applied at the boundaries of the system. 

(2) Maximum surface tensile stresses occur wh en the temperature gradient between the surface 

node and the first inside node is greatest (critical gradient). This does not hold true for any pair 

of inside nodes. "Mean" surface tensile stresses, corresponding to approximately half of the 

maximum critical tensile stresses, occur when the temperature gradient between the surface node 
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and anode located at a depth of about 1 m from the surface of the dam. is half that of the ~ritkal 

gradient. 

High temperature gradients are Iimited to about a depth of 5m from the air cxpol\cd faœ 

of the dam. High tensile thermal stresses are limited to the face of the dam. For the 9001 dam 

examined in this study. the maximum thermal tensile stress at a point locatoo in the top third 

of the dam is 2.7 MPa, and the depth of the 0.75 MPa line is 2m. The stresses at the samc 

location for the 4501 and 22.5m dams analyzed in this study are 1.9 MPa and 0.9 MPa, 

respectively. and the depths of the 0.75 MPa line are 0.9m and O.lm, respectivcly. 

Thermal tensile stresses may produce surface cracking that will not affect the structural 

resistance of the dam significantly, however, these surface cracks may he very detrimcntill to 

the long term serviceability of the dam. Water penetration, coupled with repeated freeze-thaw 

cycles, has been found to produce severe deteriorations in dams built in northern regions. In 

extreme cases the structural integrity of the dam-foundation-reservoir system may he threatened. 

The location of high thermal stresses in the top region of the dam corresponds to the reglon 

where seismic induced cracking is Iikely to occur. Thus, initial thermal tensile stresse~ should 

be considered in a comprehensive seismic safety analysis since they may affect crack initiation 

and propagation. 

(3) The height of the dam has Iittle effect on the depth of frost penetration, of the order of 6m. 

and on the spatial distribution of the thermal field. However, height affects the !ltiffness and 

structural response. As the dam height decreases, so do the thermal streS1\es. The maximum 

thermal tensile stresses at a point located in the upper third of the dams are 2.7 MPa, 1.9 MPa • 
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and 0.9 MPa for the 90m. 45m .• m!.! n.5m dams analyzed in this study. respe~ti\'e1y. 

(4) Maximum crest displacemenb occur wh en the mean temperaturt.! of the upper thinJ se~tion 

of the dam is l0west. A very good approximation (within 2%) of the maximum ~rcst 

displacement may be obtained from a structural analysis carried out on the day whcn the mean 

temperature of the complete dam is lowest. The maximum crest displacements llhtained during 

the cold and warm periods are close to each other. Values of \Omm, 7mm. and Smm are 

respectively obtained for the 90m, 45m, and 22 5m dams subjected to average daily air 

temperature variations. 

(5). The main ,;;oncrete thermal properties used in the transient heat tlow analysis are the 

convection coefficient, he, which regulates the heat exchange between air and concrete. and the 

conduction coefricient, k, and specifie heat, c, which are strongly intluenced hy the type of 

,;oncrete aggregate. The convection coefficient affects mainly the thermal respllnse of the dam. 

When the convection coefficient is based on the assumption that no wind is present, the depth 

of frost penetration at a point located in the bottom third of the dam decreases hy 38% as 

compared to the case when the convection coefficient is based on an awrage wind speed. When 

the convection coefficient is 75% larger than the v~Jue obtained from an avera!;,e wind speetJ, 

thl' depth of frost penetration increases by 10%. The conduction coefficient, k, affects both the 

thermal and structural response. Analysis with conduction coefficientc; of 1.87 W /(m"K), 2.62 

W l(mOK), and 3.68 W l(mOK) were conducted for the 45m dam. Wh en the lower hound value 

is used, the stresses increase by 3% to 10% with respect to when a value of2.62 W/(m"K) is 

used, and the depth of frost penetration at a point located in the hottom third of the dam 

decreases by 15 %. When the upper bound value IS used, the stresses are reduced by 7 % to 
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15 %, and the depth uffrost penetration increases by 19%. The specifie heat coefficient, c, has 

a negligihle eftect on thP, thermal and structural response of the system. 

(6) Contmuity conditions along the longitudinal axis have a signiticant effect on the seasonal 

thermal Mresses. If the monoliths of the dam act as a continuous section, the dam may be 

considered to be under plane strain conditions. When the monoliths act independently of each 

other the dam may he consid~red to be under plane stress conditions. A plane strain formulation 

causes the maximum thermal tensile stresses to increase by 27% with respect to when a plane 

stress condition is used. It should be noted that the plane stress material properties (E, Il, a) 

of quadrilateral elements can be modified as follows to produce a plane strain condition: 

[8.IJ 

[8.2J v v = ---
p#nlllt (1 - v) 

[8.3J 

Considering " = 0.2, stress increases of the order of 25% for plane strain condition can be 

expected from the increased material properties over the plane stress formulation. 

The continuity provided at the dam-foundation interface by friction and cohesion has a 

negligible effect on the thermo-mechanical response of the system away from the dam-

foundation interface. Neac the tiam foundation interface the principal tensile thermal stresses 

dose to the toe of the dam, when the thermal gradient is critical in the bottom third of the dam, 

are 3.2 MPa, 2.8 MPa, and 1.0 MPa when the dam is assumed to be fixed, on a finite element 

foundation. and on rollers, respectively. 
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The fountiation is sometimes not modeled in the transient heat tlow analysis. When thit. 

is done. an adiabatk condition is assumed at the dam-tè)undation interface. The effects ot thl~ 

assumption away from the dam-foundation ,"terface are negligible. The prindpal therm.d tensile 

stress near the toe of the dam. when the thermal gradIent is critical l'tIr the hottom thlrd of the 

dam. is 2.7 MPa when the foundation is exduded from the heat tlow analysis and 2.8 MPa 

when the foundation is considered in the transient heat tlow analysis. Note that the fuundatilln 

is included for the stress computations in 0 ~er to ohtain proper t.tiuctural dam-f,'undation 

continuity condition. 

The effective modulus llf elasucity is a function of concrete quality. allep. age. and 

temperature. Based on various assumptions for concrete quality, creep. age, and tllmperature, 

the stresses obtained May decrease by 25% or increase by 60%. Thil coefticillnt of thllrmal 

expansion is a function of th~ concrete aggregate. TIle coefticient of thllrmal expansi,m may vary 

by ± 15% and affect the stresses correspondingly. 

(7) The daily air temperature distribution used greatly affects the surtace thermal tenMle stresse),. 

When critical daily air temperature distributions are used, the maximum surface tensile stressc~ 

increase by a factor ranging from 1.5 to 2 as compared to when a daily average air temperature 

distribution computed from a 22 year period is used. Therefore, jf "mean" thermal tensile 

stresses Me needed an average daily air temperature distribution compute<! over a long period 

of time should be used. When air temperature distributions are not available for a site, the air 

temperature may be modeled as a sinusoidal distribution. A slnusoidal representation of the air 

temperature distribution reduces the maximum surface tensile stresses by 15% to 22% a. ... 

compared to when an average daily air temperature is used. The reductÎon i~ due t() the 
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~rn()()thne!\~ of the ~inu~oidal curve whlch elirninates thermal shocks. If a long terrn avt..rage 

daJly minimum air ternperature diMribution is used, the IDcrease ID stresses is from 3% to 10% 

wlth re~pect 10 when a long terrn average air lemperature distribution is used, and the depth of 

the 0 75 MPa line and frost penetration line increase by a factor of about 2. 

(8) The amount of solar radiation absorbed by the dam depends on the terrain surrounding the 

dam and on the absorptivity of concrete. In this study, the solar radiation absorbed by the 45m 

dam was as~umed to be 0%,38%, and 65%, with 38% representing an average value. When 

no solar radiation is assumed to reach the dam, the depth of frost penetration, at a point located 

in the hottom third section of the dam. increases by 28% as compared to when 38% of the solar 

radiatIOn is absorbe<! by the dam. When 65% of the solar radiation is absorbed by the dam, the 

depth of frost penetration decreases by 17 %. The mean annual surface temperature increase, 

wh en 38% of solar radiation is absorbed by the dam, is 2.1 oC as compared to 4.3 oC when 

handhook data is use<! (Tarbox 1977). The effect of solar radiation on stresses is negligible. 

(9) The presence of the reservoir insulates the upstrearn face of the dam, and thus prevents the 

development of large thermal gradients and associated stresses in the vicinity of the upstream 

face. The maximum thermal tensile stresses obtained on the upstream face of the 45m dam when 

a reservoir with a small water intake with respect to if'i volume is present are of the order of 

0.6 MPa to 0.8 MPa. The stresses obtained when a reservoir with an important inflow ofwater 

with respect to its volume is pret,ent are in the order of 1 MPa. If the draw down of the 

reservoir exceeds the intlow of water during winter conditions, the water level will fluctuate. 

This causes the upstream face to be exposed to large thermal shocks and the thermal tensile 

stresses may reach values of the order of 2.3 MPa. 
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(10) Empirical formulae. developed for thick ~lln~rete se~tions suhk~h!() to ~inu~U\dal .lÎr 

temperature variations on one face. give d gond tndk.tUon of the amplitude ,md ph"s~ shltt Ilt 

the temperature distribution of an inside pOIDt. hut for the system analyzed the awrage stre),se~ 

obtained are underestimated. 

8.3 Suggestions ror "'uture Work 

Reliable estimates of cyclical tensile stresses are needed to perform thorough ),afety 

analysis and to optimize the rehabilitation of existing dams and to ensure proper long term 

serviceability condition. Further work should be pursued in the followmg areas' 

(1) Correlation of the magnitude and spatial distribution of the thermal tield obtained from tinite 

element heat transfer analysis with field temperature measurements. 

(2) More time history data from dam sites should be collected and analyzed tu provide a hetter 

definition of the critical temperature distributions of the climatic conditions and rese,'voir 

temperatures. 

(3) A three dimensional finite element investigation of polygonal dam construction should he 

performed, since changes of dam orientation may affect the tht:rmal stress dbtrihution in the 

dam. 

(4) A coupled thermo-mechanical analysis, with evaluation of temperature stresses consldering 

creep in time and potential crack i.nitiation and propagation should be perfiJrmed tèlr ditferent 

T 
1 
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\c~nari()!ot For ~xampl~, a !>el!otmic analY!lis coupled with a thermal analysis should be performed 

tll tletermine th~ etfect of mitial thermal ten!lile !>tresse!l on the Mructural re!lponse of the system. 

(5) The eft~cts of damaged concrete on the thermo-mechanical response of the system should 

he rnveMigated. Damaged con crete may result in lower thermal tensile stresses since cracks will 

provide a relief mechani!lm for the !.trains. However, damage induced stress redistribution may 

h~ criucal for the safety of the structure. 

(6) The mechanics of frost induced concrete damage should be investigated (Krali et al. 1991) 

(7) The effect of change in phase of water in saturated con crete on the thermal response of the 

dam should he investigated. This is especially important on the upstream face of the dam where 

the concrete is saturated with water and where the reservoir level may tluctuate during winter 

~'onditions, thus exposing the concrete to significant thermal gradients. 

(8) Procedures to provide optimal protection against water and frost penetration should be 

investigated (Gore and BickJey 1987; Robinsky and Bespflug 1973). Insulation metilOds may be 

active. passive. or a combination of both. Active insuJation includes heating of the downstream 

face and passive insulation consists of protecting the downstream f"ce with insulating materials. 

(9) Procedures to repair and protect frost damaged concrete should be investigated (Barfoot 

1989). Il is important to prevent water from entering damaged concrete and thus causing 

additional damage. A method to prevent water from entering surface cracks is to apply a 

protective coating over the damaged area. 
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(10) Time series analyses of environmental data should he perfl.lrmed 10 detine lIsual. unll!>lIill. 

and extreme lemperalure conditions in rigorous pl'l!hahilistÏl: lerm!>. 

(II) Several analyses and observations of dams located .. 1 (hft~n.nt !>iles \Vith Jin~rt'nI 

geometries. orientations, dimatic conditions. and material properties !>hllUld he perfurmed tll 

huild a comprehensive ddtabase on û'e effect of the seasonal variation of lemperature ilnd 

thermal tensile stresses on the struct'Jral behaviour of the dam-foundation-rcservolr lo.ystcm. 

T 
J; 
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