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This thesis addresses key issues related to the rehabilitation of cracked leaking 

concrete dams. In order to perfonn a rehabilitation procedure, an in-depth understanding 

of the stresses involved in the failure mechanism at the peak load is key to a successfbl 

k. 

Dams, like other massive concrete structures are most Iikely to fail at the 

construction joints. The construction joint is fist to fail due to the development of 

intemal stresses during the early construction stages. 

In the early stages of erected concrete structures, temperature nse occurs due to 

hydration of cernent. Two theoreticai models, narnely, a transient thermal model and a 

transient stress model are developed to predict the behaviour of young concrete. The 

models account for several factors such as arbitras. concrete block pour history, 

convective heat exchange between concrete and air, and a variable moduius of elasticity. 

First, a model of concrete test specimens prepared as part of this research program 

was used to investigate what ultimately drives the potential for failure. Subsequently, the 

specimen size is enlarged and the size effect is captured. In addition, the pour t h e  effect 

is analyzed. 

Finaily, a model, which presents an achial dam's upper structure (two blocks), is 

analyzed. The numerical analysis is carried out using commercial software, which uses 



the finite element rnethod revealed the magnitude and the interna1 residual stress 

distribution. 

Passive rehabilitation is the kind of rehabilitation that could contain the leaking 

problem at least for a short period of tirne, until a definitive solution is found. Ice forms 

out of the cracked downstream surface due to Ieaking through the joint. The expansion of 

ice inside the joint and its fding fiom the side of the dam becomes more and more 

dangerous with time. Using the Long-Spruce Dam as a case shidy, a tunnel heated by 

electric heates on the dowmtrearn side is designed to keep ice from accumulation on the 

surface of the cracked down stream surface. Heat exchange analysis is carried to estimate 

the heat power required to maintain the air temperature inside the tunnel above zero 

throughout the year. The results were adopted for the Long Spruce and, today, the tunnel 

is fdly functional. No ice has formed on the surface of downstream face of the Long 

S pruce Transition Stnic tue. 

Active rehabilitation attempts to solve the leaking problem permanently by 

completely eliminating the le& were exarnined. Based on the results of this investigation 

and other related results on the behavior of the bond between concrete and different 

commercially available repair materials at different temperature, it is recommended not to 

repair the cracked joint of the Long Spruce Dam. As it is anticipated that cracking would 

occur due to the cornbined extremely high stress level. 
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1 INTRODUCTION 

1 GENERAL 

The main difference between mass concrete and all other concrete types is its 

thermal behaviour. Mass concrete is a type of concrete used mainly for incrementally 

constnicted dams. Heat generated by the hydration of cernent in mass concrete produces 

high temperature which c m  not quickly dissipate. Significant thermally inducted stresses 

must be develop and produces cracks. 

Therrnal load remains in dam structures until a dam is stabilized thermally. The 

control of this load is not an easy task. The thermal behaviour of mass concrete depends 

on several factors, such as rnix portion of concrete, size of blocks, amount of pozzolans? 

chemical admixture, the use of air-entraining admixtures, ambient conditions and so on. 

If the intensity of therrnally induced stresses is larger than the tensile strength of 

concrete cracks initiate. Once cracks are initiated at the upstrearn face of a dam, water 

and ice (in cold regions) will produce higher pressure than those assumed. This usually 

leads to loss of structurai integrity and shorter service life of the structure. 

Precooling of concrete materials to obtain lower maximum temperature in the 

mass concrete during the period of cernent hydration is used since 1940s [I l .  Precooling 

of concrete means introducing crushed ice into the mWng water and cooling the 

aggregate. In addition, in some large dams precooling and postcooling refirigeration by 

embedded pipes has been used. Those are the most effective ways to reduce temperature. 

In order to get more reduction in temperature: low-heat-generating cernent with 

pozzolans should be used and the amount of cernent content should be controlled; control 



sue of aggregate, Le., use large size with reduced cernent content; use chemical mixtures 

and air-enaaining admixture in order to improve properties of concrete; use proper block 

size for placement; control t h e  of placement for new block [l]. 

Usually, a couple of those parameters can be controlled. Some of them depend on 

site topology, foundation characteristics and availability of materials for construction. 

Economy should not be forgotten. It may even determine the type of structure. 

Compressive and tensile strength, modulus of elasticity, Poisson's ratio, adiabatic 

temperature change, thermal conductivity, specific heat among al1 the other properties 

must be defined prior to construction. Some of those parameters are approximated 

because they depend directly on the mix proportion of concrete. Usually, before 

construction of a dam is started, a laboratory investigation must be done. 

Volume change is another concrete characteristic that effect cracking. Volume 

change or shrinkage is caused by drying of fkesh concrete. In the early stage of maturing, 

concrete is relatively elastic and stresses in time of maximum temperature can be 

assumed near zero. M e r  that, in the cooling stage, concrete gains strength and elasticity 

[il- 

Investigations on concrete in this early stage are performed using finite element 

method (FEM). There are different approaches on how to use this method. In this thesis, 

FEM is applied using commercial software, ANSYS. ANSYS is a finite element analysis 

package that performs 2-D and 3-D structural, thermal, electromagnetic, and fluid 

analysis. The components of interest are ANSYS/Stnictural and ANSYSKhermal. 

ANSYSIStnictural performs linear or nonlinear structural analysis that c m  accurately 

simulate the performance of different kind of structures, fiom small simple structures to 



large, complex models. ANSYSmermal is a program that can work alone and perform 

steady state and transient themial andysis. 

1.2 OBJECTIVE 

The main objective of the thesis is to shidy thermally induced intemal stresses 

caused by the heat of hydration in massive concrete. The main question to answer is 

whether the residual stress is responsible for the apparent loss of strength in construction 

joints of massive concrete structures. In other words when does the intemal stress 

develop in mass concrete and what are its order of magnitude and profile in construction 

joints fonn the key questions to answer in this work. 

Additional objectives include the development of inexpensive rehabilitation 

procedures for concrete dams which fail/leak at the constniction joints. 

1.3 SCOPE 

This thesis contains finite element modeling dgorithms for thermal and structurai 

andysis of incrementally constructed massive structures. In the case of the young 

concrete, when the properties of the structure are changing quickly, transient analysis 

must be carried out. Residual stresses are usually mishandled at the design phase of mass 

concrete structures. This work provides a fiamework which may be used to access the 

magnitude and distribution of the internai residual stress at construction joints. 

The thesis is divided into six chapters. Chapter 1 presents the overall subject of 

this research. Chapter 2 is a review of the pertinent literature, which is discussing 



thermal, stress, crack and young concrete problems in mass concrete. In addition, this 

chapter contains relevant material parameten and o v e ~ e w  of techniques for modeling. 

Chapter 3 contains a description of leak containment design in hydroelectric structures. 

Leakage through joints increases with time. A heating tunnel on the downstream side of a 

case-study structure is designed to provide what we refer to as a passive solution to the 

problem. The energy needed for heating of the tunnel and design of the tunnel is 

described in this chapter. Chapter 4 contains a thermal analysis algorithm and detailed 

procedure used in making of the algorithm. Detailed analysis of matenal properties of 

concrete is carried out in order to make al1 parameters as close to reality as possible. In 

Chapter 5, procedures for stress analysis are explained and resuits are discussed. The size 

effect is analyzed and the optimum t h e  for pouring concrete blocks from stress field 

respect is calculated. Finally, conclusions and recommendation for future work are 

presented in Chapter 6. 

Several appendices contai.. supplementary information related to the thesis work. 

Appendix A presents detailed analysis of the heating tunnel. Appendix B provides an 

explmation of the heat of hydration of cernent used as a load for thermal analysis. In 

Appendix C, a detailed process for predicting the evolution of the modulus of elasticity is 

presented. Appendix D contains a listing of the program used for thermal analysis. 

Appendix E is the program code used for structural analysis. 



2 LITERATURE SURVEY 

2 i INTRODUCTION 

Thermal analysis of massive concrete structures is a cornmon topic in many 

massive concrete publications. in most of those publications, the focus is the themai load 

caused by heat of hydration of cernent, in other words, thermal studies of young concrete. 

Many papers address aspects of structural anaiysis of concrete in its mature stage, 

however, very few of them deal with stresses in the early stage of concrete. 

The main characteristic of mass concrete is the thermal behaviour. AIthough mass 

concrete is low in cernent content, it develops high temperature field. The reason for this 

is its large volume. Low cernent content can be allowed for this type of structures because 

the loads applied on the structure can be partly carried by the structure weight. 

The high temperature developed by heat of hydration can be very dangerous with 

respect to cracking. This temperature must be controlled. Different ways for control of 

this temperature field is described in the Chapter 4 in detail. 

Stresses of concrete blocks with thermal and mechanical effects should be 

analyzed for massive concrete structures. Thermal effects are related to the heat of 

hydration of cernent, change of material properties (Le. modulus of elasticity) and 

exchange of heat with environment. Mechanical effect deals with the change of the 

geometry of the structure, which means generation of new blocks of concrete during 

construction. 



The behaviour of concrete depends on the heat produced by cernent hydration and 

ambient temperature. The influence of ambient temperature is largest on extemai surfaces 

of concrete blocks. 

2.2 MASS CONCRETE STRUCTURES 

Mass concrete is defined as: 

"Any large volume of cast-in-place concrete with dimensions large enough to 

require that measures be taken to cope with generation of heat and attendant volume 

change to minimize cracking" 

Mass concrete is basic concrete made from fine and coarse aggregate, water and 

portland cernent. Usually it contains larger aggregate size and smailer cernent content. 

The main charactenstic of mass concrete structures is strength. However economy, 

durability, workability m u t  be considered too. Mass concrete structures are required for 

large volume of concrete pours, therefore the need for economy in the use of concrete is 

magnified [SI. 

In mass concrete structures, temperature rise that occurs in hardening fiom the 

hydration process is the largest problem nowadays. In the process of temperature rise, 

structures expand. However, structures are u s d y  constrained from deforming and this 

constraint prevents expansion. Stresses are consequently induced in structures, and often, 

when the magnitude of these stresses are hi&, cracking occurs [7]. 

Mass concrete is concrete used mostly for dams, large bridge piers, foundations 

and other massive structures. Although massive concrete has low cernent content the heat 

that has been developed in these structures can produce significant stresses. A structure 



must be thermally controlled otherwise cracking due to themal behaviour may cause loss 

of structural integrity and monolithic action, or may cause excessive seepage and 

shortening of the s e ~ c e  Me of the structures, or may be esthetically objectionable [ I l .  

Different processes for temperature control in concrete has been used. One of the 

factors that plays an important role in choosing which process will be applied for 

temperature control is econorny. Some of the ways to solve this problem are: low-heat 

generating cernent, pozzolans, aggregate size, precooling of aggregates and water, 

appropriate block size, construction schedules, circulahg cold water through embedded 

piping and so on [l 1. 

The most effective way to reduce temperature is the use of low cernent content. 

This d e  has limitations because a construction needs a minimum amount of cernent to 

provide workability of concrete. 

2.3 THERMAL LOAD DUE TO CEMENTHYDRATION 

Heat generated by hydration of cernent warms concrete to a different degree 

depending on size and mixture of concrete blocks and surroundhg temperature. 

Dissipation of temperature depends directly on ambient temperature, but also on type of 

framework and number of surfaces exposed to ambient air. The temperature quickly 

dissipates from surfaces that are closer to ambient air. The temperature in the core of the 

block is high and dissipates slowly. This is the reason for stress appearance. The outer 

surfaces dry quickly and tend to shrink. This is the reason for appearance of tensile 

stresses. However, in the core, compression usually dominates. Once tende stresses 



becorne larger than tende  strength, concrete cracking occurs. More complications occur 

due to loss of moisture, which also may create new cracks [8]. 

Heat generation is actually the outcorne of the chernical process between cernent 

and pozzolans and water. The heat of hydration directly depends on the type and amount 

of cernent and pozzolan in concrete. Most of the heat is generated in the first seven days 

&er mixing. In the same time, the concrete is gaining its early strength [8]. More about 

heat of cernent hydration is explained in Appendix B. 

In addition, pozzolans generate heat . Pozzolans are materials that replace cernent 

in concrete structures. Usually pozzolanic materials, fly ash or a natural pozzolan, replace 

35% of portland cernent [15]. The reason for this replacement is, pozzolans generate 

about 40% less heat than cernent. 

Reaction between cement and water is exothermic and produces a considerable 

quantity of heat. This can be easily proven if cernent in combination with water is placed 

in vacuum flask or other insulated container and temperature of the mass read at intervals 

[13]. This heat is usually neglected in construction where mass concrete is not involved, 

i.e., thin structures. Heat of hydration in construction, such as gravity dams, has 

considerable importance. The temperature in the rniddle of these structures can be 50°C 

higher than the temperature at time of placing concrete [13]. This high temperature can 

remain for many years. Also the shrinkage due to temperature change with t h e  is the 

principal cause for cracking. 

For heat evaluation, the adiabatic method is usually used. This method consists in 

a concrete sample and an adiabatic calorimeter fkom which no heat lost c m  occur. To get 

this condition the cdorimeter is surrounded by an outer bath, the temperature of which is 



caused to rise by automatic means at exactly the same rate as that of the concrete [13]. 

This presents a condition, where no outward heat loss occurs. The the-temperahire curve 

obtained fiom this kind of experiment simulates actual thermal history of the interior of a 

large mass concrete where conditions are ahost adiabatic in the first few days. The 

temperature rise can be converted into calories per gnun of cernent with water equivalent 

of the concrete. This method can be satisfactorily used up to 7 or 28 days with larger 

error [13]. 

2.4 BEHAVIOUR OF CONCRETE 

The main characteristic of mass concrete behaviour is its thermai behaviour. In 

addition, an important characteristic is its cracking behaviour. These two characteristics 

could be controlled but not be avoided. 

As we mentioned before, chernical reaction between cernent and water produces 

heat. In ordinary structures, this heat dissipates very quickly, in a couple of hours. 

However, in mass concrete, thermal stability is achieved after a couple of years. As 

thickness increases, the possibility for temperature rise increases. This can impair 

structural integrity. 

In mass concrete, thermal stresses are afTected by two elements: heat of hydration 

of cernent and ambient temperahire change. We usually can not influence ambient 

conditions. Daily change in temperature influences the behaviour of exposed surfaces of 

concrete. The temperature change on those surfaces is almost the same as change in the 

air. Cracking due to ambient temperature changes is usually at and near the surface [l 1. In 

some cases, it is necessary to prevent propagation of the cracks. Leaving a formwork for 



longer period in cold days can help in avoidhg this problem. However, when the 

formwork is removed, concrete surfaces can experience a large temperature change. This 

phenornenon is known as "thermal shock" [l]. 

2.5 CONTROL OF DAM CONCRETE CRACKING 

Concrete structures are subjected to volume change. If volume change is uniform, 

it will not produce cracks. Uniform volume change occurs if a structure is relatively free 

to change volume in al1 directions. Free volume change is very rare in mass concrete [9]. 

Mass concrete is usually constrained. This coflstra.int is in many cases enough to produce 

cracking. 

Some methods for temperature control that have been reguiarly used in 

construction of dams are explained in this thesis. Which method will be used for cracking 

control mostly depend on the economic situation. Some of the control methods that we 

are going to discus in this part are restraint and control of volume change. The volume 

change can be reduced by reducing cernent content, using pozzolans, precooling, 

postcooling, control of rate for heat gain and loss and similar methods rnentioned before. 

However, adding reinforcing steel can help to distribute cracking so that one large crack 

can be replaced by many srnaller cracks of acceptable width [9]. 

Reseaint acts to limit change in dimension produced by stress. Stress usually 

exists in a structure. Stress can be produced by supporting elements (constraint) or by 

different parts of a structure. This is the reason for dividing restrain into two categories 

extemal restraint and intenial restraint. 



Continuous externd restraint exists on the surface that is in contact with surface 

where concrete has been cast. How much restraint appears in structure depends on the 

size of the structure, strength of concrete, modulus of elasticity and r e h n i n g  material. 

The stresses in concrete increase due to restraint. Cracks are fonned in restrained 

concrete when stresses exceed tensile strength. They will continue to grow until stresses 

reach a magnitude that is insufficient to continue crack generation. These cracks in some 

cases can grow through the entire block [9]. In addition, cracks do oot stop immediately 

when stresses are srnaller than tensile stress of concrete. They usudy continue to growth 

even at half of the stress field necessary to initiate crack. 

Intemal stresses are very usual for dam structures. These stresses exist in 

structures where intenor temperature is greater than surface temperature. Magnitude of 

the restraints caused by intemal stresses is added to the extemal restraints but usually 

intemal restrahts are negligible in cornparison with extemal ones. 

Three main reasons for volume change are shrinkage due to dissipation of 

construction temperature, annual thermal boundary condition patterns, and drying 

shrinkage [6].  Adjusting the following elements can control drying shrinkage effect: 

cernent content, type of aggregate, modulus of elasticity, control of temperature rate and 

others. In addition, annual temperature change infiuences volume change, especially in 

the regions where difference in temperature during the year can be as high as 80°C. Daily 

temperature difference can produce srnall cracks that are not structurally considered. 



3 PASSIVE REHABILITATION AND LEAK CONTROL 

Cracks are a major economic problem. Gravity dams and other massive concrete 

structures are subjected to significant thermal loads which are producing considerable 

stress fields. When these stress fields becorne larger than the matenal strength, cracks 

initiate. Variations of temperature in Northem regions of Canada cm be sometirnes as 

high as 80°C and severe condition like these present a considerable challenge which can 

senously affect the integrity of a structure. This change deals with a case study of a dam, 

which has cracked as a result of the action of thermal loads. 

The Long Spruce dam in northem Manitoba, Canada, has a crack that goes dong 

the structure from downstream side to upstream side. Monitoring of this crack has been 

observed for six years. Following three years of observation crack has opened 0.2 mm in 

upstream and downstream side [1 O]. This opening explains increase of leakage with time. 

Water leakage in the worst case is around 100 literhin. This amount of water is 

extremely dangerous especially in winter tirne. In winter tirne, ice formations on the 

downstream side are large and can be dangerous for people who work around the dam. 

Heat traced drainage system was installed on the downstream side of Long Spruce 

generation station. The function of this system is to capture leaking water on the 

downstream side, which causes king problem in winter. 



3.2 LEAKAGE OF THE DAM 

Problern of leaking in dams is a major problem and practical solutions are not yet 

found. This problem is more emphasized in dams in severe climate conditions. This is the 

case with the Long Spruce generation station. 

Photographs 3.1-3.4 present the history of crack growth at Long Spruce. Al1 

photographs are taken fkom the same place and present the downstream side of the dam. 

The leakage shown on photograph 3.1 is not severe because as the photograph is 

taken in June 1987. This is the beginning of crack formation. Photograph 3.2 is taken in 

August 1992 when the leakage started to be important which means the width of the 

crack is larger and more water appears on the downstream side. 

Photograph 3.3 shows a typical winter situation. Ice formations are big and people 

who works on the dam are in a dangerous situation fiom ice fdling fiom the dam 

especially at spring tirne when ice melts. This is the main reason for installation of heat 

traced drainage system on the downstream side. 

Heat traced drainage system is presented in photograph 3.4. The photograph was 

taken November 1996 and it is obvious that leaking in the downstream side has stopped. 

This solution does not solve the real problem, i.e. stop crack growth and deterioration. 

That is the reason why additional investigations have to be carried out. 

In order to present ice from formhg and accumulating during winter, the amount 

of heat necessary is evaluated next. This procedure may be used commonly in cold 

regions, at last as a temporary mesure, while a more permanent solution is being 

considered. 



Photogmph 3.1 Downstrem Side of Long Spruce Dam at June 1987 

Photogmph 3.2 Domsiream Side of Long Spruce Dam ut August 1992 



Photograph 3.3 Downstream Side of Long Spruce Dam at December 1992 

Photogmph 3.4 D o w t r e a m  Side of Long Spmce Dam ut Novemkr 1996 



The passive rehabilitation is the kind of rehabilitation that could contain the 

problem of leaking for a shoa period of t h e .  It is done here because the fdling of the ice 

nom the side of the dam becomes more dangerous with time. in this work the energy 

required to maintain the air temperature around the crack above fieezing point is 

estimated. The tunnel is 0.25 m half round enclosure. It is heated by electnc heat traces. 

Temperature c m  be monitored and heat can be reduced if necessary. 

Figure 3.1 Heat Traced Drainage System 



From the Figure 3.1, we can see that three kind of heat loss may occur, 

ql m] is the heat loss through the w d  of the dam by convection 

q2 [iYl is the heat loss per unit length through the insdation by 

conduction 

q3 p] is the heat loss with water 

Those three kinds of heat Iosses in the tunnel are actually energy needed to be 

supplied through heating. All three heat losses will be discussed separately. 

First as, the heat loss through the wali of the dam by convection can be expressed: 

4, =Ah, (T ,  - T J  (3-1) 

where, 

h, /X/(m2 K)] is the convective coefficient between air and concrete 

Ta [K] is the air temperature in the tunnel 

Tc [fl is the concrete temperature 

The heat loss per unit length through the insulation by conduction: 

where, 

k w / ( m  K)] is thermal conductivity of the insulation material 

T, [u is the air temperature in the tunnel 

To [KI is the outside temperature 

ri [ml is the radius of the pipe 



rz [ml is the radius of the insulation 

The heat Ioss with water transport can be presented as a sum of three heat losses: 

43 = % +% +4, (3.3) 

where, 

q, /?VI is energy needed for increase temperature of ice fiom - 10°C to O°C 

q b  is energy needed for melting ice (changing phase) 

q, /7V] is energy needed for increase water temperature from O°C to 7OC 

Energy that is necessary for ice temperature increase fiom -lO°C to O°C c m  be 

presented by following formula: 

where, 

rn' pg/d is the mass of ice to be eliminated per second 

ci, (k//(;kg K) ] is the specific heat of ice 

The energy needed for phase change (fiom ice to water) cm be expressed as: 

where, 

hsf /W/kd - the latent heat of melting 

Energy needed to increase water temperature from O°C to 7T, in order to make 

sure that this water wil1 not fkeeze, is: 



where, 

c, FJ/fig K)] is the specific heat of water 

Finally, the total energy necessary for heating this kind of structure can be 

estimated as: 

This estimation is done on rnaxknum water leakage. Water leakage is most of the 

time in winter penod smaller than maximum, which occurs during spring. It is not very 

important for this calculation to overestirnate because amount of heat to be deterrnined 

can be easily reduced. 

3.4 THE DRAINAGE PIPE 

The maximum amount of water seeping fiom the crack is V' = 100 //min. This is 

the base for the determination of the diameter of the drainage pipe. The slope of the 

tunnel is 112 %, and the mass flow rate is: 

where, 

p /Xg/m3] is specific density of water 

The velocity of water through the tunnel should be estimated. Velocity is a 

parameter needed to determine the radius of the drainage pipe. 



Using the second Newton's low, we c m  write: 

C F = m  

where, 

v [ d s ]  is velocity of water through tunnel 

a [ d s 2 ]  is acceleration of the water through tunnel 

From the equation (3.1 1)' the radius of the pipe can be determined. Detailed 

analysis is presented in the Appendix A. 

3.5 DISCUSSION 

The heat trace drainage system anaiyzed in this chapter has been installed at the 

Long Spruce generation station since the winter 1996. The energy that is estimated of 

12 kW for thickness insulation of 1 inches is slightly hi&, for details see Appendix A. 

This was expected for the analysis of this kind because the analysis was based on a 

maximum leakage that can happen. However, af3er construction of the tunnel in the 

downstream side of the dam, leakage almost does not exist and the tunnel fûnction is very 

well. 



4 THERMAL ANALYSE 

4.1 INTRODUCTION 

Thermal behaviour of concrete in its early stage is investigated in this chapter. 

Although concrete for a massive structures like dams have small cement contents, the 

temperature produced by cernent hydratioa becornes extremely high if it is not controlled. 

The problem analyzed here is transient in nature. Transient thermal analysis is the 

most common of al1 thermal analyses. Almost d l  heat transfer processes are transient in 

nature. This kind of analysis is used to detemiine temperature and other themal 

quantities in the body due to different thermal loads. Thermal loads applied to the 

structure are tirne dependent. For practical problems, transient thermal analysis c m  be a 

dificult task especially when dealing with complicated shapes and long periods. 

Among different methods of analysis, the finite element method is a very 

acceptable and cornmonly used method for such kind of problems. In this particular 

problem. the commercial finite element program, ANSYS is used. 

In order to obtain reliable results, the model should capture the thermal behaviour 

of mass concrete in its early stage. Al1 factors such as changes in model geometry, heat of 

hydration of cernent, boundary conditions, transient incremental procedure must be 

included. In addition, the fiamework around the model is considered because influence of 

this part on the temperature field is not negligible, specially for small size specimens. 

Analysis results are interpreted systematically and in a way are important for this kind of 

work. 



4.2 TRANSIENT THERMAL ANAL YSIS 

To make a good simulation of the real model many different factors that can 

influence thermal behaviour of young concrete have to be included in the algorithrn. 

Some of those factors are: concrete block size, placing frequency, change of ambient 

temperature, influence of formwork, heat of hydration as a thermal load and other factors 

in the analysis algorithm which will be discussed later. 

As we mentioned earlier, transient thermal processes are common processes in 

nature. To perfonn transient analysis we have to introduce loads that are a function of 

time. Heat produced by hydration of cement and change of ambient temperature are two 

important loads which are dependent on tirne. Change in ambient temperature is 

neglected in this analysis. For laboratory specirnens this change of temperature does not 

even exist because the curing process is taking place in a closed area, where temperature 

is constant. In the dam model change in the ambient temperature is neglected because the 

dam model is observed for small penod of time. Loads From hydration of cernent are 

changed every six hours. For results that are more accurate, a smaller time step should be 

used. However, when a dam model is analyzed the t h e  step is increased at the end of the 

analysis as the effects of initial conditions are no longer important. The Ioads used in the 

algorithm caused by the heat of hydration of cernent are presented in Appendix B. 

The fxst step in a transient analysis is to apply the initial conditions. Usually, the 

initial conditions are uniform temperature at al1 nodes. Later the transient process starts 

and the thermal field is obtained by solving the classical heat equation. For each time 

step, the loads as a function of thne m u t  be defined. 



4.2.1 Heat Balance Equation 

The basis for thermal analysis is the heat balance equation or goveming heat 

transfer equation, which is based on the principle of energy conservation. The goveming 

heat transfer equation in the global Cartesian system can be expressed in the following 

fonn: 

where: 

p is density 

c, is specific heat 

T is temperature T = T(x,y,z, t) 

f is time 

q is heat generation rate per unit volume 

k, k, k is conductivity in the element x, y and z directions, respectively 

The boundary conditions are pretty much the same for al1 models analyzed in this 

thesis. The major differences in boundary conditions between laboratory models and the 

dam mode1 are in the boundary conditions and outside temperature. 

The boundary conditions used for thexmai analysis are presented below: 

1. Prescribed temperature acting on surface S 1 (surface which is in 

contact with ground): 



where T' is a prescribed temperature. 

2. Prescribed heat flow on the d a c e  S2 (ail surfaces wbich are in 

contact with air): 

where q' is a prescribed heat flow 

Equation (4.1) can be expressed in the matrix form: 

where: 

[CI is specific heat matrix 

[El is heat conductivity matrix 

{Q}  is heat flux vector 

r I  
17) is nodal temperatures vector 

[ T )  is tirne derivative veetor of above nodal temperatures 

Nodal temperatures are cdculated by integrating equation (4.4). From the nodal 

temperatures other thermal quantities can be derived. Temperature field is caiculated for 



better understanding of early thermal behaviour of massive concrete structures and for 

subsequent stress analysis. In the stress analysis, temperature field is applied as a 

classical thermal load. 

4.3 ANALYSISALGORITHM 

Early thermal behaviour of concrete is observed in two separate rnodels, a mode1 

of laboratory concrete specimen and a dam structure model. In the dam model, only two 

blocks of concrete are andyzed. The other conditions that should be calculated before 

these two blocks such as temperature of the bottom block are simulated using results 

iÎom [6]. Placement technique is considered by placing a new block and changing the 

boundary conditions. Thermal load, in the form of heat of hydration of cernent is applied 

in every step. Between the time intervals, the program calculates average values for 

thermal Ioad. 

The incremental thermal analysis algorithm is presented in the flowchart below. 

This is the easiest way to present the sequence behind the simulation of lift generation. 



1. PRE-PROCESSING PHASE aifi 1) 

ANALYSIS TYPE (transient thermal) 
ELEMENT TYPE (PLANESS) 
REFERENCE TEMPERATURE 
BOUNDARY CONDITION PARAMETERS 

1 IB. ASSIGN MATERIAL PROPERTTES 1 

C .  MODEL GEOMETRY 
MESH PATTERN 
INDEPENDENT MODEL SEGMENTS 

I D. NTIALIZATION TEMPERATURE 
PLACING TEMPERATURE 

I 

E. BOUNDARY CONDITIONS 
SPECIFIED TEMPERATURE AND 
CONVECTIVE SURFACES ON l'HE FIRST 

1 1 LIFT 1 
F. LOAD STEPS 

LOAD STEPS FOR THE FIRST LIFT 

1 

12. SOLUTION PHASE 1 
SUBMIT LOAD STEPS FOR SOLUTION 
OF TEMPERATURES UP TO THE TIME 
THE SECOND LIFT IS PLACED 

3. SAVE DATA 

1 
Figure 4.1 Finite EZement Modeling Algorithm for Thermal Analysis @age I of 2) 



4. PRE-PROCESSING PHASE (Lift II) 

A. DELETE NTIALIZATION TEMP. 
TO AVOID INFLUENCING STRUCTURE'S 
RESPONSE TO SUBSEQUENT LOAD S E P S  

B. ADD SECOND LIFT 
COUPLE MATCHING NODES ALONG 
CONTACT SURFACES 

C. DEFINE BOUNDARY CONDITIONS 
DELETE S CONVECTION FROM THE 
SURFACE AND DEFINE NEW CONVECTIVE 
SURFACES 

D. LOAD STEPS 
BEGM AT TIME OF PLACEMENT SECOND 
LIFT 
END WHEN TEMPERATUE FIELD 
BECOMES UNIQUE 
HEAT GENERATION PATTERN UNIQUE TO 

1 EACHBLOCK I 

5 .  SOLUTION PHASE 
SUBMIT LOAD STEPS FOR SOLUTION 
OF THE TEMPERATURES 

& 

6 .  POST-PROCESSING PHASE 
1. EXAMINE RESULTS I 

& 
Figure 4.1 Finite Element Modeling Algorithm for Thermal Anulysis @uge 2 of2) 



4.3.1 Execution Parameters 

In this aigorithm, the first step presents a definition of execution parameters, 

material properties, model geometry, initiaiization temperature, boundary conditions and 

load steps. 

Execution parametes (part I.A. in the algorïthm) in this program are analysis 

type, type of element used for finite elernent analysis. Analysis type is thermal analysis 

and this type of analysis calculates thermal quantities of the model. The most common 

thermal quantities of interest are temperature field, thermai flux and thermal gradient. In 

many cases, thermal analysis is preformed and the temperature field is used as a load for 

stress analysis. 

When we are dealing with thermal analysis the element type must have thermal 

properties. Anaiysis is two-dimensional and element type is two-dimensional, 

isopararnetric, four-node quadrilateral thermal solid element. In ANSYS, these are called 

PLANE55 - 2D Thermal Solid. 

Reference temperature or initial temperature is the temperature of concrete at the 

moment of its placing in a formwork. In laboratory specimens, we are dealing with small 

amount of concrete and room temperature is accurate enough for concrete reference 

temperature. For larger structures such as dams concrete is mixed with ice water and in 

many cases cold aggregate and placing temperature is much lower. 



4.3.2 Mode1 Geometry 

The key pourts are defined fim. The laboratory model is divided into nine areas 

that are presented at Figure 4.2. Each area has four key points. The whole model has 24 

key points. These key points are actually corners of the rectangles for this model. The 

whole model is recîangular and the easiest way is to divide this model into smaller 

rectangles. For dam model a similar procedure has been used. 

AKSYS 5 .3  
MAR 13 1998 
12:06:20 
LiREaS 
TYPE NIW 

2v =1 
DIS-. 34397 
2û' =. 3127 
W -. 30635 
2-BUFPER 

Figure 4.2 Laboratory Model(0.6 x 0.6 m specimen) 



m e r  dennition of key points, the lines were defined. The Lines are connections 

between key points and there are 30 lines. Some lines have identical coordinates. The 

reason is that the whole model is not observed at the same tirne. Some portions of the 

model are added later. 

IN- TEEFUAL aNnLYSIS (O. 6 X 0 . 6  m model) 

Figure 4 3  Elernents of 0.6 by O. 6 Mode l 



Lines are divided into s m d e r  portions that are later used for mesh pattern. The 

h n e w o r k  is meshed into elements of equal size. The mesh on the concrete blocks is 

refmed on the outside part of the blocks. In the middle part of the blocks, the mesh is 

coarse which is obvious fiom Figure 4.3. The reason for this is temperature variation that 

is faster on the border of the rnodel (rnodel is exposed to the ambient) while temperature 

variation in the middle of the structure is relatively small. 

The formwork for the laboratory model is divided into seven areas and concrete 

model consists of NO. For the dam model four areas are observed, two concrete blocks 

and two formwork blocks. The two concrete blocks are geometncally independent. It 

means that al1 nodes in the mode1 are common to only one segment. There is no 

interaction between the segments until the coupling of nodal degrees of fieedom takes 

place at the time when the block is placed in the model. 

4.3-3 Material Properües of Concrete 

Thermal properties of concrete necessary for this kind of analysis, are thermal 

conductivity, density, specific heat, and convective heat transfer coefficients. However, 

coefficient of linear thermal expansion and moddus of elasticity are necessary to know 

for structural analysis and will be analyzed in this chapter. 

It is not easy to detemiine these properties, which are mostly dependent on the 

composition of concrete, age of concrete and temperature. The range of these properties 

is large. For example, the thermal conductivity varies between 4.97 and 15.55 kl/hr m T 

for normal saturated concrete between 10 P: and 65 T, the specific heat varies between 



0.84 and 1.17 J/ j fC,  and coefficient of thermal expansion between 6.3~1 O~ and 

1 1.7x104 1/93 [2]. 

Thermal conductivity is the ability of a materiai to conduct heat through itself. In 

other words, it is a measure of the rate of heat flow. As mentioned above, the range of 

themal conductivity coefficient for concrete is wide. The reason is the composition of 

concrete, which means: type of cernent, type of aggregate, water content and so on. For 

example, quartz aggregate is particularly noted for its high value of thermal conductivity 

[l]. However, air inside concrete is an insulator and it has the biggest influence in the 

reduction of thermal conductivity . 

The value of thermal conductivity adopted in this andysis is 8.41 klAg T and is 

assurned to be temperature independent during the analysis. 

4.3.3.2 Specific Heat 

Specific heat is measure of heat capacity. It is the amount of heat needed to 

change temperature of 1 g of material by 1 Y. The main factors that influence the specific 

heat of concrete are water and temperature. 

4. 3.3.3 Coefficient of Linear Thermal Expansion 

Coefficient of linear thermal expansion represents change in volume with change 

of temperature. Besides temperature, the composition of concrete and moisture have a big 

influence on the coefficient of linear thermal expansion. Naturd aggregate has great 



variations in coefficient of thermal expansion. Ln addition, moisture content influences 

the themial expansion coefficient of cernent paste. 

This coefficient is almost constant for dry concrete at temperature between -9 C 

and 2 1 97 [2]. Moist concrete shows increase in the coefficient of thermal expansion with 

temperature increase. 

4.3.3.4 Modulus of Elasficity 

One of the most important characteristics of concrete is the modulus of elasticity. 

In order to obtain appropriate simulation of concrete behaviour in its early stage, the 

moduius of elasticity must be assumed to be variable. in our model, the moduius of 

elasticity is changed every day until it reaches the age of 28 days. This modulus can be 

changed more frequently for more accurate analysis. M e r  28 days, the modulus of 

elasticity for concrete is considered constant. Although concrete is not an elastic material, 

it is assumed to behave elastically. The elasticity modulus varies nom concrete to 

concrete. For dam concrete, the range is from 19,000 to 38,000 MPa at 28 days [2]. The 

rnodulus of elasticity depends on the strength of concrete, and concrete with higher 

strength usually has higher value of modulus of elasticity. Aggregates also have influence 

on the modulus of elasticity. Many factors influence this value, but up to now there is no 

universal test method for determining this modulus. 

Al1 these influences are not included in our analysis. The effect of age of concrete 

on the modulus of elasticity is the most important influence when we are dealing with 

young concrete. The best interpretation of the modulus of the elasticity in young concrete 

is given by Rusch [3]: 



where, 

Et is instantaneous modulus of elasticity at a time of loading 

pe is coefficient dependent on the age of concrete 

EZ8 is modulus of elasticity after 28 days 

Modulus of elasticity E28 is easy to find in the Iiterature. Be is coefficient 

presented by Rusch in Figure 4.4. 

. - .  
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Figure 4.4 Effect of Concrete Age on Mudulus of Elerlicity 

As it can be seen fiom the diagram, there are curves for three different type of 

cernent. Type 1 is normal cernent, type II is slow cernent, and type III is rapid cernent. In 

our case, we are dealing with normal type of cernent. For the normal type of cernent, we 



c m  calculate the modulus of elasticity fiom time approximately 1.7 day that is not 

accurate enough for small specimens. In a paper published in Japan [4], the test method is 

established for the determination of the modulus of elasticity and the results of the tests 

are in a good agreement with curve proposed by Rusch [3]. The effect of hardening 

acceleration for mass concrete c m  be properly evaluated if the correct concrete age is 

applied. The correct concrete age is determined fiom the followhg formula: 

Where, 

t [dqyJis corrected concrete age 

kz is coefficient showing the effect of hardening speed for cement 

(ordinary cernent kz= 1 ) 

T [T] is temperature of concrete 

At is increment of time for which temperature remaining at T [day] 

Calculating the modulus of elasticity using the above formula and comparing 

resdts with the results published in [4], it can be seen that they are in good agreement. 

4.3.3.5 Properties of Framework 

There are two materials in the model. One is concrete, which is the domain of 

interest in this analysis, and the other is the formwork, which surrounds the concrete 

material. The formwork is considered because its influence on the temperature field is not 

negligible, especidly for laboratory specimen. However, in this analysis is very important 



to know the temperature field on the boundary of concrete. The boundaries are places for 

crack initiations and to get more reaiistic model, the h e w o r k  should not be neglected. 

The material constants obtained fiom literature and fiom the field which are 

adopted here are: 

Concrete: 

is heat conductivity 

c, = 880 m g  K] is specific heat 

p = 2240 flg/m3] is density 

Framework: 

k = 0.30 [kl/m s K] is heat conductivity 

c, = 2400 Wkg K] is specific heat 

p = 820 flg/m3] is density 

These characteristics are applied to the laboratory model. For the dam model, the 

characteristics are slightly different because the aggregate is larger. 

4.3.4 Initialiration Temperature 

Sometimes we are dealing with concrete with initial temperature different for 

each block. This is the case with dam concrete. The huge blocks are pre-cooled or 

ambient temperature is changing during the process of placing the concrete. Those are 

reasons for different initial temperature of concrete. 

In the case of laboratory specimens we are dealing with relatively small blocks of 

concrete and assume that concrete is at room temperature in tirne of placing is good 



enough. It means the initial temperature of the concrete for both blocks is 23 OC. For the 

dam model, ice water was used. The initiai temperature of concrete was 10 OC. 

4.3.5 Boundary Conditions 

Boundary conditions in transient thermal analysis are thermal boundary 

conditions and for those models, it is mostly convection, which occurs on al1 sides of the 

model except the bottom where temperature is fixed. The model is exposed to the 

ambient conditions, which means that heat convection occurs between mode1 and air. 

Convective surfaces are not the same al1 the time because the new concrete block is 

added. The bottom of the model is not exposed to the ambient conditions and specific 

temperature is prescribed here. This is a cornmon type of boundary condition for this type 

of thermal anaiysis. 

On the bottom of the model a prescribed temperature is applied. It is not exactly 

what happens in reality but we can use that approximation and still get good results. Also, 

in a dam, the bottom of the dam is far away from the surface of interest and this boundary 

can be totally neglected because there is no influence fiom it. The rest of the boundaries 

change with tirne. First, one surface of the fust block and formwork are in contact with 

air where convective heat transfer is applied. When the upper block is poured convection 

is deleted nom the one surface of the first block and couple of surfaces of the framework. 

However, the top surface of the upper block becomes the new surface where convection 

OCCUTS. 



4.3.6 Load Steps 

In the first phase of the load steps, the lower block is observed. The lower block is 

observed for 24 hours for the 0.6 X 0.6 rn laboratory specimen. Each step is six hours 

long and has one substep. This interval c m  be smaller, but sometimes we do not get 

desirable improvement in results and we spend much more tirne obtaining resdts with 

smaller steps. In addition, srnall time steps can cause numerical difficulties. For the upper 

block same time interval is used, just Merent  load is applied In other words, load fiom 

the heat of hydration is now applied on the upper and on the lower block every six hours. 

For the dam model, the upper block of concrete is cast d e r  102 hours. This tirne 

is obtained fiom field records. h the beginning of the thermal process, the dam model is 

analyzed every six hours. Later, the tirne step was increased; first it was 12 hours, then 

24 hours. The end of the One span is not that important for this analysis, that is why time 

step is so large. However, we need to know when stable conditions fiom heat of 

hydration load takes place. That is the reason why the dam model is observed for 960 

hours only. 

4.3.7 Interna1 Heat Generation Rates 

Heat of hydration directly depends on the amount of cernent in concrete. Portland 

cernent is composed of three principal chernical compounds: tricalcium silicate, 

dicalcium silicate, tricalcium aluminate and femte phase. Small amounts of other phases 

c m  also be found [12]. If tricalcium aluminate is reduced to a minimum, heat of 

hydration would be smaller. Heat of hydration is the highest in first few days, M e r  heat 

development depends on the type of cernent. Although cernent mixes used for dams are 



leaner than cernent mixes for bridges, piers and similar constructions, maximum 

temperature in some cases reaches 69 93 [13]. 

The internai heat generation rate due to cernent hydration is caiculated for each 

step of the analysis aigorithm. The intemal heat generation rate depends fkom time on 

placing temperature of concrete. The assumption for this work is that the heat generation 

rate pattern depends only on tirne. This is a usmi assumption for this kind of work. 

The heat generation rate under adiabatic condition depend on cernent type, unit 

cernent content and initial temperature of rnixing materiai [ 141. 

General expression for the adiabatic temperature rise due to heat of hydration was 

proposed in[i 41: 

Where, 

t [day] is a time 

K ['Cl - values shown on the Figure (4.5) 

a - value s h o w  on the Figure (4.5) 
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Figure 4.5 K and a Values of Adiabatic Temperature Rise 

Total amount of heat generated per unit volume c m  be presented by the following 

equation: 

For our work, the unit rate of heat generation is required. The heat generation rate 

can be calculated as: 

On this basis, the intemal generation rate is caiculated. 



The applied heat of hydration for the cernent used in the models is described in 

more detailed in Appendk B. 

4.3.8 Phase when Second Lift is PIaced 

This phase is very similar to the first phase. Aimost al1 steps are the sarne as in the 

first phase except time. Now the time continues fiom 24 hours for laboratory specimen 

until the solution is stable, which means when temperature is almost the same for each 

nodal point. The stable solution time for the model is afker 120 hours (five days). 

The second lift for the dam model is placed after 102 hours and similar procedure 

to that of the laboratory specimen is applied. This specimen is observed for 960 hours. 

4.3.9 Solution Phase 

All above defined data is submitted for solution in this phase. Actually, the 

program calculates the temperature field for each time step and substep. In this way, we 

can follow the temperature field pattern, heat flow pattern and other similar parameters. 

In addition, temperature distribution at each nodal point during time integration can be 

observed. Al1 those results are explained in the next paragraph. 

4.4 ANALYSIS RESULTS 

Different kind of results c m  be displayed using ANSYS. The results are actually a 

solution of the equation 4.4. The results of the solution are nodal degree-of-fieedom 

temperature values. Frorn nodal solution element solution are derived and fiom element 

solution different values can also be later obtained as stresses and displacements. 



Figure 4.6 to Figure 4.9 present the results from incremental t h e d  analysis of 

laboratory concrete specimen 0.6 X 0.6 m. The model is two dimensional and observed in 

Cartesian coordinate system. 

The type of elernent chosen for this type of analysis is PLANE55 The element 

has two-dimensional thermal conduction capabilities. However, the element has four 

nodes with single degree of freedom, temperature, at each node. This element can be used 

in two dimensional, steady state or transient thermal analysis. 

Using finite element software ANSYS, two different types of modeling are 

possible: solid modeling and direct generation [Il]. For solid modeling the geometric 

boundaries of model, size and shape of elements have to be established., and then, instruct 

ANSYS to generate al1 nodes and elements automatically. For this work, the direct 

generation is more suitable, because we are dealing with a simple model. With direct 

generation rnethod, the location of nodes, size, shape and connectivity of every element is 

determined. The mesh of the model is more reasonable to catch the local variation of the 

temperature. It means that the mesh is refined on the border of the model. This mesh 

control is much easier with direct generation than with solid modeling. 



Figure 4.6 Temperature Field of 0.6 X 0.6 m Model at Time 24 hours 

(time before second block is poured) 



Figure 4.6 presents the temperature field at 24 hour, just before upper block is 

cast. The largest temperature is in the middle part of the specimen and it decreases closer 

to the sides of the model. This is what we would expect the solution to be. The middle 

part is losing heat slowly in cornparison with borders that are exposed to air and loose 

heat very quickly. The maximum temperature at time 24 hours is around 2g°C and 

minimum is on the side of specimen and has a value aImost equal to air temperature. At 

this time the upper block is placed. 

The maximum temperature occurs in the upper part of the specimen. Time is now 

36 hours fiom the beginning of the analysis. The temperature field is presented at Figure 

4.7. The temperature at this tirne is around 38OC and this temperature is maximum that 

this specimen reaches during the analysis. 

Figure 4.8 is !ast step of this analysis, 120 hours after fist  block is placed. 

Difference in temperatures between points at this time is 3°C. This is a reasonable 

difference in the temperature and it is not necessary to go m e r  and get more stable 

field. 



1 MCRElLEdlTaL THERMAL ZiNaLYsIS (O. 6 X O. 6 m mdel)  

Figure 4.7 Temperature Field of 0.6 X 0.6 m Mode2 ut Tirne ut 12 hours 

(time when maximum temperature occur) 



Figure 4.8 Temperature Field of 0.6 X 0.6 rn Model at Time 120 hours 

(tirne when temperature field become stable) 



Figure 4.9 Time - Temperature Dia- of 0.6 X 0.6 rn Model for 

Specifed Nodes on the Interface (end. quarter and middle node) 



Figure 4.9 presents temperature versus tirne diagram. Three characteristic nodes at 

the interface between the two blocks are observed. One node is on the lefi side of the 

interface and it experiences fast heat dissipation and low maximum temperature. The 

other node is in the quarter of the length of interface and the 1st one is in the middle. 

From the diagram it is easy to see that rniddle node has the highest temperature among al1 

nodes on the interface. More nodes were observed and fkom this diagram, it is obvious 

that al1 nodes on the end have almost the same temperature. It means that process of heat 

hydration is finished. 

4.4.1 Effect of Size of Specimen 

The laboratory specimen that has been observed is too small (0.6 X 0.6 m) to 

realistically predict the behaviour of massive concrete stnichires. This is the reason why 

this model is enlarged to different sizes. Size of the model has been enlarged by two, five 

and ten orden of magnitude. 



Fi p r e  4.10 Temperature Field of 1.2 X 1.2 m ModeZ ut Tirne 54 hours 



Figure 4.1 1 Temperature Field of 3 X 3 rn Mode1 ut Time 78 hours 
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Figure 4.12 Temperature Field of 6 X 6 m Model at Time 102 hours 



Figure 4.13 Tirne - Temperature Diagram of 6 X 6 rn Model for 

Specifed Nodes on the Interface fend, quarter and middle node) 



The model that has been chosen to study this effect is 6 X 6 m because this one is 

the most similar to the dam model. The upper block is cast at following times: 24,48, 72, 

96, 120, 144 and 240 hours. In the field, they cast the upper block of the dam aller 

temperature of the lower block passes the maximum value. The goal of this analysis is to 

find the best time to pour a subsequent block. 

From results it can be concluded that the temperature distribution on the interface 

is better when upper block is cast 240 hours after the first one. This statement is only 

valid for temperature distribution on the interface. This, however, does not represent the 

best time of casting. Complete temperature field is in worse position fiom concrete 

cracking respect because Iower block is cool at this stage. Aiso temperahue on the 

interface does not dropping too much for some the .  Economic side shodd be satisfied, 

because ten days is a long time to wait. 
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Figure 4.14 Temperature Field of 6 X 6 m Mode1 ut tirne 102 hours 

(upper block cast 24 hours afier the first one) 
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Figure 4.15 Temperature-Time Diagram for Four Characteristic Nodes at Interface 

(upper block cast 21 hours after the first one) 
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Figure 4.16 Temperature Field of 6 X 6 m Model at The132 hours 

(upper block cast 48 hours afier the first one) 
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Figure 4.17 Temperature-Time Diagram for Four Characteristic Nodes at Interface 

(upper block cast 18 hours ajier thefirst one) 
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Figure 4.1 8 Temperature Field of 6 X 6 rn Mode1 al Time 111 hours 

(upper block cast 72 hours afrer the first one) 



Figure 4.1 9 Temperature- Time Diagram for Four Characteristic Nodes at Interface 

(upper block cast 72 hours afrer thefirst one) 
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Figure 4.20 Temperature Field of 6 X 6 m Model ut Time 168 hours 

(upper block cast 96 hours afier the first one) 
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Figure 4.2 1 Temperature- Time Diagmm for Four Characteristic Nodes at Interface 

(upper block cast 96 hours afier thefirst one) 
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Figure 4.22 Temperature Field of 6 X 6 m Model at Time 192 hours 

(upper block cast 120 hours ufrer the first one) 



ANm 5 . 3  
SEP 4 1997 
13 :46:  29 
POST26 

IHC- TïEEWL aWaLYSIS (6 X 6 R modeL 120 hours) 

Figure 4.23 Temperature-Time Diagram for Four Characteristic Nodes a! Interface 

(upper block cast 120 hours ajier the first one) 



Figure 4.24 Temperature Field of 6 X 6 m Mode2 at T h e  2 16 hours 

(upper block cast 144 hours afrer the Jrsl one) 



I W C ~  aNaLYSIS (6 X 6 r modsl. 144 hours) 

Figure 4.25 Temperature-Time Diagram for Four Characteristic Nodes ut Interface 

(upper block cast II4 hours afier the first one) 
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Figure 4.26 Temperature Field of 6 X 6 m Model at tirne 312 hours 

(upper block cast 240 hours a f t r  the first one) 



Figure 4.27 Temperature-Time Diagram for Four Characteristic Nodes ut Interface 

(upper block cast 210 hours afrer the first one) 



4.4.3 Tempeature Field of Dam Mode1 

In this part the dam model is analyzed. The whole dam is not observed because 

we need information local to the interface between two consequent Iifts. The intersection 

between the two 10% is analyzed. The boundary condition is obtained fkom the field [6].  

Figure 4.20 presents the temperature field with the maximum temperature 

developed at thne 156 hours of around 5043. Temperature of laboratory specimen 

rneasured on the field was around 38 4C. When we enlarged this model temperature 

developed was much bigher than dam specimen. The reason for this is that the specimen 

is done in the laboratory, where outside temperahire is the room temperature, while those 

two blocks of concrete are poured in September, when the outside temperature is much 

lower. In addition, the sizes of the two blocks of the dam are different fiom the size of 

concrete blocks used for the model. The initial temperahire is also a big reason for the 

difference in the results. In the dam model iced water was used. Except for these major 

differences, there are dso some minor differences, such as differerit coefficients and 

concrete properties. 
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Figure 4.28 Temperature Field of Dam Bloch at Tirne 156 hours 

(tirne when mmimum temperature is developed) 



Figure 4.29 Time - Temperature Diagram for Five Nodes on the Interface 

(refi end, Zefi quarter, m iddle, right quarter, righ f end) 



From this chapter, it can be conciuded that the analysis algorithm cm be used to 

reliably predict thermal behaviour of concrete specimens and dam in the early stage. 

Temperature is measured in laboratory specimen in the field and this value is 3g0C. 

Temperature obtained using this algorithm is 37.78"CY which is pretty close and accurate 

enough. This can confirm the validation of the algorithm. We can Say that most of the 

factors that influence thermal behaviour of the specimens and the dam are very close to 

the real situation in the field. It means the boundary conditions, heat generation rates, 

material properties, and the tirne steps are accurate enough. 

This work will be extended to perfom structurai analysis. In structural analysis, 

the temperature field obtained as result of this analysis should be used as a load. In this 

way. we can see how much stress is produced by temperature before the concrete enters 

the working stage. 

In addition, in order to reduce temperature in mass concrete some irnprovements 

in construction scheduling, size of blocks, time of casting, materials preparation c m  be 

done if an accurate plan is established ahead of tirne. 



5 STRESS EVALUATION ON THE INTERFACE 

5. i INTRODUCTION 

Crack formation and growth causes failure of concrete structures. To prevent this 

process, investigation of the stress field is necessary. Stress evaiuation is one of the major 

tasks in concrete structures. Due to heat of hydration of cernent in early age mass 

concrete, stresses are not negligible. Mathernatically, these stresses will disappear after 

some tirne, but this is not the case in reality. Before the structure enters in service, it is 

already pre-stressed. Stresses stay captured in the structure and are self-equilibrating. 

What is the magnitude of these stresses? Are they hard to determine? That is why we 

have to go with assumptions. 

Tensile stresses caused by various types of loads are the most dangerous with 

respect cracking. Cracks occur in the weakest place in the concrete structures. When we 

are dealing with mass concrete for dam structures, the weakest locations are at the 

interface between lifts of concrete. This interface represents non-homogeneity in the 

structure and even a smdl crack can be an important source of stress concentration. 

When the concrete is exposed to tensile stress, especially concrete close to the interface, 

it behaves as an elastic-brittle material. 

A number of previous studies predict thermal behaviour of young concrete, but 

few papers tak about residual stress in young concrete. Residud stresses are hard to 

predict without many assumptions. We do not know when those stresses will stop 

dropping down by the curve predicted mathematically. That is the main reason why we 



choose maximum stress as residual stress in a structure. In this way, we wiI1 have the 

model with the worst distribution of stress. 

In order to obtain the magnitude of residual stresses in the dam structure, we 

investigate different models. F h t ,  the hite element modeling is started with a specimen 

made in the laboratory. To capture the size effect, this mal1 specimen is enlarged two, 

five, and ten times. Analysis with dBerent times of pouring of upper block is carried in 

order to obtain optimum tirne for casting upper block of concrete. Finally, the dam model 

was simulated using the finite element method. Concrete characteristics, boundary 

conditions, and influence of the lower blocks, are al1 included in this study and the model 

simulates the field conditions as accurately as possible. 

5.2 THERMALLOADS 

Different types of thermal loads exist in massive concrete structures such as dams. 

Themal load that fwst appear in massive concrete structures are Ioads due to heat of 

hydration of cernent. Cernent in contact with water produces heat. More heat develops in 

concrete that contains more cernent. Mass concrete has Iow cernent content concrete. 

Still, due to the huge amount of concrete cast at one time, high temperatures develops. 

The reduction of thermal stresses is one of the main engineering tasks during 

construction of gravity dams. Not only dams, but also other structures, where massive 

concrete is used are in danger to be exposed to high stress development f?om heat of 

cement hydration. To reduce these stresses, different methods are established. Some of 

them reduce temperature by using ice water in the process of making concrete or 

precooled aggregate. The other methods heat the lower block in order to get smaller 



merence of tempeninue between blocks. They are all good methods but after some time 

a crack between blocks is d l  unavoidable. 

In this research, the Long Spruce generation station is investigated. The Long 

Spruce is located in the North part of Manitoba where temperature in summer time reach 

almost 40°C and in the winter c m  be as low as -40°C. This severe conditions produce 

thermal load that can destroy the structure. The cracks or leaking joints do not appear on 

each interface in the dam, they are usually on the most loaded interface. In the case of the 

Long Spmce dam, they appear on the blocks that are closest to the border between water 

and ai.. This is the wom place with respect to outside load conditions. The water level is 

changed during the year and large ice formations occur in the wintertime. Al1 those and 

other loads are main reason for crack appearance. 

The thermal loads that are specifically investigated in this thesis are those 

produced by cernent hydraûon. The thermal load gives rise to thermal deformation of a 

new block and the rigidity of the new block is not constant which means that the stress 

field is afEected by this varying rigidity. Thermal loads remain in the dam structure until 

the time the cernent is stabilized thermally. 

5.3 FlNlTE ELEMEN T ANAL YSIS 

The behaviour of concrete has been investigated for a long time using different 

methods. Classicai analytical procedure was applied first but this procedure is almost 

impossible for complex structures. This is why empirical methods were used based on a 

large arnount of experimental data. Today, the finite element method is a very powerful 

method for anaiytical calcdation of different factors in concrete such as stress and 



themal field in two or three dimensions, cracking parameters, interface problems, and 

others. Some of those effects and parameters are ignored or treated approximately in the 

past and this is why problems were not modeled rationally. However, experimental 

research did not stop with haite element development, it is still very important for 

cornparison of finite element results with experimental results. 

Finite element method is based on a finite number of elements comected at a 

finite nurnber of joints. The following parameters must be defmed for the structural 

analysis: structure geometry, material properties, boundary conditions and loading. From 

the results, we shouid be able to read displacements at grid points and stresses. 

In o u  problem, we are dealing with two-dimensional analysis. The shapes of 

elements c m  be triangular, rectangular, or general quadrilateral. For this particular 

problem, rectangular shapes were used. 

5.3.1 Stnrctural Analysis Algorithm 

In order to get a better understanding of themally induced stresses on structure 

behaviour of concrete mode1 this algorithm is made. A similar algorithm is presented for 

thermal andysis in Chapter 4. The main parts of the program are the pre-processing 

phase, solution phase and post-processing phase. 



. PRE-PROCESSING PHASE (Lift 1) 

A. EXECUTION PARAMETERS 
ANALYSIS TYPE (structural) 
ELEMENT TYPE (PLANE42) 
MODULUS OF ELASTICITY (different value 
for different stages of hardenhg) 

B. MATERIAL PROPERTIES 
a, p, E 

C. MODEL GEOMETRY 
MESHPATTERN 
INDEPENDENT MODEL SEGMENTS 

D. BOUNDARY CONDITIONS 
CONSTRAINS AT THE BOTTOM OF THE 
MODEL 

F. LOAD STEPS 
D LOAD STEPS FOR THE FIRST LIFT 

2. SOLUTION PHASE 
SUBMIT LOAD STEPS FOR SOLUTION 
OF THE DISPLACEMENTS AND 
STRESSES UP TO THE TIME THE 
SECOND LIFT IS PLACED 

13. SAVEDATA I 
+ 

Figure 5.1 Finite Element Modeling Algorithm for Shuctural Analysis @age 1 of 2) 



I 4. PRE-PROCESSING PHASE (Lift II) 

A. ADD SECOND LIFT 
COUPLE MATCHDJG NODES ALONG 
CONTACT SURFACES 

B. MODULUS OF ELASTICITY 
DEFFINE MODULUS OF ELASTICITY OF 
THE NEW BLOCK AND ALSO CHANGE 
VALUE FOR THE FIRST ONE 

C. LOAD STEPS 
READ LOAD FROM THE OUTPUT THERMAL 
ANALYSIS FILE 
BEGIN AT TIME OF PLACEMENT SECOND 

END WHEN TEMPERATURE FIELD 1 1 BECOMES UNIQUE 

15. SOLUTION PHASE 1 
SUBMIT LOAD STEPS FOR SOLUTION 
OF THE DEFORMATIONS AND 
STRESSES 1 

I 6 .  POST-PROCESSING PHASE 
EXAMINE RESULTS 

Figure 5.1 Finite Element Modeling Algorithm for Structural Analyss @age 2 of 2) 



5.3.2 Stress-Strain Relationship 

The stress-strain relationship for linear materials can be expressed by: 

b}= [DI M- Pli) (5.1) 

Where, 

{o} is stress vector = [ crx a, 4 a, ap a, ] T 

@3] is elasticity matrix depend on material properties such as rnodulus of 

elasticity, Poisson's ratio and shear rnodulus. 

( E )  is strain vector = [ sx sxy Ca ] T 

{eh) is thermal strain vector 

The sign convention used for stress and strallis is that the tension is positive and 

compression is negative. For the shears, positive sign is when two positive axes rotate 

toward each other. 

To express strains, above equation c m  be written in the following fom: 

{$} = AT [ aax a, ar O O O ] is the thermal strain vector 

a, is coefficient of thermal expansion in the x direction 

AT is ciifference between current temperature and reference (strain-fiee) 

temperature 



5.3.3 Derivation of Stmctural Matrices 

The element e e s s  ma& can be derived using an energy principle, such as the 

principle of WhLal work. The principle of Wcual work is based on equality of intemal 

strain energy and change in extemai work due to applied loads. It can be presented in the 

following fom: 

Where, 

U is strain energy (intemal work) = Ui + U2 

V is external work = Vi  + V2 + V3 

6 is variation operator 

The virtual strain energy for two-dimensional problems can be presented as 

follows: 

Where, 

{E) is strain vector 

(a) is stress vector 

A is area of element 

Assurning linear material properties and geometry, evaluation of equation (5.4) 

gives: 



The relation between strain and nodal displacement c m  be presented as: 

Combhing those two equations we get: 

[BI is strain-displacement matrix, based on the elernent shape functions 

(u} is nodal displacement vector 

The vector of nodal displacement (u} does not depend on the volume. 

In order to get element stiffiess matrix, we should know extemal virtuai work. 

Extemal virtual work caused by forces applied on the nodes can be written as: 

Where, 

{c) is generalized nodal point forces 

As we mentioned in the beginning, the intemal vVtual work and extemal virtual 

work must be equal. Equating equations (5.7) and (5.8) and after cancellation of {6ufT 

term fkom both sides, we can write the equation in the following forrn: 



Where, 

[&I= JJIbI [BW is element stiffiiess matrix 

(FP ) = & [B ]r [D ](E th )fV is elernent thermal load vector 

Equation (5.9) represents the equilibrium equation for one element. htegration of 

the element stifiess matrix must be carried numericdly. M e r  formation of element 

stifniess matrix, the stifhess matrix should be formed by the systematic addition of 

element stiffbesses. 

{FI = [ K X ~  

Where, 

{F) is extemal nodal point load (imown) 

(u) is the unknown nodal point displacements which should be solved 

Now, when nodal point displacement is known, the element stresses within each 

element should be found using the following equation: 



5.4 SIZE EFFECT IN STRESS ANALYSIS 

After thermal analysis a structural analysis was done. Load for structural analysis 

is a temperature field obtained in thermal analysis. Each load step has a difTerent 

temperature field and it has been systematically applied to structural analysis. 

The smdl laboratory specimen used as a first mode1 for structurai analysis does 

not capture exact behaviour of mass concrete. Different sizes of specimens are 

investigated in order to capture this behaviour. 

Figure 5.2 Time - hterface Siress Diagram for 0.6 X 0.6 m Model 



Nonnalized Interface Length 

Figure 5.3 Lengrh - Interface Sîress Diagram at Time 42 hours (O. 6 X 0.6 model) 

First, structural analysis of laboratory specimen 0.6 X 0.6 m is prepared and it is 

found that the residual stress does not exceed 0.28 MPa. 

After this analysis, the model was doubled. It means the 1.2 X 1.2 rn model was 

analyzed. Normal stresses are more than doubled, now it is 0.812 MPa. In the 3 X 3 rn 

model, stresses reach value of almost 2.4 MPa. In the 6 X 6 rn model, stresses are over 

3.5 MPa. This is how stress directly depends on the size of the model. This amount of 

stress should not be neglected. These large models are not made in practice because the 

upper block of concrete can not be poured 24 hours &er casting the lower one. 

Temperature of 6 X 6 rn specimen is very high in the middle of the upper block. It 

reaches 66 "C, which is by almost 10 OC higher than in the smallest specimen. 



Figure 5.4 Tirne - Normal Stress on the Interface Diagram for the 6x6 rn Model 



Figure 5.5 presents influence of specimen size on maximum stress on the 

interface. It is obvious that stresses increase a lot with increase in the size of the 

specimen. For the largest specimen analyzed in this thesis, which is the most similar to 

concrete block of the dam, stresses are so high that casting without temperature control 

may not be done. Although, this analysis is not very reaiiable this kind of analysis is 

necessary to capture influence of specimen size on temperature development in the early 

stage of concrete. 

O 2 4 6 8 10 12 

Size of Specimen [ml 

Figure 5.5 Size of the Specirnen - Mmrimum Stress on the Interface 



5.4.1 Different T'me of Pounng Upper Block of Concrete 

After analysis concentrated on the size effecc the 6 X 6 m concrete block with 

different time of pouring upper block of concrete is analyzed. Concrete block 6 X 6 rn is 

investigated because that size of block is the best simulation of concrete used for massive 

structures as dams. One block of concrete is poured in 6 X 3 m size, then the other one is 

poured on the top of the first one in the same size. 

In the first model, the stress field is analyzed when the upper block of concrete is 

poured 24 hours after the lower block is cast. From temperature field diagram (Chapter 4) 

we can see that the temperature goes very high, around 66°C. This temperature causes 

stresses at the end of the interface close to 2.3 Mpa, too much for concrete this old and in 

this stage. This is not case in the reality. In practice, the temperature field in the concrete 

is observed. When temperattue passes the maximum value, then the upper block of 

concrete is poured. Now, the question is what is the best time for pouring the upper 

block. Our approach is slightly different. Actually, we observe stresses on the interface. 

The upper concrete block is poured at 24, 48, 72, 96, 120, 144, and 240 hours after the 

lower one is cast. The best results are obtained after 240 hours. 
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Figure 5.6 T h e  - Ihterface Stress Diagram for Three Characteristic Nodes 

(upper block of concrete is poured 21 hours afier the Jrst one) 



Figure 5.7 T h e  - Interface Stress Diagram for Three Characteristic Nodes 

(upper block of concrete is poured 48 hours after the first one) 
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Figure 5.8 rime - Interface Sîress Diagram for Three Characteristic Nodes 

(upper block of concrete ispoured 72 hours ajer the first one) 
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Figure 5.9 Time - Inlerface Stress Diagram for Three Characteristic Nodes 

(upper block of concrete is poured 96 hours afier the first one) 
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Figure 5.10 Time - Interface Stress Diagram for Three Characterisiic Nodes 

(upper block of concrete is poured 120 hours afrer the first one) 



Figure 5.1 1 T h e  - Ihterface Stress Diagram for Three Characteristic Nodes 

(upper block of concrete is pou& 141 hours afrr the firsit one) 



Now we can see that the maximum temperature went fiom 66OC d o m  to 60°C. 

Automaticaily, stresses are expected to drop. From Figure 5.1 1, it is obvious that stresses 

really dropped a lot. They are now around 1.7 MPa, which is much Iess than before. 

This means that the longer we wait, we will get srnaller stresses. However, this is 

not possible in reality. From the Figure 5.12 we can see that it is not necessary to wait 

longer thao 130 hours because stresses did not dropp a lot d e r  some t h e .  Waiting 

longer will be waist of tirne. 

20 40 60 80 100 120 140 160 180 200 220 240 

Tïme of Pouring of Upper Block [hl 

Figure 5.12 Dependence between T h e  of Pouring and Maximum Interface Stresses 



5.4.2 Stress Analysis of the Dam Model 

In addition to the laboratory specimens, the Long Spruce dam situation is 

simdated. The whole àam is not modeled because we do not need that kind of extra 

information. The intersection behveen the two blocks is analyzed. The boundary 

conditions are obtained fiom the field as well as fiom [6]. 

INCFEüRJTU STRUCTüRAL ANALYSIS OF Da11 HODEL 

msvs 5 . 3  
SEP 16 1997 
15:36:38 
POSE6 

Figure 5.13 T h e  - Normal Stress at Interface Diagram for the Dam Model 



Figure 5.14 Time - Shear Stress at Interface Diagram 



Figure 5.15 Mmimum Stresses on the Interface for Dam Mode2 

Normal stresses at interface shown in Figure 5.13 are still very high and these 

stresses must be taken into account when we analyze the stress field in the dam. The 

maximum stress is on the lefi side of the model. The differences between the left and 

right side stresses exist since this model is not symmetrical. 

If Figure 5.15 and 5.5 are compared the stress curve in the interface are not the 

same shapes. The reason for this is length of interface. In the case of first figure we are 

dealing with small specimen and in the other case specimen is almost 15 times larger. 

There are two characteristic areas to the stress curve. One part of the stress distribution is 

positive and the other one is negative. The areas under the curves are equal, i.e. the total 

dgebraic surface is null. This can be a proof that finite element algorithm for structurai 

analysis works properly as the intemal stress must be self equilibrating. 



5.5 DISCUSSION 

Stresses fkorn the early stage of concrete are usually neglected when stress 

analysis of a dam is carried out. From the r e d t s  of this investigation it is obvious that 

residual stresses from this early stage must be added to the analysis of mass concrete. 

Different models are used for this research. First, we wanted to capture size effect. 

Four different models are used. It is shown kom the analysis when size of specimen 

increases stresses becorne larger. In practice, the casting of upper block does not occur 

after 24 hours, it is usually done a couple of days later. This is the reason why simdating 

the dam was carried out. It is also shown that it is possible to find an optimum time for 

pouring a subsequent block. Stress analysis is one of the most important analyses of 

concrete structures. 

The upper block is poured at different times and results show that as we pour later 

the stresses became smaller. Technical and economical reasons do not permit a long wait 

for subsequent pour and the reduction in slows &ter some tirne. Probably stresses will 

increase again because the difference in temperature between the blocks becomes large. 

Finally, the dam mode1 was analyzed. The stress field is smaller for this mode1 

because the concrete is different, ice water is used in the concrete and outside conditions 

are better. 



CONCLUSIONS AND RECOMENDATIONS 

To better understand the behaviour of massive concrete structures in its early 

stage thermal and stress analyses were c h e d  out. The thermal analysis captures the 

thermal behaviour of an incrementally constructed massive concrete structure. The 

structural or stress analysis captures structural behaviour using temperature field fiom the 

thermal analysis as a load. Both aigorithrns, we can Say, reliably predict the behaviour of 

massive concrete structures. 

Maximum temperature obtained fiom thermal analysis algorîthm is almost the 

sarne as one obtained from the field. Matenal constants, influence of framework, time 

dependent loads from heat of hydration of cernent and incremental structural effect are 

properly incorporated in the algorithm. Algorithm can be used for different sizes of 

specimens and for different times of casting the upper block of concrete. 

Stress analysis shows that stresses formed in early age of mass concrete is not 

negligible. These stresses form first cracks. In the model, the process of hardening is 

considered using modulus of elasticity dependable on time. Incrementai temperature load 

and gravity are two loads applied on the structure and they closely predict the real 

situation. 

In the anaiysis of the dam model, only two blocks are analyzed. The rest of the 

structure is approximated. This work should be extended to the whole structure and 

results should be more accunite. Time and software limitations did not allow us to cany 

out this kind of analysis. 



The algorithm will give better prediction if we include radiation fiom the surfaces 

as well as more accurate fomwork characteristics for dam rnodel. Smder tirne step, 

more frequent change of heat of hydration load and rnodulus of elasticity would d s o  give 

better approximation of actual behaviour of structure. In addition, investigation on lift 

thickness, construction schedule, restraints on parts of structure can be carried in the 

fiiture. 

The analysis of cracked models should be examined. Finding the t h e  when crack 

starts and its growth to Ml Iength would be very usefd information for better 

understanding of massive concrete. In this period of early stage of concrete, cracks are 

initiated. Development of cracks depends also on outside conditions. Dams that preform 

in severe conditions, as it is the case with the Long Spmce dam, have a high 

predisposition for large crack development. 
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HEAT TRACED DRAINAGE SYSTEM 



Detailed calculation of energy estimation needed for -el heating on the 

downstream side of the Long Spruce dam is given in this appendix. Except calculation of 

radius of the tunnel and heat necessary to keep temperature in the tunoel above zero, the 

other parameters such as type of heaters, thermostat control, contactors are chosen. The 

m e 1  was built by Manitoba Hydro summer 1996. 

A.2 ENERGY LOSS 

Energy needed for heating the tunnel can be presented by following formula, 

nie heat loss through the wall of the dam by convection: 

9, = A h c ( T ,  - T J  

Where, 

h, = 1 1.6 w/(mZ K) - the convective coefficient between air in the tunnel 

and concrete 

T, = 283 K (1 0°C) - the air temperature in the tunnel 

Tc = 268 K (-5°C) - the concrete temperature 

The heat loss per unit length through the insulation by conduction: 



Where, 

k = 0.02405 W/(m K, - thermal conductivity for insulation thickness 1" 

To = 233 K (-40°C) - the outside temperature 

rl = 0.3 175 m - the radius of the pipe 

rz = 0.3429 m - the radius of the insulation 

The heat loss with water: 

43 = 4, + 46 + q c  

The energy needed for increase temperature of ice fkom 263 K to 273 K: 

qa = mec,(T, - TI ) 

Where, 

rn' [kg/ss] - the mass of ice 

Cice = 2.1 kl/(kg K) - the specific heat of ice 

The energy needed for melting ice (changing phase): 

q6 = m @ hg = ni' (hl - h,) 

Where, 



hg L/@J/Rgl the latent heat of melting 

The energy needed for increase temperature of water nom 273 K to 280 K: 

4 c  = m'cw(?3 - T,) 

Where, 

c, = 4.17 kd/fig K) is the specific heat of water 

A.3 THE DRAINAGE PIPE 

The amount of water fiom the crack is maximum V' = 100 Umin. This is the base 

for determination of diameter for the drainage pipe. The dope of the tunnel is 1 /2 %. 

The mass flow rate is: 

The velocity of water through the tunnel should be estimated. This velocity is 

needed to determine the radios of the drainage pipe. 

Using second Newton's low, we c a .  write: 

mg sin a = ma a = 0.2860 

(A. 10) 

(A. 11) 



Frorn the equation (A. 1 1) the radius of the pipe can be calculated: 

r = 0.0158 m 

A.# TOTAL ENERGY 

The insulation matenal which we are using has the "R - value/inch" 6 Btu 
inch 

This is property of a material and is related directly to the thermal conductivity k. Mer 

the transformation we got the value for k for the thickness of insulation of I inch. 

k = 0.02405 W/m K 

Substituthg these parameters in the equation (1) and (2) we will get: 

= 3.549 kW 

q 2  = 2.720 kW - for thickness of the insuiation of 25.4 mm 

q 2  = 0.706 kW - for thickness of the insulation of 50.8 mm 

To calculate q 3  we need to know water flow rate during winter period. The exact 

value is impossible to know and we can approximate that water flow rate is Il.min. For 

this value q~ is calculated by equation (A.4): 



Using equation (A.l) the total amount of heat which is lost in the tunnel is: 

q = 12.147 kW - for thickness of insulation of 1 inch 

q = 10.130 kW - for thickness of insulation of 2 inches 

A.5 HEATERS 

For the extreme low outside temperature the amount of heat, needed to maintain 

the temperature in the tunnel above freezing point (around IOOC), is q = 10 kW. To 

approach this value in the tunnel we wiLl use 3 20QW2 heat traces. Temperature can be 

monitored and heat reduced if necessary. 

The QTV family of Chemelex Auto-Trace self-reguiating heaters maintains 

temperatures up to 1 1 0 ~ ~ .  These heates can also be used for basic fieeze protection in 

hi& heat Ioss systems. The QTV heaters can be used in hazardous areas and corrosive 

areas. 

Figure A.l Chemelex Auto-Trace Self-ReguIating Heuter 



Properties of heaters 2OQW are: 

Service Voltage 

Circuit Breaker Section 

Circuit breaker size vs. 

Mmrimum circuit Zength 

If started at: 1 O'C 

- 1 SOC 

240 VAC 

20QTV2 

30A 

240 feet 

195 feet 

1 80 feet 

A.6 THERMOSTAT CONTROL 

The AMC-F5 thermostat is designed for use on outdoor heat traced water lines. 

The enclosure is waterproof (NEMA 4X) and corrosion resistant. The temperature on 

which sensor works should not be above 6 0 ' ~ .  

Properties 

Enclosure 

Setpoint 

Sensor Exposure Lirnits 

Switch 

Certified 

NEMA 4X 

Glass field nylon 

waterproof, gasketed lid 

5Oc 

- 3 5 ' ~  to 60'~ 

SP-ST UL Listed and CSA 



More infonnation about ANC-F5 thermostat can be found in the catalog number 

AMC-FS. 

A. 7 CONTACTORS 

The 304 is a three pole contactor with contacts that can be replaced in the field. 

The contactor is in themioplastic enclosure that is light weight, dust tight, water tight, and 

corrosion resistant. 

More about contactor 304 cm be found in the catalog number E304. 



HEAT OF HYDRATlON OF CEMENT 



B. 1 HEAT OF HYDRATION OF CEMENT 

Heat of hydration of cernent used for the concrete models is presented below in 

two ways, table and diagram. 

Table B.l contains five columns. The meaning of symbols in the table is 

explained below: 

t time in days where different values of heat fiom hydration of cernent are 

applied 

T(t) general expression for adiabatic temperature rise due to cernent hydration 

heat 

Q(t) total amount of heat generated per unit volume 

R(t) the rate of heat generation 

Calculation of al1 these parameters with formulas is given in Chapter 4. 



Time T(t) Q(t) R(3, R(t] 
tdayl rc1 WdI WIm dayl FJIm hrl 

Table B.l Dependence between tirne, adiabatic temperature rise, 

total amount of heat an heat generation 



This table presents exact values that are applied for dam model, even times for 

time steps are exactly what is appiied in the algorithm. Different values of these loads are 

applied for the other models. The sïze of model determines tirne step. For larger model 

time step is smaller in order to get stable conditions faster. In addition, amount of cernent 

in concrete block determines coefficients necessary for calculation of heat (load). 

5 10 15 20 

Time [days] 

Figure B.l Heat of Hydration versus Time for Dam Model 

Figure B.1 presents dependence of heat of hydration of cernent fiom the .  In the 

beginning heat developed fiom hydration of cernent is fast, in short penod of time cernent 

developed lot of heat. Later on the heat is almost constant. In massive concrete structures 

this heat stays captured in concrete for a long penod of tirne. 



DEPENDANCE OF MODULUS OF ELASTlClTY WlTH TlME 



CA DEPENDANCE OF MODULUS OF ELASTICIW WTH TIME 

The modulus of elasticity for fiesh concrete is very low. Its  value increases with 

t h e ,  actually with hardening of concrete. Afier 28 days modulus of elasticity is 

considered constant. 

Exact values of modulus of elasticity used in dam model are presented in the 

following table and diagram. 

Table contains four columns and they present following: 

TF]-time 

p - coefficient presented in Figure 4.4 at Chapter 4 

Ez8 [Mf a] - modulus of elasticity at 28 days of concrete casting 

E [MPa] - modulus of elasticity applied in the model 

Figure C. 1 present dependence of modulus of elasticity tiom tirne. It is obvious 

that increase of moduius of elasticity is highest in the first few days. That is the most 

important tirne for our andysis. 



Table C.l Calculation of Modulur of Elasiicity for the Stress Analysis Algorithm 



O 200 400 600 800 1000 

Time [hl 

Figure C.1 Dependence between Modulus of EIasticity and Time 



APPENDIX D 

INCREMENTAL THERMAL ANALYSIS OF DAM MODEL 

PROGRAM LISTING 



INCREMENTAL THERMAL ANALYSIS OF DAM MODEL 

- thermal analysis of Long Spmce Generafing Station - 
Thermal loads: 

- heat of hydration of cernent 
- ambient temperature on outside surfaces 
- bottom of the block at temperature 25'C 

Base Units: length [ml, temperature [Cl, energy [kJl, time [hd 

lclear 
! 
! BUILD THE MODEL 
! 

lfilnam, thermal 
/Me, INCREMENTAL THERMAL ANALYSlS OF DAM MODEL 
fprep7 
et, 1 ,55 $csys,O $type, 1 

! 
! Material properties 
I 

mp,kxx,1 ,9.2 $rnp,c, 1,0.85 $mp,dens, 1,2294 ! concrefe 
mp,kxx,2, 1 .O4 $rnp,c,2,1.16 $rnp,dens,2,550 ! fmmewok 

! 
! Define keypoints 
! 

k,1 ,0,0 $k,2,0.2,0 $k,3,0,2.7432 $k,4,0.2,2.7432 
k,5,0,5.1 816 $k,6,0.2,5.1816 $k,7,10.2335,0 $k,8,10.4335,0 
k,9,9.9245,2.7432 $k,10,10.1245,2.7432 $k,11$-65,5-1816 $k11219.8515.1816 
k, 13,0.2,0 $k, 14,10.2335,0 $k,15,0.2,2.7432 $k,16,9.9245,2.7432 
k , ~  7,0.2,2.7432 $k,i 8,9.9245,2.7432 $k,19,0.2,5.1816 $k12019.6515.1816 

! 
! Defne and divide lines 
! 

1,1,2 $1,3,4 $1,5,6 
1,7,8 $l,9,l O $1,11,12 

1.1.3 l .2.4 $1.13,15 $1,14,16 $1.7,9 $1.8.10 
1,3,5 $1,4,6 $1,17,19 $1,18,20 $1,9,11 $1,10,12 

! 
1,13,14 $1,15,16 $1,17,18 $1,19,20 

! 
Isel,s, ,, l,6 $lesize,alI,, ,1,1 
Isel,~,, ,7,12 $lesize,all,,, 10,O. 1 
lsel,s,,,13,18 $lesize,all,,,lO,lO 
lsel,s, , ,l9,22 $lesize, all, , ,20,-5 
Isel,all 



! 
! Define and mesh areas 
! 

eshape,2 
! 

rnat,2 
a1,1,2,7,8 $a1,2,3,13,14 $a1,4,5,11,12 $a1,5,6,17,18 
amesh, l,4 

! 
mat, 1 
a1,9,10,19,20 $a1,15,16,21,22 
amesh,5,6 

! 
! Connect the first part 
! 

cp.l,temp.85,2 $cp,2,tempI87,4 $cp,3,temp188.5 $cp14,temp,89,6 
cp,5,tempI90,7 $cp,6,templ9l.8 $cp,7,temp192,9 $cp,8,temp193,10 
cp,9,temp,94,11 $cp,lO,temp,95,12 

! 
cp, 1 1 Jemp, 1 16.43 $cp. 1 2,temp, 1 17.56 $cp, 13,temp, 1 l8,57 $cp. 14,temp, 1 l9,58 
cp, 15,temp. 120.59 $cp, 16,temp,l21 ,GO $cp,1 7,tempI1 22.61 $cp.1 8,temp1123,62 
cp, 19,temp, 124,63 $cp,20,templ l25,64 

! 
! Connect the second part 
! 

cp21 ,temp,318,24 $cp,22,ternpt31 9.25 $cp123,temp,320,26 $cp,24,temp,321 ,27 
cp,25,tempI 322.28 $cp,26,tempI323,29 $cp,27,ternp,324,30 $cp128,temp,325,31 
cp,29,temp,326,32 $cp,30,temp,317,23 

! 
cp. 31 ,temp.31 6.86 $cp132,temp,357,97 $cp133.temp,358.98 $~p,34.temp~359~99 
cpl35,temp,360, 100 $cp,36,temp,361, 101 $cp,37,temp,362, 1 02 $cpl38,temp,363, 1 03 
cpI39.temp.364,104 $cp140,temp,365, 105 $cp,41 ,ternp,366.106 $cpl42,temp,367, 107 
cp143,temp,368,1 08 $cpI44.temp,369, 109 $cp,45,temp,370,110 $cp,46,temp,371,111 
cpI47,temp,372, 1 12 $cp,48,tempI373, 1 13 $cp,49,tempI374. 1 14 $cp,50,temp1375, 1 15 
cp,51 ,temp,347,96 

! 
cp,52.temp1348,76 $cp,53,temp,349,77 $cpI54,temp,350,78 $cp,55,tempI351 ,79 
cp,56,temp,352,80 $cp, 57,temp,353.81 $cp,58,temp,354,82 $cp159,temp,355,83 
cp,6Oltemp,356,84 $cp,61 ,temp,327,75 

! 
Save 
finish 

! 
! APPLY LOADS AND OBTAIN THE SOLUTlON 
! 

/solution 
antype,transient 
tintpr,,,, 1 .O 

! 
nropt, 1 
cnvtol, heat,, ,, 1 .Oe-1 O 



! 
! Initia/ conditions 
! 

timint,off 
! 

time,O. 1 
nsel,s,node,, 1 $4 $d,all,temp,25 
nsel,s,node,,85,315 $d,all,temp,lO 
nselIs,node,,316,546 $d,all,ternp,l O 
nsel,all $esellaII 

! 
ealive,all 
esel,s,,,3-f 6,546 $nsle 

! initial temperture for framework, 
! block 7 of concrete and block 2 
! of concrete 

ekill,all ! deactivate elements from upper block 
nsel,all $esel,all ! of concrete 
Save 

! 
! Transient portion 
! 

timint,on $kbc, 1 
nsel,s,node,, 1,84 $ddele,all,temp ! delete initial temperatures from 
nsel,s,node,,85,315 $ddele,all,temp ! framework and lower block of concrete 

! 
nseI,s,node,, 1,l $d,all,temp,25 ! constrain the bottom of the lower 
nsel,s,node,,l26,144 $d,all,temp,25 ! block of framework whih is in touch 
nseI,s, node,,44,44 $d,all,temp,25 ! with ground 
nsel,all 

! 
sfl,7,conv,15,,10 $sfi,l3,conv,15,,10 $sfl,3,conv,15,,10 
sfl,l4,conv,l5,,10 $sfl,20,conv,t5,,10 $sfll17,conv,15,.10 
sfl,6,conv,l5,,23 $sfl,18,conv,15,,23 $sfl,12,conv,l5,,23 ! surface load 

! 
time,6 
esel,s,elem, ,4-11240 $bfe,all, hgen,,4004 ! heat generation by cernent 
nsel,all $esel,all ! in concrete 
solve 

! 
time, 12 
esel,s,elem,,41,240 $bfe,all, hgen,,2966 
nsel,all $esel,all 
solve 

! 
time, 1 8 
esel,s,elem,,41 ,240 $bfe,all, hgen,,2197 
nsel,aIl $esellaIl 
solve 

! 
time,24 
esel,s,elem,,41,240 $bfe,all, hgen,, 1627 
nsel,all $esellaIl 

! 



solve 
! 

time,30 
esel.s,elem, ,411240 $bfe,all, hgen,. 1206 
nsel,all $esel,all 
solve 

! 
time.36 
esel.s,elem, ,4l ,240 $Me, all, hgen. ,893 
nsel,all $esellaIl 
solve 

l 

time,42 
esel.s1eIem,,41 ,240 $bfe,aIlthgenII661 
nsel,all $esel,all 
solve 

! 
time,48 
esel,s,elem. ,4l ,240 $bfe,all, hgen, ,490 
nsel,all $esellaIl 
solve 

! 
time,54 
esel,s.elem, ,41,24O $bfe,all, hgen,. 363 
nsel,all $esel,all 
solve 

! 
time.60 
esel.s,elem, ,41,24O $bfe,all, hgen, ,269 
nse1,all $esel,alI 
solve 

! 
time,66 
esel.s,elemI,41 ,240 $bfe,all,hgen,, 199 
nsel,all $esel, al1 
solve 

! 
time.72 
esel1s,elern,,41 ,240 $bfe,all,hgen,, 147 
nsel,all $esellaIl 
solve 

! 
time,78 
esel,s,elem,,41,240 $bfe,all, hgen,. 1 09 
nsel,all $esel,all 
solve 

! 
tirne,84 
esel.s,elem, ,411240 $bfe,all. hgen,,81 
nsel,all $esel,all 
solve 



! 
time,90 
esel,s,elem,,41,240 $bfe,all,hgen,,60 
nsel,all $esel,all 
solve 

! 
time,96 
esel,s,elem, ,4It24O $bfe,all, hgen. ,44 
nsel,all $esel,all 
solve 

! 
time,96.1 $kbc, 1 

! 
esel,s,,,241,440 $nsle ! activate elements from the upper 
ealive,all ! block of concrete 
nsel,all $esel,all 

! 
sfidele,214,conv $sfldeleI20,conv $sfldele, 1 7,conv ! delete load from the 

! surfaces which are in 
! contact wifh upper block 

! 
sfl,7,conv,15,,10 $sfl,13,conv115,,10 $sf113,conv,15,,10 ! new loaded 
sfl,22,conv,15,,iO $sfl,6,conv,15,,10 $sfl,l8,conv,l5,,10 ! surfaces 
sfl,12,conv,15,,10 

! 
esel,s,elem, ,4l,24O $bfe,all, hgen,,44 
nsel,all $esellaIl 
solve 

! 
time, 102 
nsel,s,node, ,316,546 $ddele,all,temp ! delete initial temperature from 

! the upper block 
esel, s,elem, ,4lI24O $bfe, all, hgen, ,32 
esel,s,elern,,241,440 $bfe,all, hgen,,4004 
nsel,all $esellaIl 
solve 

! 
tirne, 1 O8 
esel,s,elem, ,4ll24O $bfe,all, hgen, ,24 
esel,s,elem, ,24+lI44O $bfe,all, hgen, ,2966 
nsel,all $esel,ail 
solve 

! 
time, 1 14 
esel,s,elem, ,4IlZ4O $bfe,all, hgen,, 1 8 
esel,s,elem,,241 ,440 $bfe,all, hgen,,2197 
nsel,all $esellaIl 
solve 

! 
time, 120 
esel,s,elem, ,4Il24O $bfe, all, hgen,, 1 3 



esel,s,elem, ,241,440 $bfe,all, hgen,, 1627 
nsel,all $esel,all 
solve 

time, 132 
esel,s,elem, ,4Il24O $bfe,all, hgen,,? 
esel,s,elem, ,241,440 $bfe,all, hgen, ,893 
nsel,all $esellaIl 
solve 

! 
tirne, 144 
esel,s,elem, ,4lI24O $bfe,all, hgen,,4 
esel,s,elem, ,241,440 $bfe,all, hgen, ,490 
nsel,all $esellaIl 
solve 

! 
time, 156 
esel,s,elemI,41,240 $bfe,all, hgen,,2 
esel,s,elem, ,241,440 $bfe,all, hgen, ,269 
nse1,all $esellaIl 
solve 

! 
time, 168 
esel,s,elern,,41,240 $bfe,all, hgen,, 1 
esel,s,elern,,241,440 $bfe,all, hgen,, 147 
nse1,all $esel,all 
solve 

! 
time, 180 
esel,s,elem,,41,240 $bfe,all,hgen,,0.6 
esel,s,elern,,241,440 $bfe,all,hgen,,81 
nsel,all $esel,all 
solve 

! 
time, 192 
esel,s,elem,,41,240 $bfe,all, hgen,,0.3 
esel,s,elern,,241,440 $bfe,all,hgen,,44 
nse1,all $esel,all 
solve 

! 
time,204 
esel,s,elem, ,4l,Z4O $bfe,all, hgen,,0.2 
esel,s,elem, ,241,440 $bfe,all, hgen, ,24 
nsel,all $esel,all 
solve 

! 
time,216 
esel,s,elem,,41,240 $bfe,aIl,hgen,,O.l 
esel,s,elem, ,24Il44O $bfe,all, hgen,, 13 
nsel,all $esel,all 
solve 



! 
time,228 
esel,s.elem, ,41,24O $bfe,all, hgen,,0.06 
esel,slelem,,241 ,440 $bfe,all,hgenl,7 
nsel,all $esel,all 
solve 

! 
time.240 
esel,s,elem,,41,240 $bfe,all, hgen. ,O.O3 
esel,s,elem,,241,440 $bfe,all, hgen. ,4 
nsel,all $esel,all 
solve 

! 
tirne.264 
esel,s,elem,.41,240 $bfe.all.hgen,.O.Ol 
esel1s,elem,.241 ,440 $bfe.all, hgen,, 1 
nseI,all $esel,all 
solve 

! 
time.288 
esel,s,elem, ,241,440 $bfe,all, hgen,,0.37 
nsel, al1 $esellaIl 
solve 

! 
tirne.31 2 
esel,s,eleml,241 ,440 $bfe,all,hgen,,O.ll 
nsel, al1 $esel,all 
solve 

! 
time,336 
esel,s,elem,,241,440 $bfe.all,hgen.,0.03 
nsel,all $esetlaIl 
solve 

! 
tirne,360 
esel,s,elem, ,241,440 $bfe,all. hgen. ,O.Ol 
nse1,all $esel, al1 
solve 

! 
time,384 
solve 

! 
time,408 
solve 

! 
tirne,432 
solve 

! 
time.456 
solve 

! 



time,480 
solve 

! 
time1504 
solve 

! 
time.528 
solve 

! 
time1552 
solve 

! 
time1576 
solve 

! 
time,600 
solve 

! 
time,624 
solve 

time,648 
solve 

I 

time1672 
so Ive 

! 
time,696 
soIve 

! 
time,720 
solve 

! 
time, 744 
solve 

! 
tirne1768 
solve 

! 
time,792 
solve 

! 
time,816 
solve 

! 
time,840 
solve 

! 
time,864 
solve 

! 



tirne.888 
solve 

! 
time.912 
solve 

! 
time,936 
solve 

! 
tirne.960 
solve 

! 
Save 
finish 



APPENDIX E 

INCREMENTAL STRUCTURAL ANALYSE OF DAM MODEL 

PROGRAM LISTING 



INCREMENTAL STRUCTURAL ANALYSIS OF DAM MODEL 

- stress analysis of Long Spruce Generating Station - 
Loads: 

- gravrty 
- loads from temperature field 

Note: the temperature load is input from themal.rht file 
this file is result file from the thermal analysis 

Base Units: length [ml, temperature [Cl, time [hrJ stress [w 

Iclear 
! 
! BUILD THE MODEL 
! 

/fiInam, stress 
Ititle, INCREMENTAL STRUCTURAL ANALYSE OF DAM MODEL 
lprep7 
et, 1,42 $csys,O $type, 1 

! 
! Matenal properties 
! 

mp,alpx, 1,9.5e-6 $rnp,dens, 1,2500 $mp,ex, 1,4160 ! matenal properties 
mplalpx,2,9.5e-6 $rnp,dens,2,2500 $mp,ex,2,10920 ! for concrete ( the 
mp,alpxI3,9.5e-6 $mp,dens,3,2500 $mp,ex,3, 15340 ! modulus of elasticity is 
mp,alpx,4,9.5e-6 $mp,dens,4,2500 $rnp,ex,4, 17420 ! changing with time) 
rnp,aIpx15,9.5e-6 $mp,dens, 5,2500 $mp,ex, 5,18720 
mplalpx,6,9.5e-6 $rnp,dens,6,2500 $mp,ex,6,19760 
mplalpx,7,9.5e-6 $rnp,den~,7~2500 $mplex17,20800 
mplalpx,8,9.5e-6 $rnp,dens,8,2500 $mp,ex,8,21 350 
mplalpx,9,9.5e-6 $rnp,dens19,2500 $mp,ex,9,21840 
m p,alpx, 1 019.5e-6 $mp,dens, 1 0,2500 $mp,ex, 10,22360 
mp,alpx, 1 1 ,Me-6 $mp,dens,l1,2500 $rnp,ex, 1 1,22880 
mp1alpx,l2,9.5e-6 $mp,dens, l2,25OO $mp,ex, 12,23140 
mp,alpx,13,9.5e-6 $mp,dens,l3,2500 $mp,ex,l3,23400 
mp,alpx, l4,9.5e-6 $mp,dens, 14,2500 $mp,ex, 14,23660 
rnp,alpx, 15,9.5e-6 $mp,dens,l5,2500 $mp,ex,l5,23920 
mp,alpx, 16.9.5e-6 $rnpldens, 16,2500 $mp,ex, 16,241 80 
rnp,alpx, 17,9.5e-6 $mp,dens,l7,2500 $rnp,ex,17,24440 
mp,alpx, 1 8,9.5e-6 $mp,dens, 1 8,2500 $rnp,ex, 1 8,24700 
mp,alpx, 1 g,QSe-6 $rnp,dens, 19,2500 $mp,ex, 19,24960 
mp,alpx,20,9.5e-6 $mp,dens,20,2500 $rnp,ex,20,25220 
mp,alpx,21,9.5e-6 $mp,dens,2Il2500 $rnp,ex,2? ,25480 
mplalpx,22,9.5e-6 $mp,dens,22,2500 $mp,ex,22,25740 
mp1alpx,23,9.5e-6 $mp,dens123,2500 $mp,ex,23,26000 

! 



mplaIpx,24,9.5e-6 $mp,dens,24,2500 $mp1ex,24,41 60 
mpIalpx,25,9.5e-6 $rnp,dens,25,2500 $mp,ex,25, IO920 
mp,alpx,26,9.5e-6 $mp,dens,26,2500 $rnp,ex,26,1 5340 
mplalpx,27,9.5e-6 $mp,dens,27,2500 $mp,ex,27,17420 
mplalpx,28,9.5e-6 $rnp,dens,28,2500 $rnp,ex,28,18720 
mpIalpx,29,9.5e-6 $mpIdens,29,2500 $rnp1ex,29, 1 9760 
rnplalpx130,9.5e-6 $mpIdens,30.2500 $mplex130,20800 
mp,alpx,31,9.5e-6 $mp,dens,31,2500 $mp,ex,31,21350 
mplalpx,32,9.5e-6 $mp,dens,32,2500 $mp,ex,32,21840 
mpIalpx,33,9.5e-6 $mp,dens,33,2500 $mp,ex,33,22360 
mplalpx,34,9.5e-6 $rnp,dens,34,2500 $mp,ex,34,22880 
mplalpx,35,9.5e-6 $mp,dens,35,2500 $mp,ex,35,23140 
mplalpx,36,9.5e-6 $mp,dens,36,2500 $mp,ex,36,23400 
rnp,alpx,37,9.5e-6 $mp,dens,37,2500 $rnp,ex,37,23660 
mp,alpx,38,9.5e-6 $mp,dens,38,2500 $mp,ex,38,23920 
mp,aIpx139,9.5e-6 $mp,dens,39,2500 $mp,ex,39.24180 
rnp1alpx,40,9.5e-6 $mp,dens,40,2500 $mp,ex,40,24440 
mp,alpx,41 ,9.5e-6 $mp,dens,41,2500 $mp,ex,41,24700 
rnp,alpx,42,9.5e-6 $mp,dens,42,2500 $mp,ex,42,24960 
rnp1alpx,43,9.5e-6 $mp,dens,43,2500 $mp,ex,43,25220 
mpIalpx,44,9.5e-6 $mp,dens,44,2500 $mp,ex,44,25480 
mp,aipx145,9.5e-6 $mp,dens,45,2500 $mp,ex,45,25740 
mp,alpxI46,9.5e-6 $mp,dens,46,2500 $mp,ex,46,26000 

! 
rnp,alpxl47,3.5e-6 $mp,dens,47,550 $rnp,ex,47,10000 

! 
! Define keypoints 
! 

k, l,O,O $k,2,0.2,0 $k,3,0,2.7432 $k,4,0.2,2.7432 
k,5,0,5.1 816 $k,6,0,2,5. 181 6 $k,7,10.2335,0 $k,8,10.4335,0 
k,9,9.9245,2.7432 $k,IO,lO.I245,2.7432 $k,11,9.65,5.1816 $k,12,9.85,5.1816 
k, 13,0.2,0 $k, 14,l 0.2335,O $k,15,0.2,2.7432 $k,16,9.9245,2.7432 
k,17,0.2,2.7432 $k,18,9.9245,2.7432 $k,19,0.2,5.1816 $k,20,9.65,5.1816 

! 
! Define and devide lines 
I 

1.1,2 ~ i ~ 3 . 4  $1.5.6 
1,7,8 $1,9,10 $Ill 1,12 

! 
I l 3  $1,2,4 $1,13,15 $1,14,16 $1,7,9 $1,8,10 
1:3:5 $1,4,6 $1.17,19 $1.1 8,2O $I$J 1 $1,10,12 

! 
1,13,14 $1,15,16 $1,17,18 $1,19,20 

! 
Isel,s, , , l ,6 $lesizen all, , , 1 , 1 
Isel,s,,,7,12 $lesize,all,,,lO,O.l 
lsel,s,,,l3,18 $lesize,all,,,lO,lO 
lsel,s, ,, l9,2Z $lesize,all,, ,20,-5 
Ise1,all 

! 
! Define and mesh areas 



! 
eshape,2 

! 
mat,47 
al, 1,2,7,8 $aI,2,3,l 3,14 $al,4,5, 1 1,12 $a115,6,17,1 8 
amesh, 1,4 

! 
mat, 1 
aI,9,lO1 l9,2O 
amesh,5 

! 
rnat,24 
a1115,16,21 ,22 
amesh,6 

! 
! Connect the fiist part 
! 

cp, 1 ,ux,85,2 $cp12,~,87,4 $cp,3, ux188,5 $cp14,ux,89,6 
cp,5,ux190,7 $cp16,ux,91 ,8 $cp17,ux,92,9 $cp18,ux,93, 10 
cp,9,ux194,11 $cp110,ux,95,12 

! 
cp. 1 1 J X , ~  l6,43 $cp, 12,ux, 11 7,56 $cp,1 3,uxtl l8,W $cp, 14,ux, 1 19.58 
~p,15,~~,120,59 $~p,16,~~,121,60 $~p,17,~~,122,61 $~p,18,~~,123,62 
cp,1 9,ux,l24,63 $cp120,ux,125,64 

! 
cp,21, uy185,2 $cp,22,uy187,4 $cp,23,uy188,5 $cp124,uy,89,6 
cp,25,uy190,7 $cp,26,uy,91,8 $cp,27, uy,92,9 $cpl28,uy,93, 10 
cp129,uy,94, 1 1 $cp,30,uy195, 12 

! 
cp,31 ,uy, 1 l6,43 $cp132,uy, 1 l7,56 
cp,35,uy,l 20159 $cp136,uy,121 ,60 
cp,39,uyl l24,63 $cp140,uy, l25,64 

! 
! Connect the second parf 
! 

cp,41 ,ux,318,24 $cp142,ux,31 9,25 
cp,45,ux1322,28 $cp,46,ux,323,29 
cp149,ux,326,32 $cp150,ux,31 7,23 

! 
$cp,54,ux1 359,99 
$cp,58,uxl 363,l O3 
$cp162,ux, 367,107 
$cp,66, ux, 37 1,111 
$cp,70, ux,375, 1 1 5 

$cp,75, ux, 351,79 
$cp,79,ux,355,83 



cp,86,uy,322,28 $cp,87,uy1323,29 $~p,88,uy,324,30 $~p,89,~~,325,31 
cpI90.uy,326,32 $cp,91,uy,317,23 

! 
cp,92,uy131 6,86 $cp,93,uy1357,97 $cpl94,uy.358,98 $~p,95,~~,359,99 
cp, 96, uy,36O, 1 00 $cp, 97, uy, 361 ,101 $cp,98, ~ ~ ~ 3 6 2 , 1 0 2  $cp,99, uy,363,1 O3 
cp, 1 00,uy,364,IO4 $cp, 101 ,uy,365,105 $cp, 1 02,uy,366, 1 O6 $cp, 1 03,uy,367, 1 07 
cp,104,uy,368,108 $cp,105,uy,369,109 $cp1106,uy,370.110 $cp,107.uy,371.111 
cp, 108,uy,372.112 $cp. 1 O9,uy,373,ll3 $cp, 1 1 01uy,374. 1 14 $cp, 1 1 1 .uy,375,1 15 
cp, 1 1 2,uy,347,96 

! 
cp11I3,uy,348,76 $cp,114,uy,349,77 $cp,115,uy,350,78 $cp,i16,uy1351,79 
cp1117,uy,352,80 $cp.l18,uy,353,81 $cp,119,uy,354,82 $cp,120,uy,355,83 
cp, 1 21, uy,356,84 $cp, 1 22, uy, 327,75 

! 
Save 
finish 

! 
! APPLY LOADS AND OBTAIN THE SOLUTlON 
! 

/solution 
antype, static 

! 
nropt,3 
cnvtol,u,,,,O.O 
ealive,all 
esel,s,,,316,546 $nsle 
es el,^,,, 1,84 $nsle 

! 
ekill,all 
nse1,alI $esellaIl 

! 
! Constrain the bottom of the iower block 
! 

d,l.ux,uy,O $d.î,uy,O $d,85,uyI0 $d,126,uy,O 
d1127,uy,0 $d,128,uy10 $dI129,uy,0 $d,l30,uy,O 
d,131,uy10 $dl132,uy,0 $d,l33,uyl0 $d1134,uy10 
d,135,uy,O $dl136,uy.0 $d,137,uyI0 $d,138,uy10 
d,139,uy,O $dl140,uy,0 $d,l4l,uy,O $d,142,uyl0 
d,I43,uyl0 $dl144,uy,0 $dIll6,uy,0 
d,43,uy10 $d,44,uy1ux,0 

! 
time,6 
Idread,temp,, ,6,,themial.rth 
solve 

! 
time, 12 
IdreadJemp,, , l2,, thennal.rtti 
solve 

! 
time, 18 
ldread,ternp,, ,18,,thermal.rth 



solve 
! 

time,24 
eseI,s,,,41 ,240 $rnpdeIe,ex,l $mpchg12,all 
esellaIl 
Idread,ternpl1,24,,thermal.rth 
solve 

! 
time,30 
Idread,temp,, ,30,,thermaIIrth 
solve 

! 
time,36 
Idread,temp,,,36,,thermal.rth 
solve 

! 
time,42 
ldread,temp,, ,42,, thermal.rth 
solve 

! 
time,48 
esel,s,,,41 ,240 $mpdele,ex,2 $mpchg13,all 
ese1,aIl 
Idread,templ,,48,,thermal.rth 
solve 

! 
tirne,% 
Idread,temp,, ,SQ,,thermal.rth 
solve 

! 
time,60 
Idread,temp,, ,6O1,thermal.rth 
solve 

! 
time,66 
Idread,temp,, ,66,,thermal.rth 
solve 

! 
time,72 
es el,^,, ,4l124O $mpdele,ex,3 $mpchg14,all 
esel,all 
ldread1temp,,,72,,thermal.rth 
solve 

! 
time,78 
Idread,temp,, ,78,,therrnal.rth 
solve 

! 
time,84 
Idread,temp, , ,a, ,thermalIrth 
so Ive 



! 
tirne,90 
Idread,temp,,,90,,thermal.rth 
solve 

! 
time,96 
eseI,s,, ,4lI24O $mpdele,ex,4 $mpchgI5,all 
esellaIl 
Idread,temp,, ,96,,therrnaiirth 
solve 

! Second parf placed 
! 

tirne,96. 1 
! 

eseI,s,,,241,440 $nsle 
ealive,all 
nsel, al1 $esel,all 

! 
ldread,templ,,96.I ,,thermal.rth 
solve 

! 
tirne, 102 
Idread,ternp,,, 102,,thermal.rth 
solve 

I 

tirne, 1 08 
Idread,ternp,,,108,,therma1.rth 
solve 

! 
tirne, 1 14 
Idread,temp,,, 114,,thermal.rth 
solve 

! 
tirne, 120 
esel,s,,,41,240 $mpdele,ex,5 $mpchgI6,all 
esel,ail 
es el,^,, ,241,440 $mpdele,ex124 $rnpchg125,all 
esellaIl 
ldread,temp,, , 1 2OI,thermal.rth 
solve 

! 
time, 132 
Idread,temp,,, 132,,thermal.rth 
solve 

! 
tirne, 144 
es el,^,, ,41,24O $mpdele,ex,6 $rnpchg17,all 
esellaIl 
eseI,s1,,241 ,440 $mpdele,ex,25 $mpchgI26,all 
esel,alI 



Idread,temp,,, 144,,themal.rth 
solve 

! 
time, 1 56 
Idread1ternp,,,156,,thermal.rth 
solve 

! 
tirne, 1 68 
esel,s,,,41 ,240 $mpdele,ex,7 $mpchgl8,all 
esel,all 
esel,s,,,241,440 $mpdelelex126 $mpchg,27,all 
esel,all 
Idread,ternp,,, 168,,thermal.rth 
solve 

! 
tirne, 1 80 
ldread,ternp,. .1 801,thermal.rth 
solve 

! 
tirne, 1 92 
esel,s,,.41,240 $mpdelelex,8 $mpchg19,all 
esellaIl 
esel,s. ,.24l ,440 $mpdelelex127 $mpchg,28,all 
esel,all 
Idread,temp,,, 1 92,, themal.rth 
solve 

! 
tirne,204 
Idread,ternp,,,204,,thermal.rth 
solve 

! 
tirne,216 
esel,s,,,41,240 $mpdele,ex.9 $mpchg, l0,all 
esel,all 
esel,s. ..24llMO $mpdele,ex,PB $rnpchg,29,aIl 
esel,all 
Idread1temp,,,216,,themal.rth 
solve 

! 
tirne1228 
Idread,temp,, ,228,,therrnal.rth 
solve 

! 
tirne,240 
esel,s,,,41 ,240 $mpdele,ex. 1 O $mpchg, 1 1 ,al1 
esellaIl 
ese1.s. ,,241,44O $mpdele,ex,29 $mpchg,3O1all 
esellaII 
Idreadlternp,,,240,,thermal.rth 
solve 

! 



time,264 
esel,s,,,41 ,240 $mpdele,ex,l 1 $mpchg, 12,all 
esellaIl 
es el,^,, ,241,440 $mpdele,ex,30 $mpchg,3l ,al1 
esellaIl 
Idread,temp,. ,264,,thermal.rth 
solve 

! 
time,288 
esel,s,,,41,240 $mpdele,ex,l2 $mpchg,? 3,all 
esel,all 
esel,s, , ,241,440 $mpdeIe,ex,31 $rnpchgl32,all 
esellaIl 
Idread,temp,, ,288,,thennal.rth 
solve 

! 
time,312 
es el,^,, ,411240 $mpdele,ex, 13 $mpchg, 14,all 
esellaIl 
esel.s.. ,241 ,440 $mpdele,ex132 $mpchgl33.aIl 
esellaIl 
Idread,temp,, ,312,,thennal.rth 
solve 

! 
time,336 
esel,s,,,41 ,240 $mpdele,ex,l4 $rnpchg, 15,all 
esellaIl 
es el,^,, ,241,440 $mpdele,ex,33 $rnpchg,34,all 
esellaIl 
Idread,temp,, ,336,,therrnal.rth 
solve 

! 
time,360 
esel,s,,,41,240 $mpdele,ex,15 $rnpchg, 16,all 
esellaIl 
es el.^., ,241,440 $mpdelelex,34 $mpchg135,all 
esellaIl 
Idread,temp,, ,360, ,thermal.rth 
solve 

! 
time, 384 
esells,,,41,240 $mpdelelex,16 $rnpchg,l7,all 
esellaIl 
es el,^,, ,241 ,~~O $mpdele,ex,35 $mpchg,36,all 
ese1,all 
Idread,temp,, ,384,,thermal.rth 
solve 

! 
time,408 
es el,^., ,+Il ,240 $mpdele,ex. 17 $rnpchg. 18,all 
esellaIl 



esel,s, , ,241,440 $mpdelelex,36 $mpchg ,W,aII 
esellaIl 
Idread1ternp1,,408,,themal.rth 
solve 

! 
time,432 
esel,s,,,41 ,240 $mpdele,ex, 18 $mpchg, l9,all 
esellaIl 
ese1,s1, ,24l,&O $mpdele,ex,37 $mpchg138,all 
esellaIl 
IdreadJemp,, ,432,,thermal.rth 
solve 

! 
time,456 
es el,^,, ,4I124O $rnpdele,ex, 1 9 $mpchg,2O1aII 
esellaIl 
es el,^,, ,241,440 $mpdele,ex,38 $mpchg139,all 
esellaIl 
IdreadJemp,, ,456,,thermal.rth 
solve 

! 
time,480 
esel,s,,,41 ,240 $mpdele,ex,20 $mpchg,21 ,al1 
esel,all 
eseI,s,,,241 ,440 $rnpdele,ex,39 $mpchgI40,all 
esellaIl 
IdreadJemp,, ,480,,therrnal.rth 
solve 

! 
time,504 
esel,s,,,241 ,440 $mpdele,ex,40 $mpchgl4l ,al1 
esellaIl 
Idread,temp,, ,504, ,therrnal.rth 
solve 

! 
tirne-528 
es et,^,, ,241,440 $mpdeIe,ex,41 $mpchgI42,all 
esellaIl 
Idread,temp,, ,440,,thermal.rth 
solve 

! 
time,552 
esel,s,,,41 ,240 $mpdele,ex,Si $mpchg122,all 
esellaIl 
esel,s,,,241 ,440 $mpdele,ex,42 $mpchg143,all 
esellaIl 
Idread,ternpl,,552,,thermal.rth 
solve 

! 
time,576 
esel,s,,,241 ,440 $mpdele,ex143 $ mpchg144.all 



esel,all 
Idread,temp,, ,576, ,themal.rth 
solve 

! 
time,600 
ldread,temp,, ,600,,thennaIIrth 
solve 

time.624 
Idread,temp,,,624,,themal.rth 
solve 

! 
time,648 
es el,^,, ,241,440 $mpdele,ex,44 $mpchg,45,all 
esel,alI 
Idread,tempI,,648,,themal.rth 
solve 

! 
time,672 
esel,s,,,41,240 $mpdele,ext22 $mpchgI23.all 
esel,all 
tdread ,temp, , ,672, ,thermal.rth 
solve 

! 
time,696 
IdreadJem p, , ,696, ,themal.rth 
solve 

! 
time, 720 
IdreadJemp,, ,720, ,thermal.rth 
solve 

! 
time,744 
Idread,temp,,,744,,thermal.rth 
solve 

! 
time,768 
esel,s, , ,241,440 $mpdele,ex,45 $mpchg146,all 
esellaIl 
Idread,tempt,,768,,thermaI.rth 
solve 

! 
time.792 
ldread,temp,, ,792,,themal.rth 
solve 

! 
time,816 
Idread,temp,,,816,,thermal.rth 
solve 

! 
time,840 



Idread,ternp,, ,840,,themal.rth 
solve 

! 
time.864 
Idread,temp,,,864,,themal.rth 
solve 

! 
time,888 
IdreadJern p., ,888,.thermal.rth 
solve 

! 
time.912 
Idread,temp,,,912,,thermal.rth 
solve 

! 
time,936 
IdreadJernp., ,936, ,themal .rth 
solve 

! 
time.960 
ldread,temp..,960,,thennaI.rth 
solve 

! 
Save 
finish 
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