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ABSTRACT 

This project studies the prediction and prevention of cracking in high performance 

concrete due to temperature and shrinkage during construction. Models are developed to 

predict concrete physical properties, as well as thermal properties. Computer models are 

then developed to predict temperaturz development and distribution in concrete under field 

conditions. This information is the? used as input to determine the time-dependent stresses 

caused by temperature fluctuations and concrete shrinkage. 

During construction, the primary cause of temperature fluctuation is heat generated 

by cementitious mati ial hydration. A hydration model for high performance concrete is 

developed that considers the rate of hydration and the influence of concrete composition on 

heat of hydration. Concrete thermal properties, which influence the magnitude, distribution, 

and rate of temperature change, are also described. The hydration model is then 

incorporated into a three-dimensional, transient, finite element thermal analysis using an 

existing computer program FETAB3D as a basis to predict the temperature history and 

distribution in a concrete structure. The computer program FETAB3D, which takes into 

account variable thermal conditions including thermal radiation and boundary energy 

transfer, is modified further to account for multi-lift construction procedures, and to accept 

custom ambient temperature and solar radiation input files. To reflect these modifications, 

the computer program is renamed FETAB3DH. 

Physical properties of high performance concrete, such as tensile and compressive 

strength, elastic modulus, creep, and shrinkage are discussed and modeled as a function of 

concrete maturity. Using these material properties, concrete stresses due to temperature 

change and shrinkage are calculated using the commercially available structural analysis 

computer program, ABAQUS. The effects of creep are considered by using the general 

step-by-step method. 

The thermal and stress analysis techniques presented in this study are used to study 

the construction of the Confederation Bridge, in Easten Canada, and the Tsable River 



Bridge, on Vancouver Island, both constructed using high performance concrete. 

Temperature field measurements on both bridges confirm the validity of the hydration and 

temperature models incorporated in the computer program FETAB3DH. The stress 

analyses are used to determine the significance of tensile stresses induced by thermal and 

shrinkage effects. The significance of tensile stresses is quantified as a probability of 

causing cracking. The calculated stresses and probability of cracking compare favorably 

with the onset, location, and orientation of observed cracking. 

Using the results of this study, guidelines for the prevention and prediction of 

cracking in high performance concrete structures are proposed. These guidelines can be 

used by contractors and designers to assist with construction planning and conceptual 

design. The computer models and analysis procedures outlined in this study can be used to 

quantify temperature and shrinkage loading and resulting stresses for detailed design 

purposes. 
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1.0 INTRODUCTION 

1.1 GENERAL 

Thermal effects can be the cause of cracking in young concrete as well as long-term 

strength problems in mature concrete. Traditionally, thermal effects are only considered in 

mass concrete when heat cannot dissipate quickly. The development of high performance 

concrete (HPC), defined as concrete with a water-to-cementitious material ratio less than 

0.40, has stimulated a re-evaluation of thermal effects in all structures. Temperature change 

in young concrete is primarily caused by heat released due to hydration but is also 

influenced by formwork and environmental conditions such as air temperature, wind speed 

and solar radiation. All of these variables vary according to structure geometry, location 

- ~d also with time. 

Thermal effects are very important to the concrete industry. The rate of concrete 

strength development often governs the duration and scheduling of construction projects. 

Also, costly measures, such as heating or cooling systems and multi-lift construction 

techniques, are often employed by contractors in order to manipulate the concrete 

temperature distribution and accelerate the construction process. However, unexpected 

deflections, warping, and cracking due to large changes in concrete temperature and large 

thermal gradients often result. Therefore, it is of great importance to the construction 

industry to be able to predict the development and distribution of temperature, as well as 

the stresses caused by temperature, in hardening concrete structures. 

In order to predict and control strength development, thermal deformations and 

cracking, the temperature distribution that influences these variables must be modeled. 

Because concrete structural design is so diverse, a flexible analysis tool is required that is 

capable of analyzing all situations when significant temperature differences are expected to 

occur and account for ail of the variables that influence those temperature differences. 

Since the temperature distribution in a structure is time-dependent, an accurate 

prediction of thermal stresses requires a time-dependent analysis. The rapidly changing 



material properties of hardening concrete also necessitate this type of analysis. Two time- 

dependent properties of concrete that are frequently neglected for the sake of simplicity are 

creep and shrinkage. However, it is important to account for these two phenomena to 

accurately calculate the magnitude of stresses in the concrete as a function of time. 

1.2 SCOPE OF RESEARCH 

The focus of this project is to determine the significance of thermal effects in 

concrete structures during construction, when concrete is young. During construction, the 

primary factor influencing concrete temperature is the energy released by cement hydration. 

Temperature monitoring programs conducted during construction of the Confederation 

Bridge, in Eastern Canada, and during construction of the Tsable River Bridge, in Western 

Canada, are presented. These monitoring programs document: the very significant increase 

in concrete temperature, the thermal gradients caused by hydration, and the influence of 

other factors including solar radiation and formwork. 

Temperature data collected from the two monitoring projects is used to calibrate 

and verify a three-dimensional finite element temperature prediction model. The model 

accounts for: cement hydration; concrete composition; formwork; insulation; and 

environmental conditions including air temperature, wind speed, and solar radiation. The 

significance of these variables as well as structure geometry on concrete temperature is 

determined. 

A three-dimensional finite element model is then used to calculate concrete stresses 

induced by temperature variations calculated using the temperature prediction model. The 

finite element model is used in a step-wise analysis of the variable concrete temperature 

distribution. This model assumes that concrete is not cracked and accounts for the effects of 

creep and shrinkage in addition to the time-dependent nature of thermal loading. 

The variables that influence the magnitude and development of tensile stresses that 

can lead to cracking are identified and discussed. The tendency to crack is measured by 

assigning a probability distribution to the calculated tensile stresses and concrete tensile 

strength. Design guidelines are proposed for predicting or preventing cracking in concrete 



structures based on the findings of this study. 

The accuracy of results from the stress analysis depends primarily on the accuracy 

of the concrete properties used as input. Creep and shrinkage are very important properties 

when considering time-dependent behavior. The development of high-performance 

concrete has necessitated a re-assessment of commonly accepted relationships for concrete 

properties as well as models for cement hydration. Relationships found in the literature, 

which account for the behavior of high performance concrete are used in this project. 

Temperature effects on these properties are considered, and the subjects of creep recovery 

and multi-axial loading are considered. 

The computer models developed for this study should be useful aids for the design 

and construction of concrete structures. The time development of concrete maturity, 

strength, and stress distribution under given field condirions can be established. This 

information is essential when planning construction projects. Appropriate curing 

procedures can be determined to obtain the desired strength at a given time and to maintain 

the specified maximum allowable temperature or temperature gradient. The earliest time 

for form stripping, prestressing, and post-tensioning can be determined knowing the time 

development of concrete thermal stresses and the probability of cracking. 



2.0 CONCRETE HEAT OF HYDRATION 

2.1 INTRODUCTION 

Concrete heat of hydration is defined as the energy released by the exothermic 

reaction between water and the cementitious components of concrete such as Portland 

cement, silica fume, fly ash, and slag. The hydration process is very complex and the heat 

released from this reaction is the dominant parameter controlling the temperature 

distribution in hardening concrete. Cement hydration is described extensively in the 

literature (Neville 1995, Wang 1995). The total amount of heat released during hydration is 

largely dependent on the amount and types of cementitious material used in concrete. When 

this heat is released, and at what rate, is influenced by many more factors including curing 

conditions and chemical components that are part of Portland cement or added to the 

concrete mix. 

This chapter discusses factors influencing the hydration of cementitious materials 

used in concrete. Models to quantify the total energy released by hydration and to predict 

the time-dependent rate at which energy is released due to hydration in concrete structures 

are also described. Finally. the model used in this study to quantify hydration energy is 

outlined. 

2.2 =AT OF HYDRATION 

The heat of hydration can be the cause of cracking in young concrete as well as 

long-term strength problems in mature concrete. Traditionally, hydration heat is only 

significant in mass concrete when heat cannot dissipate quickly. However, the development 

of high performance concrete (HPC) has made this problem more acute. The total heat of 

hydration released by HPC is not necessarily greater than normal strength concrete (NSC) 

because the low water-to-cementitious material ratio (w/cm) of W C  means that only partial 



cement hydration is possible. However, the cement hydration reaction in HPC is more 

intense so heat accumulation in KPC structures during construction may be greater than in 

NSC structures. When using HPC for massive concrete members, the effects of hydration 

should be carefully considered. 

Many problems can result from not considering the effects of heat of hydration. 

Substantial temperature changes due to cement hydration are normally expected in concrete 

members at early ages. This change in temperature induces deformations which can cause 

the concrete to crack even before the member is loaded (Bolton 1998). The change of 

temperature in hydrating concrete can also cause mature concrete to warp or bow resulting 

in unanticipated construction difficulties (Roberts-Wollmann et al. 1995). Heat of 

hydration can also have helpful side effects. Energy released during hydration can help 

prevent concrete from freezing and reduce the time before formwork can be removed. 

23 CEMENT HYDRATION 

Fresh concrete hardens due to the hydration of cement and other pozzolanic 

materials. Hydration is an exothermic chemical reaction with the heat released from this 

reaction being called the heat of hydration. This reaction can be divided into four stages 

that occur in the following sequence: initial, dormant, acceleration, and deceleration. 

Hydration begins in the acceleration stage with little heat being released during the first two 

phases. The initial stage of hydration occurs as soon as the mix water and cement are 

combined in the production of concrete. The energy released in this stage of hydration may 

raise the temperature of concrete by 1 to 2OC (Miao et al. 1993). The dormant stage of 

hydration typically lasts a few hours and occurs while the concrete is being mixed, 

transported and poured. The acceleration stage begins when the concrete "sets", after the 

concrete has been placed. After the hydration reaction peaks, the deceleration stage begins 

and this final stage can continue indefinitely. Fig.2.1 shows the four stages of cement 

hydration and a qualitative representation of the hydration rate, which corresponds to the 

energy release rate, in each stage. For the purpose of temperature prediction, concrete 
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Fig.2.1 - Qualitative representation of cement hydration rate 

temperature at the time of pouring is taken as the reference, or initial concrete temperature. 

Consequently, hydration models usually assume that the hydration energy release rate 

during the fiat two stages is zero. 

The curves shown in Fig.2.1 represent the overall cement hydration rate. Cement 

hydration actually consists of the hydration of several chemical components in cement 

including C3S,C2ST C3AT and C4AF (Neville 1995). The hydration duration and rate of each 

component is different so Fig.2.1 represents the weighted average hydration rate at a given 

moment. Some hydration models consider the individual components of cement hydration, 

however these models typically require detailed knowledge of cement composition. More 

practical hydration models estimate energy release based on one, overall chemical reaction. 

Cement hydration models are discussed further in Section 2.7. 

During the last four decades, cement composition and fineness have undergone 

substantial changes (Portland Cement Association 1996). The net result has been that 

hydration of current cements occur more intensely with a higher total heat of hydration, all 

of which translates into higher early age concrete strengths. A drawback of this change is 

that hydration research conducted on cement manufactured only a few decades ago cannot 



be directly applied to today's cement. Current hydration rate information is being collected 

by researchers around the world. 

The energy release rate due to cement hydration varies with time, temperature, as 

well as cement composition and fineness. The hydration of ordinary, or Type 10 (Type I in 

the U.S.A.), Portland cement (OPC) with a fineness in the range of 300-350 m2/kg and at a 

constant temperature of 20°C is typically used as a benchmark reaction. However, the 

composition of cement can vary widely between different countries as well as between 

different manufacturers so caution should be exercised when attempting to apply the 

hydration characteristics of cement in one country to cement in another. Also, knowledge of 

the different methods for measuring fineness is important since each method yields 

significantly different results (Neville 1995). For this study, all fineness values are quoted 

based on the Blaine fineness test procedure, described by Neville (1995). 

Theoretically, the complete hydration of Portland cement releases a total of 

450kJlkg cement (Neville 1995). This assumes that sufficient water is available for 

complete hydration to occur and that water can permeate through all cement particles. 

Sufficient water is present for complete hydration if the water-to-cement ratio (wlc) is 

greater t'lan 0.40. In reality, however, 100% hydration does not occur because hydration 

products accumulate on the surface of cement particles preventing water from diffusing 

through the depth of each panicle. When the wlc is low, the free water in concrete is 

consumed rapidly and, consequently, the hydration rate is forced to decrease. Tests indicate 

that the energy released due to hydration is not affected by wlc during the acceleration stage 

3f hydration (Jonasson et al. 1994). However, after the peak hydration rate, the hydration 

rate decreases faster as the w/c decreases. This results in a corresponding decrease in total 

energy released as wlc decreases. The ratio of actual energy released to the maximum 

energy released is referred to as the degree of hydration. 

Other cement types are often used in special applications. Type 30 (Type III in the 

U.S.A.) is used in structures when early strength gain is important because hydration of 

Type 30 cement occurs more rapidly at early ages and also releases approximately 10% 

more energy (Wang 1995). The increase in hydration rate is due to the increased fineness of 



Type 30 cement, in the range of 350-400m2/kg. The increase in total hydration energy is 

due to an increase in C3S and CpA contents, which release more energy when hydrated 

(Neville 1995). Conversely, Type 40 cement (Type IV in the U.S.A.) is slightly coarser 

(fineness = 250-300m2/kg) than Type 10 cement and contains a larger quantity of chemical 

component C2S which releases less energy at a slower rate when hydrated. The reduction in 

total energy release for Type 40 cement is approximately 30% (ACI Committee 

207.2R 1992). 

2.4 EFFECT OF TEMPERAT= ON HYDRATION 

Concrete temperature plays a significant role in hydration. The benchmark reaction 

process is that of ordinary Portland cement at 20°C in the presence of sufficient water to 

theoretically facilitate complete cement hydration. Hydration can occur at temperatures as 

low as -20°C, however, -lO°C is commonly accepted to be the temperature below which 

hydration stops. Temperatures below freezing do not necessarily damage concrete unless 

hydration has not begun when concrete temperature drops below freezing (Aitcin et al. 

1985). The minimum time to prevent damage can be linked to the amount of time for fresh 

concrete to cool below freezing (Edmeades and Day 1993). At approximately S°C, the 

hydration reaction occurs at one half of the benchmark rate, and at approximately 30°C the 

reaction is approximately twice as fast (Malhotra and Berwanger 1973). Because of this 

relation, the hydration process in hardening concrete effectively stimulates itself. As 

hydration occurs, heat is released which raises the temperature of the concrete and 

consequently accelerates the hydration reaction further. 

Kaszynska (1997) found that as the initial concrete temperature increased, the total 

energy released during hydration decreased. However, this decrease was not significant 

until the initial temperature rose above 3S°C. Hence, for placement temperatures used in 

practice. the total heat generation due to hydration may be assumed to be independent of 

initial concrete temperature. 

Heat of hydration was initially of interest to researchers because it directly 



influences early age concrete temperature. However, because hydration is responsible for 

the development of concrete material properties, temperature is also linked to the 

devel, ment  of material properties. At higher curing temperatures, hydration occurs more 

rapidly causing strength and other material properties to develop more rapidly also. This 

effect has been translated into the concept of concrete maturity which incorporates the 

influence of temperature on the rate of hydration and on the rate on material property 

development. Using the concept of maturity to predict concrete strength development has 

become very important to the construction industry (Williams 1986, Ahmad and Zia 1977). 

The influence of temperature on hydration rate is quantified using a temperature, or 

maturity function which calculates the ratio of hydration rate at a given temperature to the 

hydration rate at a reference temperature, commonly taken to be 20°C. Mathematically, this 

is expressed as: 

where q(t,T) = hydration rate at time t and temperature T, 

q(t,T,) = hydration rate at time t and reference temperature Tm, = 20°C 

H(7) = temperature function where H(Tmf) = 1.0. 

The purpose of ;nost research into temperature effects has been to determine the 

influence of temperature on strength development rather than the influence of temperature 

on hydration rate. Particularly at early ages, however, the rate of hydration and strength gain 

can be related. Three popular temperature fuActions are: the Nurse-Saul, the Rastrup, and 

the Arrhenius functions. These three functions are discussed below. 

2.4.1 Nurse-Saul temperature function 

This function was originally developed from work by Nurse (1949), Saul (1951), 

and McIntosh (1949). The basis of this function is that concrete strength is proportional to 

concrete maturity which is defined as the product of curing time and temperature. 



Assuming a reference temperature of 20°C and assuming that hydration stops at -lO°C, the 

Nurse-Saul temperature function is defined as: 

This temperature function was very popular in the 1950's. It was adopted in the 1978 CEB- 

FIP Model Code and remains very well known. Despite this, the definition of concrete 

maturity has evolved to mean the equivalent concrete age at standard curing temperature. 

Therefore, based on the current definition of maturity, the Nurse-Saul temperature function 

yields a concrete maturity of no practical meaning. 

2.4.2 Ras trup temperature function 

This function was developed by Rastrup in 1954 and based on the commonly 

accepted idea that the rate of a chemical reaction doubles for every 10°C increase in 

temperature. This function is defined as: 

2.43 Arrhenius temperature function 

The Arrhenius temperature function is based on the Arrhenius Law of thermal 

activation in chemical reaction. This function has been adopted by the 1990 CEB-FIP 

Model Code in the following form: 

where E. = characteristic activation energy 

R = gas constant = 8.314 Jfmol-OK 

The characteristic activation energy for cement hydration remains a topic of current 



research. The CEB-FIP Model code (1990) uses E = 33.5Wmol for type 10 and 20 cement 

based on research by Hansen and Pedersen (1977). However, researchers have determined 

that activation energy is a function of cementitious material, wlcm, and temperature 

(Ekerfors et al. 1993, Carino and Tank 1992). From tests by Ekerfon et al. on concrete 

containing Type 10 cement, E. decreases as temperature increases, and decreases as wlcm 

decreases. The magnitude of E. varies from approximately 45kJ/mol at 20°C and wlcm = 

0.40, to approximately 25kJlmol at 60°C and wlcm = 0.27. The value of E. used iil the 

CEB-FIP Model Code corresponds to concrete with wlcm c 0.40 at approximately 30°C. or 

concrete with wlcm = 0.40 at approximately 40°C. The valw of E. becomes insensitive to 

wlcm when w/cm > 0.40. 

In addition to being a function of temperature, Ea is dependent on the degree of 

hydration (Chanvillard and D'Aloia 1997). As the degree of hydration increases up to 6046, 

the activation energy also increases. From tests on OPC concrete with wlc = 0.45, it was 

determined that for concrete with a degree of hydration less than 40%, the activation energy 

remained approximately constant with an average value of 25Wmol. For concrete with a 

degree of hydration less than SO%, the average activation was approximately 30kl/mol. For 

concrete degree of hydration greater than 6096, the activation energy decreased linearly to 

zero at 100% hydration. 

The influence of pozzolans on cement activation energy has not been extensively 

researched. In general, slag and fly ash decrease the hydration activation energy of cement, 

the reduction becoming more significant as the w/cm decreases (Carino and Tank 1992). 

Fly ash can reduce E. by up to 50% for wlcm = 0.45, but only by 30% for wlcm = 0.60. The 

reduction due to slag is less significant. Conversely, the presence of silica fume appears to 

increase the cement hydration activation energy (Wen et ai. 1990). 

A comparison of these three temperature functions conducted by Wang (1995) 

indicates that all three functions accurately predict the strength development of concrete at 

temperatures below approximately 30°C. However, only the Nurse-Saul and Arrhenius 

functions are accurate at high curing temperatures (Naik 1985). The general consensus 

among researchers is that use of the Arrhenius function is preferred. Because of its general 



acceptance, the Anhenius temperature function is used in this study. Unfortunately, a 

comprehensive mathematical expression for cement hydration activation energy is not yet 

available. Hence, to facilitate a practical solution, the use of an average activation energy 

value is justified. For this study, an average value of 33.5kVrnol is used, similar to the 

CEB-FIP Model Code. 

2.5 POZZOLAN HYDRATION 

A pozzolan is defined as a siliceous, or siliceous and aluminous, material which in 

itself possesses little or no cementitious value but will, in finely divided form and in the 

presence of moisture, chemically react with calcium hydroxide at ordinary temperatures to 

form compounds possessing cementitious properties (Neville 1995). Common examples of 

a pozzolan are: blast-furnace slag, fly ash, and silica fume which are added to, or used to 

replace, Portland cement in order to reduce the cost of concrete or to produce HPC with 

particular properties, such as low heat of hydration or increased strength. It is commonly 

accepted that complete cement hydration produces approximately 0.25g limelg cement 

(Warris 1983). Because only a small amount of lime is produced by cement hydration, the 

degree of pozzolan hydration is limited by the amount lime in a cement paste. Paralleling 

the development of cement hydration, the degree of pozzolan hydration decreases as the 

wlcm decreases. The following discussions on pozzolan hydration assume that pozzolan 

hydration is not hindered by insufficient lime content. 

Currently, pozzolan hydration is not well understood. Many researchers have 

studied what is called the chemical modulus of a pozzolan in an effort to predict the energy 

released during hydration (Meland 1983, Lessard et al. 1983, Coole 1988, Baalbaki 

et al. 1992, Brooks et al. 1992). Chemical modulus is defined as (CaO+MgO+A1203)/Si02. 

Unfortunately, a distinct correlation between chemical modulus and heat of hydration has 

not been consistently observed. The value of chemical modulus is almost zero for silica 

fume, is 0.40 to 0.70 for fly ash, and ranges from 1.5 to 2.1 for slag. This variability 

suggests that chemical modulus does not accurately reflect the heat generation potential of a 



pozzolan. 

The amount of energy released by pozzolan hydration is typically quantified as a 

heat index, defined as the ratio of energy released by complete pozzolan hydration to 

energy released by complete cement hydration per unit mass. The amount of pozzolan 

added to concrete is typically measured as the percentage of cement replaced by an 

equivalent mass of pozzolan. 

2.5.1 Slag hydration 

Slag has several different forms including: ground granulated slag, pelletized slag, 

and crystalline slag. Of these three slag forms, only crystalline slag does not hydrate in the 

presence of water and lime (Regourd et al. 1983). The remaining discussion concerning 

slag deals with ground granulated and pelletized slag. 

Replacing cement with slag may reduce the total heat released during hydration and 

delay the peak rate of energy release in hardening concrete (Thomas and Mukhe jee  1994, 

Tanaka et al. 1995). The heat index of slag is influenced primarily by slag fineness and 

replacement level (Cwle 1988, Sakai et al. 1992, Tomisawa et al. 1992). For a given slag, 

the total concrete heat of hydration is significantly reduced only when slag replacement is 

greater than approximately 70%. Hence, only slag fineness influences the heat index of slag 

at typical slag replacement levels. 

A slag fineness of 800m2/kg will cause a total hydration heat reduction of 15% at 7 

days but only 7% at 28 days. (Marushima et al. 1993) For slag replacement level of 40 to 

SO%, a slag fineness of 450m2/kg may reduce the peak energy release rate by 40%. A slag 

fineness of 1160m2/kg reduces the peak rate by 24% (Swamy et al. 1993). In addition to 

slag fineness, silica content influence the rate of slag hydration. The higher the glass 

content, the higher the heat generated but only if MgO content is also high (greater than 

approximately 10% by mass). For replacement levels less than 70%, the heat index of slag 

may be taken as 0.90 when slag fineness is greater than or equal to Type 10 cement 

fineness. When slag fineness is greater than 1500m2/kg, a heat index of 0.95 is justified. 

Conversely, for a slag fineness of 300m21kg, the slag heat index decreases to 
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approximately 0.65. As already mentioned, the influence of slag fineness decreases as wlcm 

decreases because the rate of slag hydration is limited by the availability of lime. 

If slag hydration is separated from cement hydration, a distinct peak slag hydration 

rate is observed at approximately 17 hours after the onset of hydration (Roy and 

Parker 1983, Khatu and Sirivivatnanon 1995). Increased fineness and a higher chemical 

modulus have been found to cause the time until peak slag hydration rate to decrease and 

the magnitude of peak slag hydration to increase. For a slag fineness of 1160 m21kg, the 

time of peak hydration is reduced to 13 hours. Mailvaganam et al. (1983) and Sakai 

et al. (1992) show that the onset of hydration is not affected by slag. De Schutter and 

Taenve (1995) illustrate the difference between slag and cement hydration by plotting the 

standardized hydration rate (qlq,) as a function of degree of hydration which reflects 

amount of completed hydration as a percent of total hydration. These standardized curves 

are shown in Fig.2.2 and illustrate that peak slag hydration occurs at a later maturity than 

peak cement hydration. 



Effect of temperature on the reaction rate of slag is more pronounced than on the 

reaction rate of OPC (Roy and Idom 1982). When using the Arrhenius maturity function, 

the activation energy is approximately 20% higher. Since the presence of slag does not 

appear to influence the onset of hydration, the times of peak energy release rate for cement 

and slag tend to merge together as the curing temperature increases (Nakamura et al. 1992). 

2.5.2 Fly ash hydration 

Fly ash has typically been used in concrete in an effort to decrease the maximum 

temperature in hardening concrete. The only chemical requirements specified by 

CSA-A23.5-M86 for all types of fly ash are: free water content less than 3.02 by mass; loss 

on ignition, reflecting the carbon content, less than 6.0%; and the SO3 content less than 

5.0% (Malhotra and Ramezanianpour 1994). Fly ash is broken into two types: Type F fly 

ash which has less than 10% lime content, and Type C fly ash which contains between LO 

and 30% lime. The fineness of all fly ashes is typically in the range of 150600 m2kg with 

a particle size in the range of 1.0-150~.  The chemical composition of fly ash is highly 

variable, depending on its source and collection method. 

Type C fly ash contains sufficient lime for hydration to occur at a similar rate as 

cement hydration. Hence, Type C fly ash can be treated as cement for the purpose of 

tempeiature prediction. Type F fly ash hydration is very slow so, when considering heat 

generated by Type F fly ash hydration, it is common to only consider the heat generated 

during the few days of hydration when the cement hydration rate is also high (Olmeg et d. 

1983). Due to the slow rate of hydration, it appears that temperature does not influence 

Type F fly ash hydration to the same degree as cement hydration (Fang et al. 1993). 

Replacing cement with Type F fly ash will reduce the total heat released during 

hydration and the peak hydration rate. From tests by Olmeg et al. (1983), which agree with 

research by Malhotra and Rarnezanianpour (1994), the early age heat index for fly ash is 

approximately 0.30, however, due to the variability of fly ash composition, tests are 

required to determine the heat index for a specific fly ash. The heat index of Type F fly ash 

also roughly reflects the ratio of Type F fly ash to Type 10 cement peak hydration rates. 



Given this to be true, equations describing the rate of cement hydration can also be used to 

model the rate of Type F fly ash hydration. 

The presence of fly ash delays the onset of cement hydration, however the 

magnitude of the delay is a function of the source-specific chemical composition of the fly 

ash and the substitution ratio of fly ash for cement (Malhotra and Rarnezanianpour 1994, 

Joshi et al. 1993). Results presented by Joshi et al. for concrete containing Type F fly ash 

and wlcm = 0.30 indicate that the delay of hydration by Type F fly ash is approximately one 

hour for every 10% increase in fly ash replacement. Malhotra and Rarnezanianpour show 

that a similar delay is caused by Type C fly ash. 

A very important side effect of using fly ash is the potential decrease in freeze-thaw 

resistance and an increase in chloride permeability of concrete containing high volumes of 

fly ash (Bilodeau and Malhotra 1994, Malhotra 1994). Freeze-thaw durability and chloride 

permeability are not significant for this study so these factors are not considered further. 

2.53 Silica fume hydration 

As the percent replacement of silica fume increases, the total heat of hydration 

decreases (Yogendran et al. 1991). However, for up to 20% replacement, the reduction in 

total heat is not significant for NSC and HPC (Waller et at. 1996, Pinto and Hover 1997) 

This implies that the heat index of silica fume is approximately 1.0 for replacement levels 

up to 2 0 8  (Khayat and Aitcin 1992). Silica fume does, however, delay the onset of 

hydration and, once hydration has begun, silica fume accelerates hydration (Malhotra ct al. 

1994). Yogendran et al. (1991) propose that the reason for this behavior is due to silica 

fume particles coating cement particles. This coating of silica fume delays the dissolution 

of cement ions into the mix water, which is necessary for pozzolan hydration to occur. As 

the silica fume replacement level increases, or the wlcm decreases, the delay also increases 

due to the higher concentration of silica fume in the mix water. The magnitude of delay is 

in the order of 1-2h per 10% increase in silica fume replacement (Khatu and Sirivivatnanon 

1995). The author suggests that replacing cement with any type of pozzolan may cause a 

delay in hydration initiation due to the mechanism outlined by Yogendran et al. (1991). 



Once hydration begins, the rate of hydration increases as the silica fume 

replacement level increases, which can lead to higher concrete temperatures (Malhotra 

et al. 1994). This increased rate of hydration is due to the fineness of silica fume, which is 

in the order of 20000m2/kg, allowing hydration to occur over a larger surface per unit mass 

of cementitious material. Hydration tests show that the peak energy re!ease rate and the 

time of peak release rate of concrete made with Type 10 Portland cement, 7.5% silica fume, 

and a w/cm = 0.30 are approximately equal to those of concrete made with Type 30 cement 

(Kaszynska 1997). Hydration tests by Pinto and Hover (1997), similar to those by 

Kaszynska except using 10% silica fume replacement, support this comparison with 

Type 30 cement. 

Despite the potential drawback of higher temperature, the use of silica fume is very 

attractive to designezs be ause it decreases the permeability of concrete, decreases 

segregation and bleeding (V, ang et al. 1996, Wang et al. 1997). Also, silica fume increases 

concrete strength by 10% or more with a silica fume replacement level of as little as 5% 

(Gutierrez et 01. 1996). 

2.6 EFFECT OF CHEMICAL ADMIXTURES ON HYDRATION 

HPC typically contains a large dosage of superplasticizer to improve workability but 

superplasticizer also delays hydration (Wang and Dilger 1995). Typically, superplasticizer 

and w/cm are interrelated because superplasticizer is typically added to concrete to facilitate 

a reduction in wlcm without a significant loss in workability. However, the acceleration 

stage of hydration is delayed when superplasticizer is added to concrete after all mix water 

is added. This delay is approximately two hours when Type 30 cement is used, and is 

approximately four hours when Type 20 (low-heat) cement is used (Pentalla 1993). While 

the use of a superplasticizer delays hydration, it also accelerates hydration once the 

acceleration stage begins so that the time at which the peak concrete temperature occurs is 

reduced by approximately 20% (Masuda et al. 1993). Based on work by Masuda et al., the 

final set time of concrete, which reflects the beginning of the hydration acceleration stage, 



Fig.2.3 - Effect of w/cm on concrete final set time and superplasticizer dosage 
(Masuda et al. 1993) 

7 

the required superplasticizer dosage, and the time of peak concrete temperature are plotted 

4 -- 
2 -- 

in Fig.2.3 as a function of wlc (no pozzolans). The required superplasticizer dosage is 

defined by Masuda et al. as the dosage needed to maintain a constant level of concrete 

workability. Fig.2.3 shows that the delay in hydration and the required superplasticizer 

dosage increase dramatically as the wlc decreases below 0.30. Work by Khan et al. (1997) 

confirms that an increase in superplasticizer dosage from approximately sum3 to 

approximately 20Llm3 is required to reduce the wlcm from 0.30 to 0.25. 
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The changes in hydration due to increased superplasticizer dosage have also been 

correlated with an increase in specified 28 day compressive strength (Cook et al. 1992). 
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Typically, w/cm decreases as specified 28 day compressive strength increases so the similar 

correlation is not surprising. However, increased compressive strength can also be 
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energy release rates during the acceleration stage of hydration is still a matter of some 

debate (Al-Manaseer and Keil 1992). The author suggests that pozzolan replacement and 

the use of superplasticizer are responsible for hydration delay, not simply one or the other. 



Retarders can also be used to delay the onset of hydration but they have no effect on 

hydration once the reaction has begun @e Schutter 1996). New admixtures such as urea are 

under development to reduce the heat released during hydration (Sakata and Ayano 1996). 

2.7 QUANTIFYING HEAT OF HYDRATION 

Three methods are commonly used to determine the heat of hydration of 

cementitious materials: heat of solution, conduction calorimetry, and adiabatic calorimetry. 

The heat of solution method measures the heat released by hydrated and unhydrated 

cementitious materials in acid. The difference between the two is the heat of hydration. 

This method is best suited for later age hydration when a majority of heat has already been 

released. Conduction calorimetry determines the rate of energy release at a constant 

temperature. Measuring the energy release rate at a constant temperature has obvious 

advantages when attempting to establish a reference energy release curve, however, the 

small sample size required for this test can potentially compromise the accuracy of test 

results. Adiabatic calorimetry measures the temperature rise of cementitious materials 

under adiabatic conditions. This method is preferred by engineers because large sample 

sizes can be used and test conditions reflect actual mass concrete curing conditions in field. 

The calculation of a reference energy release curve using results from an adiabatic test is 

discussed in the following section. 

2.7.1 Modeling hydration from test data 

The hydration energy release rate for cementitious materials is determined using the 

adiabatic calorimetry test method by measuring the temperature change of the test sample 

as it varies with time. Knowing the density, specific heat capacity, and mass of the test 

sample, the energy release rate at a given time is calculated as: 

where q(t) = heat release rate of the adiabatic test (kl/s*kg cement), 



T(t) = temperature at time t (OC) 

c = specific heat capacity of concrete (kllkg-'C) 

m ,  = cement content of concrete (kglm3) 

P = concrete density (kg/m3). 

The rate of hydration calculated using [2.5] is established for a specific temperature 

history. To convert this information into a form that can be used to predict hydration under 

any temperature history, the effect of temperature on hydration must be taken into account. 

The first step required to achieve this is to adjust the curve of adizbatic temperature rise 

versus time to reflect concrete maturity rather than actual time. Assuming that the specific 

heat of concrete is constant, a maturity function, defined in Section 2.4, is employed to 

adjust the time development of hydration as shown in the following equation: 

where 

A reference energy release rate due to hydration is calculated using [2.8] with 

temperature as a function of maturity instead of actual time: 

This equation represents the theoretical energy release rate if hydration were to 

occur at a constant temperature equal to the reference temperature defined by the maturity 

function. To calculate the energy release rate at a given time, t, for concrete with a variable 

temperature history, the reference energy release rate defined by [2.8] is multiplied by the 

maturity function evaluated using the temperature at time t: 



It should be noted that [2.9] is valid only for the type of cement and admixtures, if any, 

used to develop the reference energy release equation. 

2.7.2 Prediction models 

Typically, the cement mix energy release characteristics are not known to designers 

Consequently, design codes do not consider temperature distribution due to hydration. 

Instead, the effects of hydration are considered by subjecting the concrete portion of a 

structure to a uniform temperature decrease (OHBDC 1991, BS8007 1988). The OHBDC 

assumes a temperature decrease of 25OC while the BS8007 calculates the temperature drop 

as a function of concrete thickness. 

For a more accurate analysis of thermal effects, reference energy release equations 

must be available to model the hydration of cementitious materials. Rather than evaluating 

the rate of energy release, the most comrnoniy used method to mathematically model 

hydration is to describe the adiabatic temperature rise of concrete based on the following 

equation (Maes 1980, Wang 1995): 

T ( t )  = T,, [I - exp(- t ) ]  [2.10] 

where T, = final concrete temperature, 

= coefficient describing the rate of temperature change, fitted to a given 

concrete mix based on test results. 

Based on [2.10], the rate of energy release is calculated as: 

It is clear that this equation is not capable of modeling the actual rate of energy 

release shown in Fig.2.1. 

The development of computers and renewed interest in thermal effects due to 



hydration has lead to the recent development of many models describing cementitious 

material hydration. These models range from simplistic equations to elaborate formulations 

considering cement chemical composition and the mechanics of the hydration process. 

Models proposed by Koenders and Van Breugel (1994), as well as Kishi and 

Maekawa (1994) require knowledge of the chemical composition and fineness of cement. 

The energy released by a given concrete mix is broken into the contribution of each 

chemical component. The model by Kishi and Maekawa (1994) has the added advantage of 

accounting for the effects of fly ash and slag where the proposed energy release rate is: 

where pi = proportion of chemical component i 

qi(t,T) = energy release rate of component i at time t and temperature T. 

The energy release rate of each component is calculated accounting for: the 

reduction in hydration due to insufficient water for hydration, the retardation of hydration 

due to fly ash, and the reduction in hydration rate due to the reduction in probability of 

contact between unhydrated compound and free water. Clearly, the use of [2.12] requires 

detailed knowledge of cement hydration, making this model difficult to use in practical 

design situations. 

Much more practical energy release models predict only the overall energy release. 

To model the energy release curve shown in Fig.2.1, a minimum of three parameters must 

be known: the total heat of hydration, Q,, the peak energy release rate, q,, and the time at 

which the maximum rate occurs, t,. Other parameters may be specified to influence the rate 

of hydration during the acceleration stage, or to influence the rate of hydration in the 

deceleration stage but it is common to use power functions or the exponential function to 

describe the increasing and decreasing rates of hydration. 

The reference energy release equation proposed by Mirambell et al. (1993) for HPC 

defines the energy release rate at a given maturity using only one equation: 



where C - - cement con tent (kg/m3), 

n,B,E = constants defined using Q,, q,, and t,,. 

This equation appears relatively complicated, however the constants for this 

equation are easily defined. The value of E is equal to the total heat of hydration. By setting 

d [ q ( t ) ] / d ~  = 0 at tp, the value of B is calculated as: 

By substituting [2.14] into [2.13], and setting q ( 3  = q,,. n is evaluated using the following 

expression: 

A desig.,-oriented model has been proposed by Wang (1995) which predicts the rate 

of energy release for NSC with Type 10 cement. This model was developed based on 

results of many studies and describes energy release using two equations: 

q(te)  = 05 + 054(t,)~' for t, I t, (hours) [2.16a] 

q(t.) = 2.2 .exp[- 0.0286. ( t ,  - t , ) ]  for re > t, (hours) [2.16b] 

The energy release rate predicted using these equations is plotted in Fig.2.4 for a 

concrete maturity up to one week. These two equations are derived using the same three 

parameters as those used by Mirambell et al. (1993). Wang uses the following values for 

Type 10 cement hydration: Q,, = 330kJlkg of cement, q, = 2.2WIkg of cement, and tp = 10h. 

These same values are used to evaluate [2.13] that is also plotted in Fig.2.4 for comparison. 

The principal difference between the two models is the rate of decrease in energy release 



after the time of peak energy release. As previously discussed, the reduction in energy 

release is faster for HPC than NSC and this difference is reflected by these two models. 

The drawback related to models like those by Mirambell et al. (1993) and Wang 

(1995) is that the delay of hydration related to pozzolan replacement or the addition of 

superplasticizer cannot be estimated. The only way to include hydration delay in these 

models is to establish a delayed effective concrete maturity for input into the reference 

energy release equations. 

2.7.3 Proposed Model 

The proposed energy release model to be used in this study is an extension of work 

conducted by Wang and Dilger (1994, 1995). Consequently, using the same input 

parameters, the proposed model yields the same energy release rate curve as that shown in 

Fig.2.4 for Wang and Dilger (1995). However, unlike the model by Wang and Dilger, the 

proposed model also accounts for the influence of wlcm on the total heat of hydration and 

the rate of energy release. The total heat of hydration is assumed to be a function of w/cm 

and cement type. Using the heat index concept, this model is expanded to include the 

HPC (Mirambell et al. 1993) 
------- NSC (Wang and Dilger 1995) 

Type 10 cement: 
Q,, = 330 kJ/kg - - 
t, = 10 hours 

d - q, = 2.2 Wfkg -- 

0 24 48 72 96 120 144 168 

Concrete maturity (hours) 

I I 

Fig.2.4 - Type 10 cement energy release rate: HPC vs. NSC 



hydration of fly ash and silica fume. Slag hydration is not considered specifically. However, 

by treating slag in the same way as fly ash, this model can yield approximate energy release 

values, particularly at elevated temperatures. 

The theoretical maximum heat of hydration of Portland cement, Q-, is 

approximately 450 kllkg of cement. Complete cement hydration, however, does not occur 

in practice. As already discussed, many factors are involved in determining the maximum 

degree of hydration, a, for a given concrete mix including: water content, pouolan content, 

and cement type. At the design stage, however, little information is known about specific 

mix proportions. Instead, a correlation between maximum degree of hydration and w/cm 

has been observed and is given by (2.171 (Wang et al. 1995). This equation is plotted in 

Fig.2.5 and is valid for NSC and HPC over a range of w/cm from 0.20 to 0.60. In general, 

as the w/cm decreases, the total heat of hydration decreases. 

The w/cm is calculated using [2.18] to account for the presence of fly ash, FA, and 

silica fume, SF. This equation assumes that the energy released due to silica fume hydration 

is equal to the energy released due to cement hydration by mass. 

Fig.2.5 - Total heat of hydration as a function of wlcm (Wang and Dilger 1995) 



where mi = the mass of component i. 

I = heat index = ratio of total energy released due to fly ash hydration to the 

total energy released by cement hydration by mass. 

The energy released during hydration is also a function of cement type. A finer 

ground cement will hydrate to a higher degree than a coarse cement. Equation (2.171 is 

calibrated for concrete containing Type 10 cement according to CSA A23.1-M94 (1994) 

standards. Type 30 cement is more finely ground so a slightly higher degree of hydration is 

possible. On average, this increase in hydration heat is approximately 10 percent. Type 40 

cement releases. on average. 30 percent less energy than Type 10 cement (Wang 1995). 

Knowing the maximum theoretical total energy released by normal Portland cement, 

the degree of hydration for a given concrete mix, and the type of cement used, permits the 

total heat of hydration for a given concrete to be calculated as: 

where f l  = the ratio of the total heat generated by the chosen cement to the total heat 

generated by Type 10 cement. 

The value of f l  for different cement types is given in Table 2.1 and, in conjunction 

with [2.17], implies that the maximum degree of pozzolan hydration is the same as the 

maximum degree of cement hydration. By using [2.19] to calculate the total heat of 

hydration, the influence of wlcm on cement as well as pozzolan hydration is accounted for. 

As shown by equation 12.201, the total heat of hydration for a given concrete is 

equal to the integral of the energy release rate over the duration of the hydration reaction. 



Concrete maturity is calculated using the Arrhenius temperature function given in 

12.211. The reference temperature is taken as 20°C, and the activation energy, E., is 

assumed to be 33.5Wmol. In light of insufficient research to predict the activation energy 

of cementitious materials, this average value of E. is used, regardless of concrete mix. 

Table 2.1: Hydration parameters (Wang and Dilger 1995) 

Fly ash does not hydrate at the same rate as cement or silica fume. Hence, the total 

heat of hydration calculated using 12.171 to 12.191 is divided, according to the mass 

proportion and heat index of the fly ash, into total energy generated by cement and silica 

fume, and total energy generated by fly ash. The rate of energy released by these two 

components is discussed separately below. 

Many equations are mailable to describe the rate of energy release during cement 

hydration. The first two stages of cement hydration can be neglected because little heat is 

released. The rate of energy release during the acceleration and deceleration stages of 

hydration is described mathematically knowing: the total heat of hydration, Q,, the peak 

rate of heat evolution, qp; and the time at which this occurs, t,. Using these three parameters, 

equations [2.22a] and [2.22b] describe the release of energy during the acceleration and 

deceleration stages of hydration respectively. 

Parameter 
q, (Wkg cement) 

tp (hours) 

Cement Type 
40 
1.3 
17 
0.7 

10 
2.2 
10 
1 .O 

30 
3.5 
6 
1.1 



Values for q,, and t, are given in Table 2.1 for different cement types (Wang and 

Dilger 1995). Evaluating the constants A, B, and C requires knowledge of the hydration 

reaction. When a value for A is established, then constants B and C can be calculated. 

Equation [2.23] is proposed by Wang and Dilger (1995) after studying hydration data in the 

literature. Knowing A, the integration of [2.22a] and [2.22b] yields equations [2.24] and 

12.251 to evaluate B and C respectively. 

Using [2.17] to [2.25], the rate of heat evolution from cement and silica fume 

hydration can be determined for concrete at any age. 

The proportion of total hydration energy attributed to fly ash is calculated using 

12.261. This equation is based on proportioning the generated energy according to the heat 

index of each material so that Q F .  + Qc-+sF = QtOr. 

The hydration of fly ash is not well understood. Typically, it is assumed that the 

degree of fly ash hydration does not equal the degree of cement hydration until after a 

concrete maturity of 28 days (Berry et al. 1986). However, for this model it is assumed that 

the reaction stages of fly ash hydration are the same as those of cement and that the peak 

rate of energy release for fly ash occurs at the same time as that of the given cement type. 

Therefore, [2.17] to [2.25] can be used to calculate fly ash energy release except that a 

lower peak energy release rate is defined. The peak rate of energy release for fly ash as a 



function of heat index is defined using [2.27]. As the fly ash heat index increases. the 

hydration rate approaches that of cement. 

The influence of replacing cement with fly ash on the heat of hydration predicted 

using this model is shown in Fig.2.6 From this figure, it can be seen that for a given w/cm 

and constant mass of cernentitious material , the total energy released decreases as the 

percent fly ash replacement increases. 

Using [2.17] through [2.27], the rate of heat release due to cement. silica fume, and 

fly ash in any proportion can be determined for concrete at any age. It should be noted that 

this model assumes that complete pozzolan hydration is possible. From the literature, this 

means that silica fume replacement levels should be limited to 20%. The maximum 

replacement levels for slag and fly ash can be established by assuming that the mass ratio of 
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Fig.2.6 - Influence of fly ash replacement on heat of hydration 
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lime consumed by pozzolan hydration to lime produced by cement hydration is 

approximately equal to their respective heat indices. For coarse slag with a fineness no 

greater than Type 10 cement, replacement levels should not exceed approximately 65%. 

This maximum level of slag replacement compares favorably to limits suggested in the 

literature. For very fine slag, a maximum replacement level approaching that for silica fume 

is recommended. For Type F fly ash, a maximum replacement level of approximately 75% 

is suggested. From tests by Lessard et al. (1983), it appears that lime consumption is 

additive when different pozzolans are combined. Hence the following equation for 

allowable pozzolan replacement levels should be observed when using this hydration 

model: 

where pi = replacement level of pozzolan i. 

2.8 SUMMARY 

This chapter outlines the variables influencing the heat of hydration of cement as 

well as pozzolans. The effect of these variables on the total heat of hydration and the time- 

dependent rate of energy release are discussed. Methods to measure and to mathematically 

model this energy release for NSC and HPC are also investigated. Finally, the model used 

in this study to predict energy release due to hydration is described. The proposed model 

accounts for differences in energy release between NSC and HPC and estimates the 

influence of three common pozzolans - silica fume, slag, and fly ash - on heat of hydration. 

The next chapter discusses the material properties of NSC and HPC as well as the 

thermal properties of concrete. The proposed energy release model discussed in this 

chapter, combined with the material properties discussed in Chapter 3, are used as input for 

the calculation of stresses in concrete, which is discussed in later chapters. 



3.0 PROPERTIES OF CONCRETE 

3.1 INTRODUCTION 

Modeling the magnitude and distribution of temperature and stress within a concrete 

structure largely depends on the accuracy of input parameten. This input data consists of 

two main categories: environmental conditions surrounding the structure, and material 

properties of the concrete used in the structure. Therefore, for this research project, it is 

very important to evaluate the material properties of concrete and to understand the 

influence of environmental conditions on these materiai properties. While hydration of 

cementitious material in concrete and the energy released by this chemical reaction is 

important to the prediction of temperature and stress within a concrete structure during 

construction, it is not considered a material property of concrete. Hence it is discussed 

separately in Chapter 2. 

For the purposes of temperature and stress analysis, the properties of concrete that 

must be evaluated consist of: thermal properties including the coefficient of thermal 

expansion, thermal conductivity, specific heat, and surface heat transfer coefficients; and 

mechanical properties including compressive and tensile strength, modulus of elasticity, 

Poisson's ratio, creep, and shrinkage. The variation of these material properties with 

concrete composition and age, and the influence of environmental conditions on these 

properties, must be evaluated so that they can be modeled mathematically. This chapter 

discusses the thermal and mechanical properties of normal density concrete except for 

concrete shrinkage and creep, which ue discussed separately in Chapters 4 and 5, 

respectively. 

3.2 COMPRESSIVE STRENGTH OF CONCRETE 

The compressive strength of concrete has become the most important property of 

concrete because it is used to predict other material properties and to compare one concrete 



with another. Hence, the results of this investigation depend strongly on the accuracy of 

predicted concrete compressive strength development. Compressive strength development 

for HPC is faster than for NSC, however the development of tensile strength? f,, and 

modulus of elasticity, Ec9 in relation to the development of compressive strength is similar 

(Huckfeldt et al. 1994, Gutsch and Rostasy 1994). Hence, equations which use the 

compressive strength of NSC used to predict other material properties of NSC can be 

extended to predict the same properties for HPC. 

3.2.1 Effeet of curing temperature on final strength 

The influence of curing temperature on concrete strength is still a subject of debate. 

For NSC, Nasser and Chakrabarty (1985) propose that the effect of temperature on 28 day 

strength is negligible up T =  100°C , with or without admixtures. Gjorv and Martinsen 

(1993) conclude that constant curing temperatures up to 90°C do not adversely affect 

concrete mechanical properties but an increase in chloride permeability occurs when curing 

temperature is above 50°C. Conversely, Owens (1985) states that high peak temperatures 

due to hydration will decrease the 1 year strength in NSC. Kanda et at. (1992) propose that 

curing temperatures up to 75°C only reduce the final compressive strength if the elevated 

curing temperature is sustained for more than one month. If curing temperatures are 

elevated for this length of time then the maximum decrease in strength is limited to 

approximately 10%. Laamanen et al. (1992) suggest that as long as the initial concrete 

temperature is less than 20°C and the concrete temperature does not rise above 20°C before 

the onset of hydration then no significant strength loss occurs. If concrete is heated 

immediately after placement before hydration begins, then losses due to elevated 

temperature are a function of wlcm, approaching 15% as w/cm increases to 0.60. 

Results of research by Kaszynska (1997) and Chanvillard et nl. (1997) indicate that 

ultimate concrete strength increases as initial concrete temperature decreases and as 

maximum concrete temperature due to hydration decreases. For concrete with w/cm = 0.45 

and no pozzolan admixtures, Chanvillard et al. propose the following equation to estimate 

28 day strength loss due to isothermal curing temperatures above 20°C: 



f, (28 days, 7') = f, (28 days,20° C) [1 - 0.0 I (T - 20' c)] (3.11 

This equation indicates that the strength loss due to elevated curing temperature is 

1%I0C curing temperature above 20°C. However, for variable temperature histories. 

Chanvillard et al. acknowledge that the influence of elevated temperature on strength is less 

than predicted by this equation. Consequently, for typical curing conditions where concrete 

temperature is elevated for a period of a few days or weeks due to hydration, the reduction 

in final strength may be negligible. Concrete strength development prediction models are 

typically functions of ultimate concrete strength so this temperature effect should be 

considered when predicting concrete strength at early ages. 

3.2.2 Pozzolans 

Pozzolans are used to manipulate the material and thermal properties of concrete. In 

NSC, pouolans are typically used to reduce the price of concrete and also to reduce the 

total heat of hydration. In HPC, pozzolans are also used to manipulate permeability and 

strength. The influence of pozzolan replacement on concrete strength is commonly 

quantified in terms of cement equivalence (Bijen and Van Selst 1993). Cement equivalence 

can be defined as the increase in cement content by mass required to cause the same 

increase in strength as the increase in strength caused by adding a given amount of 

pozzolan. The cement equivalence of a pozzolan is expressed as an efficiency factor, KQ. 

The useful range of silica fume replacement is 5-20%. The maximum replacement 

limit can increase concrete compressive strength by up to 65% compared to concrete 

containing only Portland cement (Soutsos and Domone 1993). Concrete strength begins to 

decrease if more than 20% silica fume is added. The optimum silica fume replacement level 

is in the range of 5 to 10% (Zhang et al. 1993). Above replacement levels of lo%, the 

benefit derived by adding more silica fume begins to decrease. Also, high levels of silica 

fume replacement delays the additional strength gain due to silica fume until after a curing 

duration of 7 days (Larsen and McVay 1993). Below 5% replacement, the amount of silica 

fume in a concrete mix is not sufficient to fill all of the voids between cement and 



aggregate particles so a stable matrix of particles is not achieved. Hence, even if complete 

silica fume hydration occurs, the efficiency of silica fume in the mix decreases if the 

replacement level is below 5% (Babu and Prakash 1995). 

Other factors, in addition to replacement level, influence the benefit of adding silica 

fume to concrete. Concrete containing silica fume and Type 30 cement is consistently of 

lower strength than concrete containing Type 10 or 20 cements by approximately 5% and 

lo%, respectively. This is due to the increased water demand of finer cement. Increasing 

the fineness of silica fume, rather than the fineness of cement, will increase concrete 

strength (Novokshchenov 1993). 

Fly ash use up to 50% cement replacement does not reduce 9lday strength (Larsen 

and McVay 1993). Class C fly ash does not reduce concrete strength at any age 

(Novokshchenov 1993). Strength development of concrete containing Type F fly ash is not 

as rapid. Also, Class F fiy ash reduces the total heat of hydration, which is not reflected in a 

corresponding decrease in final concrete strength. Strength at later ages continues to 

increase assuming availability of sufficient water for fly ash hydration to continue 

(Malhotra and Ramezanianpour 1994). 

Bijen and Van Selst (1993) define fly ash efficiency using [3.2] which relates the 

change in concrete strength caused by fly ash replacement to an equivalent w/cm without 

fly ash. Using this equation, Bijen and Van Selst found the efficiency of fly ash in concrete 

with w/cm > 0.40 to be approximately 0.20 after seven days and approximately 0.30 after 

28 days. However, their research also shows that fly ash efficiency decreases as its 

replacement level increases beyond approximately 30%. 

where c = mass of cement, 

fa = mass of fly ash, 

W/C, = equivalent water-to-cement ratio to cause the same change in strength. 



For slag replacement, the optimum replacement level is 50% which can result in a 

strength increase over concrete containing 100% Type 10 cement of approximately 30% 

(Coole 1988). The efficiency of slag depends on slag fineness. Increased slag fineness 

increases 28 day concrete strength (Luther and Mikols 1993). For 50-6056 replacement, a 

slag fineness of 450m2/kg reduces strength by approximately 15% at all ages, however a 

slag fineness of 786m2/kg yields approximately equivalent strength to concrete containing 

100% Type 10 cement. Using slag with a fineness of 1 160m2/kg results in same strength at 

3 days but can increase 28-day strength by up to 30% compared to concrete without slag. 

The rate of strength increase has been observed to be a function of slag silica content. After 

28 days, however, the strength gain is the same regardless of silica content (Coole 1988). 

The strength contribution by slag, fly ash, and silica fume is a function of the 

availability of water for cement and pozzolan hydration, reflected by the wlcm. Hence wet 

curing will result in higher long-term strengths than dry curing. For wlcm < 0.25, increased 

strength gain due to silica fume is not evident until after 28 days (Novokshchenov 1993). 

Slag replacement can increase strength by up to 30% for wlcm = 0.80, but the increase is 

cut in half for w/cm = 0.30 and reduces to zero at a w/cm of approximately 0.25 (Swamy 

et al. 1993). The effects of adding more than one type of pozzolan appears to be additive at 

low replacement levels (Soutsos and Domone 1993). 

A model to predict the effect of pouolan replacement on ultimate, mature concrete 

strength is presented by Wanis (1983) which is based on the concept of efficiency. Warris 

defines pouolan efficiency as the ratio of the amount lime consumed by pozzolan 

hydration to the amount of lime produced by complete cement hydration per unit mass. 

Mathematically, Warris defines pozzolan efficiency as: 

mccmcnr where p, = 9 

mcmmt + ~0,lm 



amount of Ca(OH), consumed by complete pozzolan hydration 
n = 

amount of Ca(OH), produced by complete cement hydration 

It is commonly accepted that complete cement hydration produces approximately 

0.25g Ca(OH)2/g cement. The value of n proposed by Warris is: n = 6.5 at 60 days for silica 

fume, n = 0.3 to 0.6 at 28 days for Type F fly ash, and n = 0.3 at 28 days when using slag. 

The efficiency of silica fume, slag, and fly ash, calculated using [3.3], is plotted in Fig.3.1 

as a function of pozzolan replacement level. 

Babu and Prakash (1995) also found silica fume efficiency to be a function of 

replacement level, p,, for replacement levels between 5% and 401. For comparison, the 

silica fume efficiency for 28 day strength predicted by Babu and Prakash is also plotted in 

Fig.3.1 and is calculated as: 
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Fig.3.1 - Pozzolan strength efficiency as a function of replacement level 
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Babu and Prakash claim that because low-grade silica fume (silica content of only 

70-7596) was used in their research, the silica fume efficiency calculated in their study is 

lower than what would be found for normal silica fume consisting of approximately 95% 

silica. However, from Fig.3.1, the silica fume efficiency predicted by Babu and Prakash is 

greater at lower replacement levels, and less at higher replacement levels, compared with 

the efficiency predicted by Warris. This indicates that silica content is not responsible for 

all of the benefits derived from the use of silica fume. Most of the concrete strength gain 

due silica fume replacement has been attributed to the small silica fume particles being able 

to fill the voids between coarser cement particles, resulting ir. a denser cement paste with a 

more uniform distribution of hydration products. 

The following equation is proposed by Warris (1983) to calculate the strength ratio 

of concrete containing pouolanic material to concrete without pozzolans but the same 

amount of cementitious material: 

The parameter is a function of wlcm but, fortunately, the value of [3.5] is 

insensitive to a for wlcm ranging from 0.20 to 0.60. Practically, then, the parameter a, can 

be replaced with an average value of 150. Using the values of n proposed by Warris, the 

strength ratios predicted using [3.5] are plotted in Fig.3.2. From this figure, it can be seen 

that [3.5] predicts that silica fume replacement will result in a very large strength increase 

for typical replacement levels. The strength relationship predicted for slag and fly ash 

replacement clearly does not accurately represent what is found in experiments. This is not 

surprising since [3.5] was initially developed for silica fume. Also, as discussed earlier, the 

strength gain caused by fly ash and slag is not simply a function of the amount of lime 

consumed by pouolan hydration. 

The accuracy of 13.51 for silica fume replacement can be improved dramatically if 

tfie maximum degree of cement hydration proposed in Chapter 2 is used to modify the 
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Fig.3.2 - Influence of pozzolans on concrete strength (Wanis 1983) 

silica fume efficiency calculated using [3.4]. With these modifications, the influence of 

wicm on the strength contribution of silica fume can also be predicted. The maximum 

degree of cement hydration decreases as wlcm decreases. Hence, to account for reduced 

cement hydration, the parameters n, p,, and p, are modified as follows: 

where a = ultimate degree of hydration, defined by [2.17]. 

Fig.3.3 shows the influence of silica fume replacement on concrete strength as a 

function of replacement level and wlcm using the new parameters defined in [3.6]. Also 

plotted in this figure are test data published by Soutsos and Domone (1993) for 180 day 
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Fig.3.3 - Influence of wlcm on strength contribution of silica fume 

strength, and Novokshchenov (1993) for 28 day strength. The value of n suggested by 

Warris is reduced to n = 6.0 to more accurately predict the test data. The influence of wlcm 

predicted in Fig.3.3 corresponds well with test results. Test data for silica fume replacement 

levels greater than 20% are not significant since it is known that additional silica fume 

reduces concrete strength. 

Equations like [3.5] are useful when describing the influence of pozzolans of 

concrete strength. Unfoflunately, this type of equation cannot predict absolute concrete 

strength. The following sections discuss equations designed to predict the development of 

concrete strength, which is necessary to evaluate concrete strength at early ages. 

3.2.3 Long term concrete strength 

The long-term strength development of concrete containing silica fume is dependent 

on curing conditions and wlcm. After approximately 91 days, the compressive strength of 

silica fume concrete begins to decrease by up to 10% for concrete with w/cm = 0.40 and up 

to 5% for concrete with wlcm = 0.25, until after approximately 3.5 years, the strength 

stabilizes (Carette and Malhotra 1992). Conversely, tensile strength continues to increase 



with time when dry cured. However, the tensile strength of water cured concrete will 

decrease from 91 days to 3.5 years by approximately 10%. Long-term strength regression is 

neglected in this study since only early age concrete behavior is modeled. 

3.2.4 Strength development prediction equations 

At early ages, energy release due to hydration, and concrete strength increase occur 

simultaneously. However, the release of energy at early ages is faster than the rate of 

strength development so it can be concluded that the relationship between energy release 

and strength gain is not linear. As already discussed in Chapter 2, hydration begins as soon 

as water is added to the cementitious ingredients of concrete. Tests by Machida and Uehara 

(1987) show that strength gain begins approximately six hours after concrete is first mixed, 

or approximately when the acceleration stage of hydration begins. 

Based on the observation that strength development proceeds as hydration occurs, 

strength development equations based on the concept of maturity have been developed. 

Plowman (1956) introduced the first strength development equation based on maturity: 

where f. = concrete strength, 

A$ = constants depending on concrete mix, 

M = concrete maturity based on the Nurse-Saul temperature function. 

The disadvantage of this equation is that strength gain is unlimited so its use is 

limited to strength prediction for concrete of medium maturity, an age which is difficult to 

identify. To overcome this problem, Chin (1973) proposed that strength development could 

be better predicted using the following hyperbolic function of maturity: 

where a,b = constants depending on concrete mix. 



Using this equation, concrete strength approaches a limit of l/a as maturity 

increases to infinity. This hyperbolic equation forms the basis of a maturity function 

proposed by Carino in 1982: 

where K = constant which is a function of hydration reaction rate, 

t. = concrete maturity, 

to = offset maturity, or zero strength maturity. 

The introduction by Carino of the offset maturity accounts for the delay in strength 

gain compared to the onset of hydration which occurs as soon as concrete is mixed. Carino 

sets to = 8.3h for Type 10 cement. However, from the discussion in Chapter 2 regarding the 

influence of admixtures and pozzolans on hydration, the value of offset maturity should be 

evaluated as a function of concrete mix. 

Another popular strength development equation is the exponential function, which 

reflects the rate of kdiabatic temperature increase of hydrating concrete. Accounting for the 

delay in strength development, the exponential strength development function becomes: 

Tests conducted by Carino (1982) show that the exponential function reaches the 

maximum strength too quickly. The consensus among researchers seems to be that the 

hyperbolic strength development function, which accounts for an offset maturity, best 

represents the strength development of concrete (Pinto and Hover 1996, Vandewalle 1996). 

The principal drawback with the strength development prediction equations 

discussed thus far is that knowledge of fined constants, which vary as a function of 

concrete mix, is required. This makes the application of these functions to practical, or 

design situations very difficult where little is known about a concrete mix. More practical 

strength prediction equations tend to be code-type equations. The strength development 



equation adopted by the CEB-FIP Model Code (1990) is an exponential function: 

where fa(?.) = mean compressive strength at maturity t., 

f,, = mean compressive strength at a maturity of 28 days, 

s = coefficient depending on cement type. 

The value of s is given as: 0.20 for rapid hardening high strength cements, 0.25 for 

normal and rapid hardening cements, and 0.38 for slowly hardening cements. This 

coefficient serves as a rate of strength gain indicator as well as an ultimate strength factor 

since as t* approaches infinity, the exponential term in [3.11] approaches es. From tests on 

HPC, however, the CEB-FIP Model Code equation has been found to significantly 

underestimate the increase in strength at concrete maturity less than 7 days (Han and 

Walraven 1997). 

In an effort to predict the accelerated strength gain characteristics of HPC, the new 

French building code, AFREM, adopts the following hyperbolic strength development 

function (Le Roy et al. 1996): 

This equation assumes that the compressive strength of concrete does not exceed 

the 28 day strength, and the development of strength is independent of concrete mix. It 

should be noted that this equation is proposed only for HPC. 

Dilger et al. (1997) propose a more comprehensive strength prediction equation for 

HPC for a wicm ranging from 0.15 to 0.40. This equation reflects an overall correlation 

between the rate of strength gain and wlcm and is calculated as: 
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Fig.3.4 - Concrete strength development prediction equations 

where f, (te ) = compressive strength at maturity t ,  , 
a, = 1.03 - 033 w/cm , 
y, = 28-(1-a,  ). 

These three code-type strength prediction equations are plotted in Fig.3.4. The 

equations proposed by AFREM and Dilger et al. for low wlcm predict more rapid strength 

gain at early ages than the CEB-FIP Model Code equation. The AFREM equation predicts 

the same rate of strength gain as the equation by Dilger et al. for a wlcm = 0.25. 

The equation proposed by Dilger et al. is used in this study for predicting concrete 

strength at early ages because it appears to be capable of modeling the strength 

development of both NSC and HPC, simply by selecting the appropriate w/cm. However, 

this equation does not account for an offset maturity so at very early ages, concrete strength 

is overestimated. To overcome this deficiency, an offset maturity is introduced. 



It is assumed in this study that the onset of concrete strength gain corresponds with 

the beginning of the hydration acceleration stage. The offset maturity recommended by 

Machida and Uehara (1987), approximately 6h, is used as the offset maturity for NSC. For 

HPC, particularly when superplasticizer or pozzolans are used, the offset maturity 

increases. The delay in HPC strength gain is calculated as: 

Delay in hours = 235 - 83.8 *(w/cm) + 745 -(w/cm) (3.141 

This delay prediction equation was developed by Dilger et al. (1995) to compliment 

their hydration model, discussed in Chapter 2, and cornelates the delay in hydration with 

wlcm which is convenient for design situations. The delay calculated using [3.14] should be 

viewed only as an estimate since, as discussed in Chapter 2, hydration is influenced by 

many factors, including the use of admixtures and cement fineness. 

3.2.5 Concrete strength under sustained load 

Since thermal effects during construction develop over time, it is important to 

consider the influence of sustained loading on concrete strength. It is generally 

acknowledged that concrete compressive strength decreases under sustained load. However, 

strength decrease is offset by a strength increase due to continued hydration. Hence, the 

influence of sustained loading depends on the time of initial loading (CEB-FIP Model 

Code 1990). 

Tests indicate that HPC may be more likely than NSC to lose strength under 

sustained loading (Han and Walraven 1993). Tensile and compressive strength decreases of 

up to 20% have been observed for HPC when, under the same conditions, no strength 

reduction was observed for NSC. A greater percentage of strength is gained earlier for HPC 

than for NSC, so the smaller long-term strength gain may be responsible for the loss in 

HPC strength under sustained loading. 

The compressive and tensile strength development during construction more than 

offsets the reduction in strength due to sustained loads. For this study, the affects of 

sustained load on concrete strength are neglected. 



3 3  TENSILE STRENGTH OF CONCRETE 

The tensile strength of concrete is measured using three different methods: direct 

axial tension, splitting tension, and flexural tension tests. Each test gives different tensile 

strength but the results from each test can be correlated with the others. The variability of 

concrete tensile strength is higher than concrete compressive strength. This is because 

tensile strength is influenced by aggregate size, shape, and texture to a higher degree than 

compressive strength. On average, the splitting tensile strength is approximately 10% 

greater than the direct axial tensile strength. However, due to the variability of test results 

from different researchers, this difference is not statistically significant. Consequently, for 

this study, splitting, f,, and direct axial tensile strength, fm, are treated as the same quantity. 

Flexural tensile strength is commonly called the modulus of rupture, f, , refening to the 

tensile stress at which a concrete beam first cracks. 

Curing conditions influence the long-term tensile strength of concrete. Dry curing 

will reduce the 28 day tensile strength of concrete containing only type 10 cement but silica 

fume will delay this strength reduction by up to 3 years (Khayat and Aitcin 1992). It is 

assumed in this study that curing conditions do not influence tensile strength development 

during construction. 

Test results show that silica fume increases the tensile strength of concrete (Berke 

et at. 1992). This effect is confirmed by many other researchers. Test data from some of 

these researchers are shown in Fig.3.5 and covers a wide variety of concrete mix parameters 

~ n d  concrete ages: tests conducted at times ranging from 24 hours to 180 days; w / m  from 

0.25 to 0.70; and concrete containing silica fume, fly ash, as well as slag. This graph shows 

that concrete tensile strength prediction is possible at any age knowing the compressive 

strength but the comelation is reduced for concrete containing slag and/or fly ash. Also, the 

tensile strength of concrete containing silica fume is typically higher than the tensile 

strength of concrete without silica fume but the compressive strength is also typically 

higher. Hence the tensile strength of concrete containing silica fume is in the same range as 



equivalent concrete without silica fume. 

Loading rates less than 1000pds do not appear to influence tensile strength (Yon 

et al. 1992). Dynamic, rapid loading conditions are of no interest to this study. 

3.3.1 Existing prediction equations 

Work by Khan et al. (1996) shows that ACI Committee 3 18 (1989) overestimates f, 

for f. < 1 SMPa, and underestimates f, for f, > 15MPa. The equation for concrete splitting 

and flexural tensile strength given by ACI Committee 3 18 is: 

03 
f, = 6.7 -( f ,) for concrete strength in psi. 13.151 

This prediction equation is valid for5 in the range of 20 to 83MPa and is meant to 

predict 28 day strength so at early ages, this equation is not necessarily applicable. 

The CEB-FIP Model Code (1990) predicts the tensile strength of concrete as a 

function of characteristic concrete compressive strength, Jk, defined as the strength below 

which 5% of all possible strength measurements for a specified concrete may be expected 

to fall. The mean concrete compressive strength is defined as the characteristic strength 

plus one standard deviation of strength measurements, or f, =Jk + 8MPa. The following 

equation is used by CEB-FIP MC90 to predict the mean direct axial tensile strength, f,: 

where 6 , .  = mean value of the coefficients used to calculate the range of characteristic 

concrete tensile strength 

= 1.40MPa 

The CEB-FiP MC90 recognizes that concrete tensile strength variability is greater 

than the variability of compressive strength so a maximum and minimum value forJtb,. is 

given as fHb., = 1.85MPa andJtb,,, = 0.95MPa. The predicted tensile strength using [3.16] 

is plotted in Fig.3.5 using the mean concrete strength instead of the characteristic strength. 
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Fig.3.5 - Tensile strength as a function of compressive strength 

Many equations for tensile strength have been proposed by different researchers, but 

the consensus is that tensile strength varies as a function of compressive strength to the 

power of approximately 0.69 (Oluokun 1991). As suggested by Oluokun et al. (1991), 

[3.16] predicts the magnitude and trend of axial tensile strength for all concrete types 

shown in Fig.3.5 but only for concrete compressive strengths greater than approximately 



20MPa. For f, l20MPa, [3.16] over estimates tensile strength. This over-estimate is very 

significant for this investigation because if tensile strength is over-estimated then the 

significance of tensile stresses in concrete during construction will be underestimated. 

The flexural tensile strength is typically greater than the axial tensile strength of 

concrete. The CEB-FIP Model Code (1990) adopts the following equation for flexural 

strength: 

where h, = depth of beam. 

For mass concrete, the depth of concrete is much larger than 100rnm. Hence, for 

mass concrete, the flexural strength approaches the direct tensile strength of concrete. The 

flexural strength predicted in Fig.3.5 is calculated using hb = lOOmrn since this is the 

standard test specimen size. 

3 3 2  Proposed prediction equation 

The deficiency of [3.16] for f, 5 20MPa has been identified by other researchers 

also (Oluokun et al. 1991, Khan et al. 1996). To correct this deficiency, different 

coefficients for [3.16] have been proposed for low-strength concrete, or concrete at early 

ages. For the sake of simplicity, however, a single equation, valid over the entire range of 

concrete strengths is preferable. The following is proposed for this study: 

where C, = 0.088 

C, = 2.8 

The coefficients C and C2 are chosen so that the proposed equation predicts 



approximately the same axial tensile strength as the CEB-MC90 for f, = 50MPa but a 

reduced tensile strength at lower and higher compressive strengths. The tensile strength of 

concrete used in this study is predicted using 13.181. 

3.4 CONCRETE MODULUS OF ELASTICITY 

Accurately predicting the elastic modulus of concrete is very important because its 

value directly influences the magnitude of concrete stress (Kanda et al. 1992). The elastic 

modulus of concrete, Ec, is primarily a function of the elastic modulus of the coarse 

aggregate, Eau, used in the concrete (Lindgard and Smeplass 1992). As Ew increases, so 

does Ec. The value of Ew can vary by a factor of 2 so it is important to consider the 

aggregate type when calculating E c .  Lindgard and Smeplass propose the following equation 

for E, as a function of aggregate type: 

The value of E,,, is taken to be 32GPa and is assumed to have the lowest 

modulus of all aggregate types. The coefficient k is a fitted parameter to account for 

different concrete mixes. 

One of the variables accounted for by the coefficient k is the volume fraction of 

coarse aggregate with respect to total concrete volume. The greater the volume fraction of 

coarse aggregate, the more the concrete elastic modulus reflects the aggregate elastic 

modulus instead of the concrete mortar elastic modulus (Zhou et al. 1995). In practice, the 

volume fraction of coarse aggregate falls in the range of 35-45% with the higher end of this 

range primarily applicable to high performance concrete. 

Typically, the influence of aggregate type on E c  is accounted for using correction 

factors (Iravani 1996. Tomosawa and Noguchi 1993). Iravani proposes coefficients, listed 

in Table 3.1, to be used with the elastic modulus prediction equation from the Canadian 

code (1984) for normal weight concrete defined as: 



where C, = coarse aggregate coefficient 

Equation [3.21] is proposed by Tomosawa and Noguchi (1993) to account for the 

influence of pozzolan replacement and concrete unit weight, and aggregate type on Ec. This 

equation is based on a regression analysis of concrete elastic modulus results presented in 

the literature by many researchers for concrete with compressive strengths ranging from 

20MPa tol60MPa and results in an overall 95% confidence interval of S O % .  

where y = concrete unit weight 

k, = coarse aggregate correction factor 

k, = coarse aggregate and pozzolan replacement correction factor 

Values for k, are listed in Table 3.1 and values for k, are listed in Table 3.2. It 

should be noted that this equation predicts E c  as a function of &la, rather than the square 

root of compressive strength used by the 1984 Canadian Code. From the values listed in 

Table 3.2, it can be seen that the reduction in E, due to silica fume is small but becomes 

more significant as the silica fume replacement level increases. Slag and fly ash 

replacement have a similar effect on E,. The exception to this trend is concrete made with 

river gravel. In this case, pozzolan replacement increases E, by up to 11%. Work conducted 

by Brooks e? al. (1992) indicates that the elastic modulus of concrete containing slag is 

more sensitive to concrete strength. At low strengths, the elastic modulus is lower, and at 

higher strengths, the elastic modulus is higher than the corresponding concrete without slag. 

This is due to the slower strength development of concrete containing slag which creates a 

denser concrete. 

The CEB-FIP Model Code (1990) also predicts E, as a function of/,'": 



* Limited data available 

Table 3.1 - Coarse aggregate correction coefficients for E, 

Due to the nonlinear stress-strain relationship of concrete, the Model Code suggests 

I 

Coarse Aggregate 

Sandstone gravel 
Siliceous gravel * 
Normal limestone 
Dense limestone 
Dolomite 
Quartzite 
Granite 
Trap rock (basalts) 
Diabase * 
Sandstone * 

that the value of E, should be reduced by 15% when conducting an elastic stress analysis of 

concrete. This reduction should be considered for high concrete compressive stresses. For 

c,, 
(Iravani 1996) 

0.7 1 
0.76 

0.92 (normal) 
- 

0.92 
0.82 
0.90 
0.97 
0.90 
0.6 1 

low stress levels, this reduction may not be justified. 

Equations [3.21] and [3.12] are used to predict the 28 day design value for concrete 

kl 
(Tomosawa and 
Noguchi 1993) 

1.00 
1.00 

- 
1.20 (dense) 

1.00 
0.95 
I .00 
1.00 
1 -00 
1.00 

elastic modulus. However, since these equations are a function of concrete compressive 

cn, 
(CEB-FIP Model 

Code 1990) 
- 
- 

0.90 (normal) 
1.20 (dense) 

- 
1 .O 
- 

1.20 
- 

0.70 

strength, they are commonly used to estimate E c  at any age. The CEB-FIP Model Code 

(1990) gives a separate function to predict the development of E,: 

Table 3.2 - Correction coefficient kt for E, (Tomosawa and Noguchi 1993) 

Crushedgreywacke 
Crushed Quartzitic 
Crushed limestone 

Fly Ash 

1.110 

Coarse Aggregate 

River gravel 
0.961 
0.957 
0.968 

Silica Fume 
(96 Replacement) 

0.949 
0.956 
0.913 

<lo% 
1.045 

Slag 
(46 Replacement) 
~30% 
1.047 

0.923 
- 
- 

10020% 
0.995 

a O %  
1.118 

20930% 
0.818 

0.949 
0.942 

- 
0.942 
0.961 

- 

0.927 
- 
- 



The development rate function for Ec is simply the square root of the compressive 

strength development function shown in [3.11]. This indicates that E c  develops more 

rapidly than compressive strength. The development of compressive strength and elastic 

modulus as predicted by the CEB-FIP Model Code are compared in Fig.3.6 as ratios of 

their respective 28 day values. 

Recent studies have revealed that the CEB-FIP Model code (1990) significantly 

underestimates the development of E, before 7 days for HPC containing silica fume (Han 

and Walraven 1997). The E, of HPC containing silica fume has been observed to gain 95% 

of its 28 day value in 7 days (Zhou et ol. 1995). The inability of the Model Code equation 

to predict this behavior is related to predicting the strength development of HPC, as 
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discussed in Section 3.2.5. By more accurately predicting the strength gain of concrete, it is 

proposed that the development of E, predicted by the CEB-FIP Model Code would also be 

more accurate. Taking the square root of the AFREM strength development equation, rather 

than the Model Code strength development equation, supports the finding that 95% of the 

28 day E c  is developed in 7 days for HPC. 

Research into the tensile elastic modulus of concrete is not as plentiful as 

investigations discussing the compressive elastic modulus. Usually, the tensile modulus is 

assumed to be equal to the compressive modulus. The CEB-FIP model code (1990) 

assumes that for uncracked concrete, the tensile modulus is equal to the compressive 

modulus for tensile stresses up to 90% of the tensile strength. It has been observed that 

concrete in tensior, is more brittle than concrete in compression. However, a reduction in 

tensile modulus has been observed at stress levels greater than 50% of the tensile strength, 

with up to a 50% reduction in the secant modulus at the time of cracking (Marzouk and 

Chen 1993). 

For this study, it is assumed that concrete is elastic in compression and tension, with 

an elastic modulus equal to the compressive modulus. The time development of E, is 

calculated using the CEB-FIP Model Code equation but substituting the compressive 

strength development function proposed by Dilger ef al. (1997). 

3.5 POISSON'S RATIO FOR CONCRETE 

Calculation of the Poisson's ratio for concrete has received little attention by 

researchers. The value of Poisson' ratio is given by the CEB-FIP Model Code (1990) as 

ranging between 0.10 and 0.20 for concrete stresses ranging from one half the compressive 

strength to the full tensile strength of concrete. 

Tests by Radain et al. (1993) suggest that the Poisson's ratio for concrete is a 

function of compressive strength. The value of Poisson's ratio as a function of strength is 

shown in Fig.3.7 and shows that the magnitude of Poisson's ratio can be larger than 0.20. 

This figure also suggests that Poisson's ratio is not dependent on the use of silica fume. 
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Because Poisson's ratio is relatively constant, an average value of 0.20 is used in 

this study for all concrete mixes at all stress levels. 

3.6 CONCRETE STRENGTH UNDER MULTI-AXIAL LOADING 

Generally, the strength of concrete subjected to loading in more than one direction 

is lower than concrete subjected to uni-axial loading. When subjected to tri-axial 

(compressive-compressive-tensile) loading, the tensile strength of concrete is reduced due 

to lateral strains induced by the compressive loads Linhua et al. (1991). This is confined 

by Voyiadjis and Abulebdeh (1993) who conclude that tensile as well as compressive 

strengths are reduced under bi-axial (tension-compression) loading. Strength reductions due 

to multi-axial loading are neglected in this investigation. 

3.7 THERMAL PROPERTIES OF CONCRETE 

The accuracy of temperature prediction in concrete structures strongly depends on 

using the correct thermal properties as input for a thermal analysis. The composition of 

different concrete can vary widely so it can be expected that the thermal properties also 



vary significantly. The principal factor influencing the thermal properties of concrete is the 

thermal characteristics of the fine and coarse aggregates which comprise 70-80% by 

volume of the concrete. Other important factors include concrete age and moisture content. 

The following sections outline the thermal properties of NSC and HPC. Differences 

between NSC and HPC are highlighted. 

f7* 1 Thermal conductivity 

Thermal conductivity, K, is defined as the ability of material to conduct heat, or the 

ratio of the flux of heat to temperature gradient (Neville, 1995). Concrete themal 

conductivity is influenced by: the mineralogical characteristics of the coarse aggregate, 

water content of the cement paste, concrete density, and temperature (ACI 207.41, 1992). 

Generally, concrete made using a coarse aggregate with a well-defined crystal lattice will 

have a higher conductivity than concrete made using sedimentary aggregates. 

Air is a very poor conductor of heat. Hence, concrete density, p, strongly influences 

the magnitude of thermal conductivity. Thermal conductivity of can be as low as 

O.lW/m*OC for a concrete density of 500kg/m3 (Neville, 1995). Related to concrete density, 

moisture content strongly influences K since the conductivity of water is much greater than 

that of air. Increasing the water content of low density concrete by 10% can increase K by 

as much as SO%, however the influence of water content on K decreases as concrete density 

increases (Neville, 1995). The thermal conductivity of normal density concrete is primarily 

a function of the type of coarse aggregate used. Values of K for normal density concrete 

recommended by ACI 207.4R (1992) are given in Table 3.3. 

Temperature also affects K but for temperatures below 100°C, K can be considered 

constant. At temperatures above 100°C, K decreases until at 800°C, K is reduced by 

approximately 50% (Neville, 1995). 

Thermal conductivity of concrete at early ages is important for HPC structures due 

to the importance of hydration heat dissipation. However, the traditional, steady state 

method of determining K (Brown and Javaid, 1970) is not practical under these conditions 

because this technique alters the moisture distribution of a test specimen. Instead, a 



water content and normal density 

Table 3.3 - Conductivity of concrete with different coarse aggregate types* 

transient technique, described in Chapter 4, should be used. Results using the transient 

Coarse Aggregate Type 
Quartzite 
Dolomite 
Limestone 
Granite 
Basalt 

technique suggest that the K of HPC may be approximately 10 to 20% lower than the 

Thermal Conductivity, K (W1 m-OC) 
3.5 
3.2 

2.6 - 3.3 
2.6 - 2.7 
1.9 - 2.2 

values suggested by ACI 207.4R (1992) for NSC. This would be expected due to the 

* Values taken from ACI 207.41 (1992), for NSC concrete with a high 

reduced moisture content of HPC when compared with NSC. However, this decrease is 

offset since the thermal conductivity of cement paste is twice that of water so the reduced 

water content in HPC, compared to NSC, may increase K (Neville, 1995). Tests by Brown 

and Javaid suggest that immediately after pouring, K is 30% higher than the long-term 

value and also that the long-term value is reached after one day of curing. 

3.7.2 Specific heat 

Specific heat, c, is defined as the amount of heat required per unit mass to cause a 

unit temperature increase. Unlike thermal conductivity, specific heat is only slightly 

affected by aggregate mineral composition. Instead, because the specific heat of water 

(4.18kJA~g-~C) is much greater than the specific heat of dry aggregate (0.75kJ/kg-°C) and 

cement (0.88kJ/kge°C), the specific heat of concrete is primarily affected by the moisture 

content of the cement paste (Wang, 1995). Since the water content of concrete is  a small 

percent by mass of the total mass of concrete, the specific heat of concrete only varies 

within a small range, between 0.84 and 1.17kJkg°C (Neville, 1995). The specific heat of 

concrete at an early age is typically at the high end of this range because of the decrease in 

moisture content with age. HPC will also be at the low end of this range because of its low 

water content. 



For practical purposes, the specific heat of concrete is assumed to be constant in 

most cases with an average value of approximately 0.96kJ/kg°C. However, specific heat 

increases with an increase in temperature and a decrease in concrete density (Maes, 1980). 

3.7.3 Thermal diffusivity 

Thermal diffusivity, X, is defined as the rate at which temperature changes within a 

mass can take place (Neville, 1995) and is calculated as: 

Thermal diffusivity has no physical meaning and its value is based on three other 

material properties: thermal conductivity, density, and specific heat. Thermal diffusivity 

simply reflects the influence of thermal conductivity, density, and specific heat on heat 

transfer within a material. Because density and specific heat vary within such a small range 

for normal density NSC and HPC, thermal diffusivity is a direct reflection of the thermal 

conductivity of a given concrete. Using values of thermal conductivity, and specific heat 

given in previous sections, typical values for thermal diffusivity of normal density concrete 

are given in Table 3.4. 

3.7.4 Coef'ficient of thermal expansion 

The majority of research on thermal properties has been focused on determining the 

coefficient of thermal expansion, a, because this property is used to calculate stresses 

Table 3.4 - Concrete diffusivity with different coarse awegate types* 
Coarse Aggregate Type I -6 2 Diffusivity, K (x 10 rn /s) 
- - 

Quartzite 
Dolorni te 
Limestone 
Granite 
Basalt I 0.82 - 0.95 I 
* Values calculated using concrete density = 2400 kg/m5 



caused by changes in temperature. The value of ar depends largely on the mix composition 

and hygral state of the concrete at the time of the temperature change (Neville 1995). 

Concrete is composed of two main constituents, aggregate and cement paste, that 

have different values of a, The value of a; for cement paste ranges from 11x 1 0 ~ 1 " ~  to 

20x10 '~ /0~  and is influenced by the quantity and location of moisture in the paste 

(Neville 1995). The value of a, for the aggregate ranges from 6 x 1 0 ~ / 0 ~  to 1 4 x 1 0 ~ 1 ~ ~  and 

is influenced by mineral composition (ACI 207.4R. 1992). Aggregates with a crystalline 

mineral structure, such as quartzite, have a higher a; than non-crystalline aggregates, such 

as limestone. The a* of concrete is a reflection of the proportions of the two main 

constituents in the concrete mix. Typically, the largest constituent by mass in a concrete 

mix is aggregate so the a of concrete is usually very close to the cr; of the aggregate. 

The hygral state, or quantity and location of water, in cement paste is difficult to 

determine and its effect on is not elementary. The thermal expansion of cement paste is 

due to the true kinetic thermal expansion coefficient and the swelling pressure of moisture 

present in the paste (Berwanger and Sarkar, 1973). When the paste is dry or saturated, no 

swelling is possible so the true coefficient of thermal expansion can be measured under 

these conditions. However, cement paste cured under normal conditions is partially 

saturated with relative humidity ranging, approximately, from 30 to 90%. The capillary 

tension of this water held by the paste decreases as the water is heated, causing the paste to 

swell and the apparent thermal expansion coefficient to increase. In highly saturated cement 

paste, this swelling is partially offset by the contraction of the gel pores as water migrates 

from the gel pores into the capillary pores. It has been found that the apparent coefficient of 

thermal expansion is a maximum when the relative humidity of the cement paste is 

approxi matel y 70%. 

Age of concrete also influences the a, An increase in paste age will reduce the 

swelling of cement paste because the amount of crystalline material in the paste increases 

with age, closing the capillary pores in the paste. Steam-cured pastes are not affected by 

relative humidity because few gel pores are present in pastes cured under these conditions 

(Neville, 1995). 



* Concrete with 30:70 fine:coarse agg. ratio, 237 kg/m3 cement, and a 
high degree of saturation. Values taken from ACI 207.4R (1995) 

Table 3.5 - Typical a; for concrete with different coarse aggregate types* 

Typical values of a; for concrete containing different aggregate types are listed in 

Table 3.5. These values are from ACI 207.4R (1992) and derived for a particular concrete 

mix in a highly saturated state. These values are approximately constant for temperatures 

up to, and increase slightly at temperatures above, 100°C. Below 10°C, the a; of concrete 

decreases as the temperature decreases. For saturated concrete, however, the a; may 

increase back to original values as the temperature drops below O°C (Neville, 1995). 

Evaluation of HPC has lead to the conclusion that ar for HPC is approximately 20% 

less, and is more sensitive to relative humidity in the cement paste, than NSC (Ben Amor 

and Clement, 1996). Because of the low permeability of HPC, it is very difficult to change 

the relative humidity of mature HPC. Hence, the size, or massiveness, of a HPC structure 

may dictate how likely the cti will change due to a change in relative humidity. The water 

content in HPC is very low due to the low water content in the original mix. Hence, for 

HPC, a reduced &and an increased sensitivity to relative humidity would be expected. 

Because of the hydration heat characteristics of KPC, it has become important to 

determine a; for concrete at an early age. However, this is very difficult to accomplish due 

to shrinkage and rapid temperature changes which occur simultaneously at early ages. 

Pedersen and Spange (1997) as well as De Schutter and Taewre (1996) have proposed 

methods to calculate a; at early ages. Due to the complexity of the problem, conflicting 

results have been reported. Miao et al. (1993) conclude that decreases to a constant value 

after only 12 hours of hydration. Pedersen and Spange report that a; increases at very early 

ages from approximately 8 x 1 0 - ~ / 0 ~  at 12h to approximately l l x 1 0 ~ / ~ ~  at 7 days. De 

Schutter and Taewre as well as Jonasson et al. (1996) report that decreases at early ages 

a; ( ~ 1 0 ' ~  PC) 
13.5 

9.4- 1 1.7 
8.3 

5.4-8.6 

Coarse Aggregate Type 
Quartzite 
Siliceous 
Basalt 
Limestone 

a, (x lo-6 I°F) 
7.5 

5.2-6.5 
4.6 

3.0-4.8 



from approximately 1 5 x 1 0 ~ / ~ ~  at 12 hours to approximately 1 l x 1 0 ' ~ l ~ ~  at 7 days. The 

author suggests that a decrease in a; with time due to the self-desiccation of the cement 

paste in HPC corresponds to the influence of moisture content on ar which is described 

above. 

For the purposes of design, AASHTO (1989) recommends a global value of ai 

equal to 1 0 . 8 ~ 1 0 ~ / 0 ~  ( ~ . O X I O ~ / O F ) .  A value of a = 1 0 . 0 ~ 1 0 ~ ~ / 0 ~  is commonly used for 

design purposes. 

3.75 Surface thermal properties 

Surface heat-transfer parameters are not normally considered thermal properties of a 

given material. However, because these parameters significantly affect the temperature 

distribution in concrete structures, they are included here as thermal properties. Surface 

thermal properties include solar absorptivity, emissivity, and convection heat-transfer 

coefficients. 

Solar absorptivity can be defined as the ratio of the energy absorbed by a given 

surface to the total amount of energy reaching that surface. Emissivity can be defined as a 

measure of thermal long-wave radiation released by a material. Values of solar absorptivity 

and emissivity for many materials are given in thermal process textbooks (Holman, 1986). 

Typical values for exposed concrete surfaces are 0.50 and 0.88 for solar absorptivity and 

ernissivity respectively. Values for these properties are influenced by surface color and 

roughness. These typical values have been successfully used by researchers to predict the 

temperature distribution in many HPC and NSC structures (van Breugel and Koenden 

1995, Hirst and Dilger 1989, Kapila et al. 1997). 

Convection heat-transfer is the rate at which energy is transferred between two 

different materials in contact with one another. In the case of concrete, this usually means 

heat-transfer between concrete and air. When dealing with convection, energy always 

travels from the higher to lower temperature material. This property is difficult to measure 

for concrete structures but typical values for concrete bridge surfaces have been tabulated 

by Kehlbeck (1975) and are shown in Table 3.6. As shown in this table, the magnitude of 



Table 3.6 - Bridge heat-transfer coefficients. h, for different wind s~eeds** 
BRIDGE SURFACE 
Top surface 
Asphalt cover 
Bottom surface of cantilever 
slab 
Inside surface of box girder * 
Outside surface of webs 
Outside surface of bottom slab 
* Wind speed = 0.0 kmlh 
** Values taken from Kehlbeck (1975) 

3.6 kmlh 
8.5 
8.8 
6.0 

3.5 
7.5 

- 6.0 

convection between concrete and air increases as the wind speed increases. 

The values tabulated by Kehlbeck have been used successfully by researchers to 

predict the temperature distribution in concrete bridges and other concrete structures 

(Elbadry and Ghali 1983. Gilliland and Dilger 1997 and 1998, Wang and Dilger 1994). 

It is important to realize that formwork will modify the boundary conditions 

affecting a concrete structure. Thermal surface properties should be used or modified with 

this in mind. 

3.8 MOISTURE DIFFUSIVITY 

Almost all concrete properties are influenced by the moisture content of concrete. 
-9 2 Moisture diffusivity in concrete typically ranges from 20x10 m ls at early ages to 

-9 2 2x10 m is after 28 days with diffusivity decreasing rapidly as concrete cures (Wang 1995). 

This range of moisture diffusivity is approximately three orders of magnitude less than 

thermal diffusivity. 

The rate of moisture movement in concrete is dependent on concrete moisture 

content, typically measured as concrete relative humidity, and temperature. For concrete 

relative humidity less than 60%. moisture diffusivity is very low, but increases rapidly as 

relative humidity increases above 60%. Below 100°C, diffusivity is assumed to follow the 

Arrhenius function for temperature effect on hydration rate, discussed in Chapter 2 

(Wang 1995). 



The moisture diffusivity of HPC is expected to be very low, even at early ages 

because the moisture content in HPC drops very quickly (Wang et al. 1997). Tests indicate 

that the moisture loss in HPC becomes insignificant after just 24 hours of curing, compared 

to three 3 days for NSC. This is because capillary pores in cement paste become 

discontinuous as hydration products are formed. Because hydration of HPC is more rapid 

than NSC, the diffusivity of HPC is expected to decrease faster than that of NSC. 

Consequently, HPC may be approximated as being sealed, even at early ages, for all types 

of curing, due to its dense, discontinuous structure (Jonasson et at. 1994). This 

approximation can also be applied to mass concrete of any type. Under sealed conditions, 

the moisture state of concrete is affected only by internal consumption of free water by the 

hydration reaction. 

One potential problem associated with sealed concrete has been identified in the 

literature. At very high temperatures, well above 100°C, sealed concrete has been observed 

to explode (Noumowe et 01. 1996). This phenomenon has been attributed to the inability of 

steam in concrete to escape from HPC, causing high tensile stresses. Concrete under load 

would be more susceptible to this problem due to the effects of multi-axial loading which 

are discussed in Section 3.6. 

The influence of moisture movement on concrete at early ages is considered small 

compared to the consumption of water by hydration and the rate of strength development at 

early ages. Also, the time intervals simulated in this study are relatively short so any 

moisture movement would be small. Consequently, the influence of moisture diffusivity on 

material properties is neglected in this study. 

3.9 SUMMARY 

This chapter presents the basic material properties required to carry out a time- 

dependent thermal analysis of hardening concrete. The factors which influence each 

thermal property and typical values for each property are discussed. These predicted values 

should be used only after considering the variability of concrete mixes. For increased 



analysis accuracy, it is recommended that tests be carried out to confirm predicted values. 

This is particularly important if HPC is to be used because the material properties of HPC 

are not as well understood as those of NSC. A method for measuring the thermal 

conductivity of concrete is presented in the next chapter. 

The mechanical properties of concrete are also discussed in this chapter as well as 

prediction models used to calculate the mechanical properties. The shrinkage and creep 

properties of concrete are discussed in separate chapters following Chapter 4. These 

properties are essential for conducting a time-dependent stress analysis of concrete 

structures, particularly at early ages during consrmction. 



4.0 MEASURING THERMAL CONDUCTIVITY OF CONCRETE 

4.1 INTRODUCTION 

Thermal conductivity is a measure of the ability of a material to conduct heat, or, 

the ratio of heat flux to temperature gradient (Neville 1995). The thermal conductivity of 

concrete will influence: the maximum temperature reached in concrete due to hydration, the 

severity of temperature gradients near the surface of a concrete member, and the degree of 

thermal response of a concrete structure to environmental conditions. Hence. the thermal 

conductivity of concrete is an important material property when calculating the temperature 

distribution in a concrete structure. 

The composition of young, or hardening, concrete changes with time due to 

hydration. Consequently, the thermal conductivity of young concrete will also change with 

time. To measure the change in thermal conductivity with time, a test procedure must: be of 

short duration, be easily and quickly repeatable, produce consistent results, and have little 

impact on the test concrete. A small sample size and uncomplicated experimental apparatus 

are also desirable test characteristics. Only a transient state heat-flow method can meet 

these criteria. This chapter describes a test procedure, using the transient heat-flow method, 

to measure the thermal conductivity of concrete in the laboratory or in the field. 

4.2 TRANSIENT STATE METHOD 

There are two generally accepted methods used to calculate the thermal conductivity 

of any material: steady state, and transient state methods. Steady state methods involve 

establishing a stable, constant temperature gradient through a material and measuring the 

slope of the gradient for a given heat flux. This technique is very useful for rigid and semi- 

rigid materials where moisture redistribution cannot occur over the duration of the test and 

the thermal conductivity is constant over time. 



Because the thermal conductivity of hardening concrete is not constant and moisture 

may migrate through a concrete sample, a transient state method must be used. The most 

convenient transient state method to determine the thermal conductivity of concrete is the 

infinite-line heat source technique. This technique is based on embedding a long cylindrical 

probe in the concrete and applying heat to the concrete through the probe. The thermal 

conductivity of the concrete is calculated based on the change in temperature of the probe 

over time while the probe is heated. Initially, a uniform, constant temperature through the 

concrete is required. However, a stable temperature profile is not required to complete a 

test. This allows tests to be completed quickly so the thermal conductivity of the concrete 

will not change significantly during the test. 

When dealing with hardening concrete, the heat generated by hydration must also be 

considered. The temperature distribution in the concrete surrounding the probe is 

influenced by hydration and the rate of hydration is influenced by the heat added to the 

concrete by the probe. Migration of free water not yet used in the hydration reaction may 

also occur due to the temperature gradient induced in the concrete by the test procedure. 

The impact of the heat added to the concrete on the moisture distribution and hydration 

reaction can be minimized using the infinite-line heat source technique. 

4.3 INFINITE-LINE HEAT SOURCE THEORY 

The fundamental heat transfer equation for radial heat flow from an infinite-line 

heat source, in radial coordinates, is (Carslaw and Jaeger 1959): 

J=T 1 a~ a~ + - . - - . -  - for t > O  
d r 2  r d r  K d l  

where T = temperature, 

r = radius from heat source, 

p = density of material surrounding the heat source, 

c = volumetric specific heat capacity of the surrounding material, 



K = thermal conductivity of the surrounding material, 

t = time. 

Using Laplace transforms and applying appropriate boundary conditions, this 

equation can be used to calculate the temperature at the outside radius of the probe, b, at 

any time (Jaeger 1956). The solution to this equation, however, must be calculated 

numerically. Carslaw and Jaeger (1959) give closed form approximate solutions to this 

equation for a variety of boundary conditions at small and large values of time. Blackwell 

(1954) gives an approximate solution for this equation valid only for large values of time 

and for constant heat sources: 

where q = rate of energy supplied per unit length of probe to the surrounding 

concrete at radius b during time t ,  

7 = xtlb2, 

2 = diffusivity of the surrounding material, 

X = Wpc. 

y = Euler's constant = 0.5772, 

H = contact conductivity between the probe and the surrounding material, 

fl = ratio of the heat capacity of the material displaced by the probe to the 

heat capacity of the probe, and 

f l  = (n b2*pc)l (~;c, ) .  

The minimum time required for [4.2] to be valid is described by Blackwell as the 

time after which the value of s is large enough to cause the second order terms in the 

expanded version of 14.21 to be negligible. This is the case for I> 1.0. 

Thermal conductivity is calculated by examining a graph of the change in probe 

temperature plotted against the natural logarithm of time. At large values of time, the 



relation between the change in probe temperature and the natural logarithm of time is 

linear. From [4.2], it can be seen that the thermal conductivity is inversely proportional to 

the slope of this linear relationship. 

An attractive feature of [4.2] is that no information is required about the test 

specimen, the probe, or the contact resistance between them. Thermal conductivity is 

calculated independently of: the specific heat capacity and diffusivity of the test specimen, 

the probe-specimen boundary conductance, and the probe heat capacity. However, the 

influence of these variables on the measured change in probe temperature must be 

understood to accurately measure thermal conductivity of the specimen. 

To arrive at [4.2], it is assumed that the probe is infinite in length and has an infinite 

conductivity. Because the probe is not infinite, heat-flow parallel to the long axis of the 

probe, or axial heat-flow, must be considered in the test specimen as well as the probe. 

Blackwell (1956) calculated the percent error in calculated thermal conductivity due to 

axial heat flow as: 

where A = ratio of probe half-length to probe radius = Ur, 

a = ratio of actual probe cross-sectional area to cross-sectional area of a 

solid probe with the same radius, 

E = ratio of probe thermal conductivity to test specimen thermal 

conductivity, 

q = ratio of probe mass heat capacity to test specimen mass heat capacity, 

From I4.31, it can be seen that the error due to axial heat flow increases with time as 

the heat from the probe radiates further away from the probe and is influenced by the 

thermal gradient at the top and bottom of the probe. As the slenderness of the probe 



increases, this effect is reduced. The amount of axial heat flow though the probe itself is 

influenced by the cross-sectional area of the probe. A probe will conduct less heat if it is 

hollow than if it is solid. Equation [4.3] is derived assuming that the probe is infinitely long 

but only heated over a finite length, 2L. Therefore, the axial heat-flow error calculated 

using this equation will be conservative since the thermal conductivity of the probe is 

intended to be much greater than the thermal conductivity of the test specimen. 

4.4 EXPERIMENTAL PROGRAM 

4.4.1 Equipment 

A stainless steel probe 270mm long and 6.4mrn in diameter with a wall thickness of 

0.3mrn is used in this investigation. The heater is a wire coil fixed to the inside of the probe 

wall that extends to within lOmm of the probe ends. A thermistor is attached to the inside 

wall of the probe at mid-length to measure the temperature of the probe. A probe length of 

270m.m allows a standard 15Ox300rnrn cylinder mold to be used for the concrete test 

specimen in the lab. The probe is embedded in the middle of the concrete cylinder at the 

time of pouring and is held in place using wooden spacers at the top and bottom of the 

mold. The cross-section of a typical test sample is shown in Fig.4.1. To retrieve the probe, a 

splitting tensile test procedure is performed on the concrete cylinder. 

The probe used in this study satisfies the desirable probe characteristics outlined by 

many researchers who have used this technique to measure the thermal conductivity of soils 

in situ. Stainless steel has a high conductivity relative to concrete and the small cross- 

sectional area of the probe minimizes the heat capacity of the probe per unit length. Both of 

these characteristics ensure that the probe temperature is uniform throughout a test 

(De Vries et al. 1958). The probe has a diameter large enough to minimize thermal 

instability due to non-uniformity of the concrete at the outer probe surface but is 

sufficiently slender to closely approximate infinite-line heat-flow at mid-length of the probe 

(Boggs et at. 1980). Important to the study of hydrating concrete is that the sensitivity and 

accuracy of the thermistor requires only a small change in temperature to measure thermal 



Power Supplies 

Fig.4.1 - Cross-section of concrete thermal conductivity test specimen 

conductivity (Slusarchuk et al. 1973) so it is possible to minimize the impact of the test on 

the hydration reaction. Finally, the probe is rugged enough to be reused in many different 

concrete cylinders. 

Two constant voltage sources are required to operate the probe. The heater and 

thermistor are connected to separate constant voltage sources so that the accuracy of the 

thermistor can be controlled using one voltage source and the heater power can be adjusted 

independently using the second voltage source. 

A computer data acquisition system is required to record the probe temperature as a 

function of time because the accuracy of the calculated thermal conductivity depends on 

these readings being taken precisely. 

Measuring thermal conductivity of young, hydrating concrete introduces a unique 

problem to this test. Heat released due to hydration causes temperature gradients to exist in 

the concrete cylinders up to three days after pouring the test specimen. While the 

temperature of the concrete is inconsequential for this test, it is important to minimize any 

temperature gradients in the test cylinders. Hence, until the concrete temperature has 

returned to ambient, test cylinders should be insulated from ambient laboratory conditions. 

Care should be taken not to over-insulate the cylinders so much that the concrete is 

prevented from returning to ambient temperature in less than three days. For a standard 



concrete cylinder, this requires an insulation thickness of approximately 50rnm. 

4.4.2 Procedure 

By applying a constant voltage to the heater coil in the probe, a constant, uniform 

power is supplied over the length of the probe. A test is conducted simply by recording the 

probe temperature as a function of time while the heater is on. It is also possible to measure 

the thermal conductivity based on the probe temperature after the heater is turned off 

(De Vries 1958). Because this test will be repeated on the same concrete sample, care must 

be taken to ensure that the temperature of the concrete is constant and uniform before a test 

begins. Hence, the frequency of testing will be restricted by the time required for the 

concrete sample to return to ambient conditions. 

Because concrete is not homogenous, sufficient power must be supplied to the 

probe heater to overcome any inegularities in the mix and also to overcome any changes in 

concrete temperature due to hydration. The duration of heating must be sufficient for heat 

to flow through a large enough volume of concrete to obtain an average value of 

conductivity for concrete as a whole rather than its individual components. The required 

test duration should be evaluated based on the influence of errors introduced by theoretical 

assumptions and practical limitations. These errors are discussed below. 

4.4.3 Results 

Fig.4.2 shows a typical graph of probe temperature as a function of the natural 

logarithm of time while supplying 19W/m length to the heater. Initially, the probe 

temperature increases rapidly. Between approximately 420 and 720 seconds, the rate of 

temperature change is constant, after which the rate of temperature change begins to 

increase slowly. 

Fig.4.3 shows the calculated concrete thermal conductivity based on the probe 

temperature as a function of time shown in Fig.4.2. The plotted values of thermal 

conductivity are based on the slope of a best-fit line using 60 seconds of temperature data 

before and after the time at which a given thermal conductivity value is plotted. The last 

plotted value of thermal conductivity is shown at 1740 seconds and the probe heater is 
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Fig.4.2 - Measured and predicted probe temperature change 

turned off after 1800 seconds. 

Between 420 and 720 seconds, the calculated value of thermal conductivity shown 

in Fig.4.3 remains almost constant. The average value of thermal conductivity over this 

interval, in this case K = 2.5W/m**C, should be taken as the average value for the concrete 

sample. The suitability of this time interval is reflected in the linear correlation coefficient, 

shown in Fig.4.3, which is calculated for the best-fit line used to determine the thermal 

conductivity. During the interval when the conductivity remains almost constant, the 

correlation is consistently high. After this interval, the correlation begins to decrease and 

becomes more variable indicating that the relationship between probe temperature and the 

natural logarithm of time is no longer linear. Hence, the length of any test need not exceed 

720 seconds. 

It was observed that the interval over which the thermal conductivity remained 

constant and the scatter in recorded temperature data were influenced by the power level 

supplied to the heater. The measured thermal conductivity becomes constant sooner if less 

power is supplied to the heater. However, at lower power levels, the interval for measuring 

the thermal conductivity is shorter and the temperature readings during the interval are less 

stable. A power level of 19W/m was found to be optimum. 
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Fig.4.3 - Measured thermal conductivity over duration of test 

The concrete used to develop this testing technique has: a 28 day compressive 

strength of 80MPa, a w/cm equal to 0.30, and an air content equal to approximately 2% by 

volume. The mix for this concrete consists of: Type 10 Portland cement, silica fume equal 

to 10% by mass of cementitious material, and crushed limestone coarse aggregate. The 

measured thermal conductivity for this concrete is lower than the range predicted by ACI 

207.4R (1992) for NSC. 

Tests were also conducted during the summer of 1996 on concrete used in the 

superstructure of the Stoney Trail Bridge, located in Calgary. Alberta, Canada. The 

concrete used for the bridge superstructure has: a 28 day compressive strength of 40MPa, a 

w/cm equal to approximately 0.35, and an air content equal to approximately 5.4% by 

volume. The mix for this concrete consists of: Type 10 cement, no silica fume, and a coarse 

aggregate consisting of 80% limestone, 15% quartzite, 6% sandstone, and a trace of granite. 

The measured thermal conductivity of this concrete is 2.75Wlm-°C, falling at the low end 

of the range predicted by ACI 207.4R (1992). The measured thermal conductivity of the 

two types of concrete considered in this study suggest that the thermal conductivity of HPC 

may be lower than the thermal conductivity of NSC, as already discussed in Chapter 3. 



4.5 ERROR EVALUATION 

The influence of emrs introduced into this technique by theoretical assumptions 

and practical limitations must be evaluated in order to determine the accuracy and 

sensitivity of the calculated value of thermal conductivity. The lower bound of time for the 

interval used to calculate thermal conductivity is defined by errors due to probe heat 

capacity and boundary conductance between the probe and the concrete. The upper bound 

on the time interval used to calculate conductivity is defined by errors due to axial heat 

flow and sample size. 

Fig.4.2 compares the actual and calculated change in probe temperatre based on 

the value of thermal conductivity calculated from Fig.4.3. The predicted temperature 

change is calculated using [4.2]. To calculate the change in temperature, the concrete 

density was measured to be 2600kglm3 and the concrete specific heat capacity was assumed 

to be 1000J/kg*OC. Values of boundary conductance, H, and the ratio of probe to concrete 

heat capacities, /?, were selected to fit the measured data as accurately as possible. 

The sensitivity of the calculated value of thermal conductivity to the chosen values 

of H and f l  is evaluated theoretically using [4.2]. Fig.4.4 shows the percent error in 

Error with respect to /? = 1.53 

Length of test (seconds) 

Fig.4.4 - Error in measured thermal conductivity due to 5095 error in assumed value of f l  



calculated thermal conductivity due to a 50% error in assumed value of 8. Fig.4.5 shows 

the percent error in calculated thermal conductivity due to a 25% error in assumed value of 

H. In both cases, the error in thermal conductivity is less than 2% after 420 seconds. 

Clearly, however, the calculated value of thermal conductivity is more sensitive to the 

boundary conductance between the probe and the concrete than to the heat capacity of the 

pro be. 

Error due to axial heat flow is evaluated using [4.3]. Probe thermal properties are 

estimated based on values used to predict the change in probe temperature shown in 

Fig.4.2. The error in thermal conductivity due to axial heat flow for probes with different 

slenderness ratios is plotted in Fig.4.6. For the probe used in this study (Ur = 4( . the axial 

heat flow error is less than 3% for tests of 720 seconds or 1ess.Sample boundary error 

occurs when heat radiating from the probe reaches the outside boundary of the concrete 

sample. Based on the test results presented here, sample boundary error does not appear to 

be significant if a standard 15Ox300mm concrete cylinder test sample is used and test 

duration is limited to 720 seconds or less. 

The test duration and magnitude of errors calculated in this study are valid only for 

concrete tests where the probe is embedded in concrete at the time of pouring. When tests 

t 
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Fig.4.5 - Error in measured thermal conductivity due to 25% error in assumed value of H 
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Fig.4.6 - Error in measured thermal conductivity due to axial heat flow 

must be conducted on pre-existing, mature concrete, the probe must be inserted into the test 

concrete by drilling a hole. In this case, a different test duration may be appropriate and the 

sources of error should be re-evaluated. 

The proposed method for measuring the thermal conductivity of concrete is quick, 

repeatable, and gives consistent results. The test procedure described in this chapter can be 

used for testing concrete at any age, in the lab or in the field, when the probe can be 

inserted into a concrete sample at the time of pouring. The recommended test procedure is 

valid only for the probe used in this study and for a heater power level of 19W/m length. A 

different test duration and heater power level may be required when the thermal 

conductivity probe must be inserted into mature concrete by drilling a hole. 

The duration of a single test need not exceed 720 seconds. The measured thermal 



conductivity of concrete remains approximately constant during the interval of 420 and 720 

seconds after the heater is turned on. For a test duration greater than 420 seconds, errors 

due to probe-concrete boundary resistance and finite probe heat capacity are less than 2%. 

For a test duration less than 720 seconds, axial heat flow error is less than 3% for a probe 

with Ur = 40. Sample boundary error does not seem to be significant for tests less than 720 

seconds in 15Ox300mm concrete cylinder test samples. 

Problems due to thermal gradients induced by hydration heat can be minimized by 

insulating the concrete samples. Thermal gradients due to hydration heat will dissipzte 

completely in approximately three days. 



5.0 SHRINKAGE OF CONCRETE 

5.1 INTRODUCTION 

Studies on creep and shrinkage are usually combined since only the total time- 

dependent deformation can be measured directly. Shrinkage is ti me-dependent deformation 

of unloaded concrete, the value of which is subtracted from the total deformation of loaded 

specimens to isolate the effects of creep. It is well known that the mechanisms of creep and 

shrinkage are not independent, however, the definitions of creep and shrinkage used in this 

study neglect this interaction. 

Shrinkage usually causes a reduction in concrete volume and is caused by a loss of 

water due to the consumption of water by hydration or the migration of water from concrete 

to the environment. Typically, moisture is lost from concrete so positive shrinkage is 

defined as a reduction in concrete volume. Concrete swelling, or negative shrinkage, can 

also occur if concrete gains water from the environment. Total concrete shrinkage is 

divided into three types: basic (more commonly known as autogeneous), drying, and 

carbonation shrinkage. When total shrinkage within a concrete cross-section is not uniform, 

it is called differential shrinkage. 

5.2 TYPES OF SHRINKAGE 

Basic shrinkage is caused by the consumption of water by the hydration of 

cementitious materials. This type of shrinkage occurs without moisture exchange with the 

environment so it is sometimes called self-desiccation. The magnitude of basic shrinkage is 

strongly influenced by the wlcm that describes the relative amount of water available for 

hydration. If hydration is not limited by a shortage of water, then basic shrinkage is only a 

small portion of total shrinkage. The influence of w/cm on basic shrinkage is discussed in 

more detail below. 

Drying shrinkage is caused by moisture exchange between concrete and the 



environment. When moisture is lost to the environment before the acceleration stage of 

cement hydration has begun, it is called plastic, or capillary shrinkage. During the period 

when plastic shrinkage occurs, concrete has not gained any strength and therefore does not 

cause any stresses (hlachida and Uehara 1987). Hence, plastic shrinkage does not influence 

the structural performance of concrete as long as cracking due to plastic shrinkage does not 

occur before concrete has set. Because plastic shrinkage is easily controlled, it is not 

considered further in this study. 

Differential shrinkage occurs when the magnitude of shrinkage is not uniform 

through a concrete member. This may happen near a construction joint when the maturity 

of adjacent concrete is not the same, or near concrete surfaces exposed to dryng. Concerns 

have been raised by many researchers that measured shrinkage is only the apparent or 

observed shrinkage, and not the true value of free shrinkage due to the influence of member 

size on observed deformation (Sakata 1983, Frinh et of. 1996). Differential shrinkage is 

discussed in more detail below. 

Carbonation shrinkage is caused by the carbonation of cement hydration products 

with carbon dioxide in the air. Hence, this type of shrinkage only occurs at concrete 

surfaces, only penetrating deeper than a few millimeters if concrete is cracked. Compared 

to basic and drylng shrinkage, carbonation shrinkage is small so it is neglected in practical 

concrete design. 

Concrete stresses, whether induced by differential shrinkage, temperature gradients, 

or applied loads, may cause additional or stress-induced shrinkage (Bazant and 

Raftshol 1982). It is postulated that stress-induced shrinkage is caused by the migration of 

moisture from areas under stress to areas of reduced stress, such as macro pores or larger 

capillary pores. Also, microcracking induced by moisture or thermal gradients may allow 

drying in regions within a concrete member in addition to surface drying. The rate of dryng 

plays an important role in determining the significance of stress-induced shrinkage since 

sudden drying does not permit stress relaxation due to creep (Day and Illston 1983). This 

mechanism is neglected by creep and shrinkage models because stress-induced shrinkage 

contradicts the assumption that creep and shrinkage are independent behavior. 



The distinction between types of shrinkage is typically ignored in concrete design 

because it is commonly believed that shrinkage is not likely to lead to serious structural 

problems. However, it can induce cracking that is detrimental to the serviceability of a 

structure. In an effort to assess the significance of shrinkage with respect to concrete 

cracking, a ring test has been developed by many researchers (Sicard et al. 1992, Tazawa 

and Mi yazawa 1995). Using this test, tensile stresses induced by shrinkage have caused 

cracking in a little as one day. Clearly, an understanding of concrete shrinkage and its 

effects on concrete structures is of great importance. This chapter discusses how concrete 

shrinkage occurs, what influences the magnitude of shrinkage, and models used to predict 

shrinkage. 

5.3 MECHANIShlS OF CONCRETE SHRINKAGE 

As already stated, shrinkage is caused by water migration in cement paste or by 

water consumption due to hydration. To understand shrinkage, it is therefore necessary to 

understand the behavior of water in cement paste. Water in concrete is classified according 

to its location and role in cement paste. 

Free water is moisture in large voids greater than 50nm in diameter. These voids are 

caused by trapped or entrained air in the paste. The term "free" is derived from the fact 

removal of this water will have no impact on the paste and does not induce shrinkage. 

Capillary water is moisture that is located in small capillaries, approximately 5 to 

50nm in diameter. This water is not influenced by adhesion to solid surfaces so migration 

of this water is still possible. Removal of this water may induce concrete shrinkage. 

Adsorbed water is moisture that is physically adsorbed to solid surfaces of the 

cement matrix. A major portion of adsorbed water can be removed from cement paste when 

the relative humidity is less than 30% (Mehta 1986). The loss of adsorbed water is a main 

cause of drying shrinkage. 

Interlayer water is moisture that is held between layers of hydration products called 

calcium silicate hydrates. This water is strongly held by the cement matrix and can only be 



removed at humidity levels close to zero. 

Finally, combined water is moisture that is chemically combined with cement to 

form hydration products. This water is part of the cement matrix and can be removed only 

if hydration products are broken down by heating concrete above 100°C. 

This list reflects the order in which water is removed from cement paste because 

each successive water type listed above is more difficult to remove from cement than the 

next. Since removal of free water does not cause shrinkage, it can be concluded that 

shrinkage is not a linear function of water loss. A useful graph of water loss versus 

shrinkage given by Mindess and Young (1981) is shown in Fig.5.1 which shows five 

distinct zones of drylng shrinkage corresponding to the loss of different water types. The 

water type associated with each zone is given in Table 5.1. The loss of adsorbed and 

combined water. associated with zones 4 and 5, can only occur in concrete exposed to fire. 

Under normal conditions, then, it can been from Fig.5.1 that the majority of drying 

shrinkage is caused in zone 2 of this diagram, associated with loss of capillary water. The 

magnitude of shrinkage shown in Fig.5.I should be viewed as approximate for NSC mines 

only. 

Given Fig.5.1, it should be noted that the microstructure of cement paste is not well 

understood and it is not yet possible to fully explain the source or mechanism of concrete 

shrinkage satisfactorily. All proposed shrinkage mechanisms are hypotheses or postulations 

and no:le of them can explain all observed shrinkage behavior. Also, it is highly probable 

that, under any given set of conditions, shrinkage is caused by more than one mechanism. 

Typically, shrinkage hypotheses predict shrinkage to be completely reversible and 

yet it is known that after dryang shrinkage has occurred, only between 30 and 70% of this 

shrinkage can be recovered upon re-wetting (Neville 1995). From Mindess and Young 

(1981), this may be due to several changes in ceme..t paste due to dryng: changes in pore 

size distribution, changes in bonding between hydration products, and the rearrangement of 

hydration products caused by stresses induced by drying. The amount of irreversible 

shrinkage may be minimized by delaying the onset of drying until cement hydration is 

virtually complete. This way, the hydrated cement matrix is less likely to form new 



hydration products while deformed due to stresses induced by drying shrinkage. Upon re- 

wetting, the mature cement matrix will tend to return to its original volume. However, 

creep due to shrinkage stresses may also be responsible for some irreversible shrinkage. 

The most popular explanations for shrinkage are: capillary tension, disjoining 

pressure, surface free energy of solids, and loss of interlaycr water. These mechanisms are 

described in the following sections. 
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53.1 Capillary tension 

Water in capillary pores develops menisci which puts the water into tension. This 

results in forces which pull the pore walls together. The radius of a meniscus is 

proportional to the relative humidity so as the concrete dries, the meniscus radius decreases 

also. However, the stress caused by a meniscus is inversely proportional to its radius. 
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Fig.5.1 - Shrinkage vs. moisiure loss in pure cement paste during drying 
(Mindess and Young 1981) 



Consequently, a reduction in pore relative humidity will increase the capillary tension or 

shrinkage of concrete. At a relative humidity of 40 to 45% or lower, water menisci can no 

longer exist so capillary tension will disappear and should cause the stress in cement paste 

* From Mindess and Young (1981) 

Table 5.1 - Types of water loss associated with zones of shrinkage identified in Fig.5.P 

to relax. This is reason why the shrinkage in zone 3 of Fig.5.1 is small relative to zone 2. 

5.3.? Disjoining pressure 

Disjoining pressure is defined as the sum of: van der Waals forces of attraction 

between particles, double layer repulsion, and structural repulsion. When a system is not 

saturated. capillary forces are also included. Drying decreases the amount of water 

surrounding hydration products in a cement paste. As the amount of water between surfaces 

of hydration products decreases, Van der Waals forces increase. decreasing the disjoining 

pressure between particles. As the disjoining pressure decreases, the hydration matrix is 

drawn closer together, resulting in shrinkage. 

Primary type of water loss 
Free water and capillary water 

Capillary water 
Adsorbed water 
Interlayer water 
Combined water 

Zone 
1 
2 
3 
4 
5 

5.3.3 Surface free energy of solids 

Atoms and molecules at the surface of all materials are in a higher state of energy 

than those away from the surface due to an imbalance of binding energy across the material 

interface. The difference in energy between surface atoms and those away from the surface 

is called surface free energy which acts as a tensile force in surface planes and induces a 

hydrostatic compressive stress on the solid material (Bazant 1988). The adsorption of water 

on the surface of cement particles reduces the surface free energy. The change in free 

energy is greatest when the first layer of water is adsorbed at a relative humidity of 20% 

,. 
Range of relative humidity (%) 

100 - 90 
90 - 40 
40 - 20 
20-0 

0 and elevated temperature 



and becomes negligible after the second layer is adsorbed at a relative humidity of 50%. 

Hence, above a relative humidity of 50%, it is believed that the effect of free energy on 

shrinkage is negligible. 

5.3.4 Loss of interlayer water 

The loss of interlayer water is believed to occur when the relative humidity is below 11% 

(Bazant 1988). For structures under normal conditions, the relative humidity does not drop 

this low so the loss of interlayer water is not considered to be a cause of shrinkage in 

concrete in typical situations. 

5.4 BASIC VERSUS DRYING SHRINKAGE 

Basic shrinkage is caused by the consumption of water by the hydration of 

cementitious material. As discussed in Chapter 2, the majority of hydration occurs within 

the first few days after concrete is mixed. It is not surprising, then, that the majority of basic 

shrinkage also occurs within the fint few days when water consumption by hydration is 

most rapid. In fact, almost 90% of basic shrinkage may occur during fint week of curing. In 

contrast, drylng shrinkage is caused by the loss of water to the environment which requires 

moisture movement through concrete. As a result, drylng shrinkage develops over months 

and even years except near concrete surfaces where some drying may occur within the fiat 

few days. 

It is generally believed that drylng shrinkage is, linearly proportional to moisture 

loss from concrete (Wang 1995). However, for concrete exposed to drylng at ages less than 

approximately 28 days, the rate of drying shrinkage as a function of moisture loss 

decreases. One possible explanation for this behavior is that the amount of free water in 

concrete decreases as concrete matures. Hence at early ages, water lost due to drying is 

largely free water which does not induce shrinkage. At later ages, less free water exists 

because of slow but ongoing cement hydration. Hence, when moisture is lost from mature 

concrete, a greater percentage of lost water is capillary water which is theorized to be 

responsible for a great deal of drylng shrinkage. 



Total shrinkage is not significantly influenced by wlcm. However, the type of 

shrinkage does vary as a function of wlcm. As the w/cn~ decreases below 0.40, the 

proportion of total shrinkage caused by basic shrinkage increases dramatically until at 

approximately w/cm = 0.20, virtually all shrinkage is basic (Sellevold 1994, Tazawa 1994 

and 1996). It has been observed that basic shrinkage increases from 33% of total shrinkage 

for 30MPa concrete with a wlcm = 0.50, to 43% of total shrinkage for 70MPa concrete with 

a wlcm = 0.30 and containing 7-8% silica fume, to 63% of total shrinkage for lOOMPa 

concrete with a wlcm = 0.25 and containing 8-995 silica fume (Khan et al. 1997). A 1 to 2% 

increase in silica fume is probably not the primary cause of the large increase in basic 

shrinkage between 70MPa and lOOMPa concrete. Instead, it appears that a large increase in 

basic shrinkage occurs as the wlcm decreases below 0.30. The increase in basic shrinkage 

also corresponds with a large increase in superplasticizer dosage but no correlation has 

been co-~firrned in the literature. The possible correlation between superplasticizer and 

basic shrinkage is largely academic since, as discussed in Chapter 2, a large increase in 

superplasticizer is required to decrease wlcnr below approximately 0.30. 

Above wlcm = 0.40, virtually all shrinkage is drylng shrinkap. This effect has been 

linked to the changing pore structure of concrete as the wlcni decreases, and the changing 

relative humidity inside concrete as cement hydrates (CEB-FIP 1992, Jonasson et a!. 1994). 

The following mechanism is suggested for the cause of this behavior. Concrete containing 

less water results in fewer large pores and more smaller, capillary pores due to the 

consumption of water by hydration or drying. Below a value of w/cm = 0.40 there is 

insufficient water to facilitate complete cement hydration. Hence, as hydration p-ogresses 

in concrete with low wlcm, the relative humidity in the pores decreases to as low as 

approximately 70%. The menisci induced by the remaining water in the capillary pores of 

the concrete combined with the low relative humidity induces forces in the concrete which 

cause the concrete to shrink. For wlcm > 0.40, sufficient water is present in capillary pores 

so that menisci do not induce s:rong forces in :ie cement matrix until further moisture is 

lost due to drying. 

Below wlcm = 0.40, the amount of drying shrinkage decreases. One possible reason 



Relative Humidity (RHl10046) 
Fig.5.2 - Influence of relative humidity on concrete diffusivity (Bazant and Najjar 197 1) 

for this is a dramatic reduction in concrete diffusivity as the pore relative humidity 

decreases below approximately 80%, which is common for HPC (Wang el al. 1996). 

Fig.5.2 shows the relationship between diffusivity and pore relative humidity relative to 

saturated concrete diffusivity, as found by Bazant and Najjar (1971). This figure shows a 

sudden decrease in diffusivity as the pore relative humidity drops below 80%. The 

magnitude of diffusivity levels off at approximately 5% of its initial value as relative 

humidity drops below approximately 70%. 

An additional mechanism for decreased drying shrinkage in HPC is also related to a 

decrease in the number of larger, or macro pores and an increase in the number of capillary 

pores. As pore size decreases, water diffusivity also decreases, and as hydration progresses 

water diffusion is hindered further because capillary pores become discontinuous. This 

explains the increase in time to cracking in restrained concrete due to drying shrinkage as 

water content decreases (Suzuki et al. 1993). 

Pore size distribution also been linked to the effect of curing on concrete shrinkage. 

For NSC, the length of curing influences the shrinkage at early ages. Earlier exposure to 

drying increases maximum shrinkage. This may be because at early ages, more water is 

readily removed from concrete. Hence, water lost at later ages is typically capillary water, 



not free water, so shrinkage increases. For HPC, curing does not influence concrete 

shrinkage once the capillary pores become discontinuous (Wang et a!. 1997). This typically 

occurs in HPC after approximately 24 hours of curing. Practically, curing is applied for 

several days during construction. with little variation in application procedures. Hence, the 

effects of curing are relatively constant and therefore the influence of curing duration on 

shrinkage can be neglected (CEB-FIP 1990). 

5.5 DIFFERENTIAL SHRINKAGE 

Because moisture diffusivity in concrete is very low. drying shrinkage will occur 

only near concrete surk: 5. In fac:, drylng shrinkage in the middle of a massive concrete 

structure may not occur over its lifetime. Similar to work by Bazant and Najjar discussed in 

section 5.4, Sakata (1983) shows that concrete diffusivity decreases rapidly as moisture 

content decreases from 100% to 80%. below which diffusivity remains relatively constant. 

Based on this observed behavior, Sakata indicates that due to extremely low diffusivity, 

concrete specimen size does not significantly influence the progression of drying into a 

concrete member. For NSC where drying begins after only seven days of curing, moisture 

loss is significant to a depth of only 40 to 60mm after 120 days of drying, regardless of 

specimen size. 

Because drylng shrinkage only occurs near the surface of concrete members, free 

drying shrinkage is restrained by concrete further from a drying surface, reducing the 

apparent, or observed, concrete shrinkage. This restraint will induce residual tensile stresses 

that may cause cracking or softening of the concrete, but these stresses may be alleviated by 

the effects of creep (Pigeon et al. 1996). As concrete member size increases, the degree of 

restraint also increases, causing the apparent shrinkage to decrease. 

Currently, shrinkage prediction models do not estimate free drying shrinkage. 

Hence, to account for the influence of member size on observed shrinkage, models typically 

intraduce a term reflecting the effective thickness of a concrete member, calculated as twice 

the volume to surface ratio. Diffusion theory indicates that the shrinkage rate should be 



proportional to the effective thickness squared (Bazant and Panula 1978). Restraint due to 

differential shrinkage should also influence shrinkage development and ultimate apparent 

shrinkage, however models neglect this effect due to its dependence on creep and residual 

stresses. Prediction models assume that member size delays drylng shrinkage rather than 

altering the ultimate value of drylng shrinkage. 

It has already been mentioned above that relative humidity within a concrete 

structure significantly influences concrete shrinkage. In addition to internal humidity, 

ambient relative humidity surrounding a concrete structure will also influence shrinkage at 

surfaces exposed to drying. Clearly, when ambient relative humidity is high, concrete 

drylng, and hence shrinkage, is slowed. Assuming shrinkage to be inversely proponional to 

relative humidity, lower ambient humidity will cause higher ultimate drylng shrinkage. In 

order for this to occur, low levels of ambient humidity must be sustained for long periods of 

time because due to very low moisture diffusivity, external relative humidity does not 

influence the rate of apparent drying shrinkage (Neville 1995). However, the influence of 

ambient relative humidity on differential shrinkage will be significant since surface drying 

will be accelerated at low levels of relative humidity, causing higher residual tensile 

stresses at exposed concrete surfaces. 

While drylng shrinkage is commonly considered to be responsible for differential 

shrinkage, basic shrinkage can also be the cause if hydration rates vary considerably within 

a concrete member. Typically, concrete temperature due to hydration is lower at concrete 

surfaces so basic shrinkage may cause tensile stresses within a member rather than at 

exposed surfaces. However, if one side of a concrete member cures at a higher temperature 

than the other, basic shrinkage may cause tensile stresses on the hotter surface. Drying 

shrinkage will cause tensile stresses at all exposed surfaces. Potentially therefore, basic and 

drying shrinkage can simultaneously induce tensile stresses at exposed surfaces which may 

be high enough to cause cracking. 



5.6 INFLUENCE OF CONCRETE AGGREGATE 

It is generally understood that stronger aggregate reduces concrete shrinkage. From 

the shrinkage mechanisms discussed above, aggregate in concrete resists deformation of 

cement paste. Hence, aggregate with a higher elastic modulus will reduce the apparent 

shrinkage of concrete. However, investigators have concluded that aggregate type does not 

influence the shrinkage of HPC (Han and Walraven 1997). Several explanations are 

possible for this apparently contradictory conclusion. It has been established that the 

shrinkage characteristics of HPC are different than those of NSC. Consequently, care must 

be taken to ensure that total shrinkage is measured to ensure a comparison between 

concrete types is valid. Another reason for conflicting conclusions is that high quality 

aggregates are typically used in HPC. This results in lower aggregate property variability 

and, apparently, less influence of aggregate type on concrete shrinkage. 

In addition to aggregate type, aggregate content also plays an important role in 

observed concrete shrinkage. For all types of concrete, as the ratio of aggregate to concrete 

volume increases. observed shrinkage decreases (Neville 1995, Le Roy et al. 1996). 

Quantitatively, the effect of aggregate content on obsenred concrete shrinkage is given by 

Neville (1995) as the following equation, plotted in Fig.5.3, which gives concrete shrinkage 

as a function of shrinkage in 100% cement paste. 

where a = aggregate to concrete ratio by volume, 

n = fitted variable in the range of 1.2- 1.7 depending on concrete mix. 

In practice, the aggregate content is greater than approximately 50%, and in HPC it 

is generally higher than 70% (Wang et al. 1997) so the variability in concrete shrinkage due 

:o aggregate content is smaller than what might be concluded from Fig.5.3. In addition, this 

relationship is based on observed drying shrinkage so in cases where basic shrinkage is 

significant, such as HPC with a very low wicm, this relationship should be used with 

caution. 
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Fig.5.3 - Influence of aggregate content on concrete shrinkage (Neville 1995) 

The influence of aggregate grading and size is not normally considered when 

assessing concrete shrinkage. Bazant and Panula (1980) conclude that it is essential to 

consider sand content as well as ratio of sand to gravel in addition to overall aggregale 

content when predicting shrinkage. Practically, however, the variation of aggregate gnding 

and size is limited by industry standard associations. For most concrete applications, the 

significance of grading and size relates more to concrete workability and maximizing 

aggregate content in HPC (Neville 1995). 

5.7 INFLUENCE OF POZZOLAN REPLACEMENT 

The most significant change in concrete shrinkage characteristics due to pozzolan 

replacement is achieved by silica fume replacement. A silica fume replacement level of 6- 

7% decreases drying shrinkage by 50% although higher silica fume replacement levels do 

not further reduce drying shrinkage (Lange et al. 1997). This finding is supported by test 

results indicating that the rate of moisture loss in concrete containing silica fume decreases 

rapidly at very early ages, virtually halting after only 24 hours (Wang et al. 1997). The high 

fineness of silica fume is credited with reducing pore size which, as already discussed, 



reduces water diffusivity. The benefits of reduced drying shrinkage are offset by potentially 

higher basic shrinkage due to silica fume replacement (Weigrink et al. 1996). 

The influence of slag replacement on concrete shrinkage is very similar to the 

influence of wlcm. Total shrinkage is not influenced by slag replacement level, however the 

time at which shrinkage occurs is. Early shrinkage is increased by up to 30% for high slag 

contents but long term shrinkage is reduced. This behavior is attributed to delayed slag 

hydration and long term concrete strength gain when slag is used (Brooks et al. 1992). 

Increased slag fineness and increased gypsum content have been found to reduce 

total concrete shrinkage. The former decreases concrete pore size which reduces water 

diffusivity, and the later increases the rate of hydration which causes pores to become 

discontinuous earlier as well as higher early concrete strengths to resist shrinkage 

deformations (Schrage er al. 1994, Tomosawa et (11. 1996). 

Type F or Type C fly ash replacement at moderate levels (less than 30%) does not 

significantly influence concrete shrinkage (Malhotra and Ramezanianpour 1994). One 

possible explanation for this is that fly ash fineness is approximately the same as cement 

fineness so concrete pore size distribution is not altered by the presence of fly ash. 

Consequently, for shrinkage prediction models, fly ash may be treated as if it was Type 10 

cement. 

5.8 INFLUENCE OF TEMPERATURE 

It is well known that an increase in concrete temperature causes an increase in the 

rate and ultimate magnitude of drying shrinkage in mature concrete (Neville 1995). 

Unfortunately, little research has been conducted to quantify the influence of temperature 

on concrete shrinkage, especially at early ages. This could be because basic shrinkage has 

been considered significant only since the development of HPC. In addition, the majority of 

drying shrinkage occurs after concrete temperature has stabilized at or near ambient 

temperatures, except in special concrete applications such as nuclear containment structures 

where consistently high thermal loads are applied well after concrete has matured. 



The cause of increased shrinkage due to temperature is not clearly understood, and 

probably is the result of more than one mechanism. One explanation is that increased 

temperature causes a drop in pore relative humidity, resulting in increased drymg. Also, 

concrete moisture diffusivity increases rapidly with temperature resulting in increased 

drying. Another reason for increased dlylng at elevated temperatures is that water diffusion 

is thermally activated. Higher temperatures raise water molecules in concrete to a higher 

energy level, allowing bonds between water molecules and the cement matrix to be broken 

more easily. 

The influence of temperature on basic shrinkage has not been estab!ished in the 

literature. Basic shrinkage is linked directly to water consumption by the hydration of 

cementitious materials. Consequently, it is assumed in this study that the rate of basic 

shrinkage and the rate of hydration are influenced by temperature in the same way. The 

influence of temperature on hydration is discussed in Chapter 2. 

Drying shrinkage models such as those proposed by Bazant and Panula (1978) as 

well as the CEB-FIP Model Code (1990) describe the influence of temperature using the 

concept of activation energy. To account for increased drying at elevated temperatures, the 

effective member size is reduced, resulting in an increased rate of drying shrinkage at all 

ages. The influence of elevated temperature on the development of drying shrinkage as 

predicted by the CEB-FIP Model Code and the Bazant-Panula (BP) model are shown in 

Fig.5.4. These two models predict the same development of drying shrinkage at a reference 

temperature of 20°C yet predict significantly different shrinkage development at elevated 

temperatures. This is not surprising given the lack of shrinkage experiments conducted at 

elevated temperature. Also shown in Fig.5.4 is the drylng shrinkage development predicted 

using the concept of maturity that is used in this study for the prediction of basic shrinkage 

at elevated temperatures. Clearly, drying shrinkage is more sensitive to temperature than 

predicted by the maturity concept. 

At early ages, drying shrinkage is offset by a rapid increase in strength which tends 

to decrease concrete shrinkage. This is because thermal equilibrium is reached well before 

moisture equilibrium so the rate of cement hydration is increased more rapidly than the rate 



100 - 
:Effective concrete thickness = 150mm. 

= 80 -:Influence of RH neglected. . - 
L 

0 7 14 21 28 

Drying time (days) 

Fig.5.4 - Effect of temperature on drylng shrinkage development 
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of drylng shrinkage. Hence, the cement matrix is able to offer a higher degree of restraint to 

deformation, reducing the apparent shrinkage strain. 

Research by Day and Gamble (1983) suggests that the influence of temperature on 

concrete may not be constant with time. As concrete deforms with time due to a variety of 

factors including shrinkage, the activation energy of concrete may increase. This being the 

case, the influence of temperature on shrinkage will increase with time. The time dependent 

influence of temperature on shrinkage can help to explain the differences between the 

temperature functions adopted by Bazant and Panula, and the CEB-FIP Model Code. 

Currently, prediction of temperature effects on shrinkage is largely theoretical due to lack 

of research in this field. 

Typically, concrete structures experience elevated temperatures for only short 

periods during construction. Hence, the influence of sustained elevated temperature on 

concrete shrinkage is beyond the scope of this investigation. 



5.9 SHRINKAGE PREDICTION MODELS 

Researchers have developed many models to predict the shrinkage of concrete 

composed of a variety of materials in different proportions and subjected to a variety of 

environmental conditions. Existing models, however, are based on empirical studies with 

minimal theoretical grounding. As mentioned above, existing models predict overall. 

average shrinkage for a given concrete cross-section and neglect the influence of 

differential shrinkage and applied loads. Consequently, no model can be considered 

comprehensive for all conditions. The development of HPC has prompted many researchers 

to re-evaluate the shrinkage behavior of concrete which has lead to a greater understanding 

of concrete shrinkage mechanisms. This has lead to proposed modification of existing 

models, and the development of new models to account for the shrinkage characteristics of 

HPC (Han et al. 1996). 

The following two sections describe well known models which were originally 

developed to model the shrinkage behavior of NSC: the Bazant-Pmula (BP) models (1978, 

1980) and the CEB-FIP Model Code (1990). Two models recently developed for HPC are 

summarized in subsequent sections: the French Building Code (AFREM) as outlined by 

Le Roy et al. (1996). and the model by Dilger et of. (1997). These four models are then 

compared based on shrinkage predicted at early ages, which is of most interest to this 

investigation. For the purposes of comparison, concrete volume reduction due to shrinkage 

is defined as positive. To facilitate comparisons between models, symbols are used 

consistently in all models, and equations are shown in similar forms where possible. 

The BP model proposed in 1978 accounts for the influence of all variables observed 

to influence the development and magnitude of concrete shrinkage. As a result, this model 

is quite laborious and the influence of individual variables is not always apparent due to the 

complexity of proposed equations. In an effort to make their model more appealing to 

designers, the 1980 BP model represents a simplified model which attempts to eliminate 



variables which, for the purposes of design, do not significantly influence concrete 

shrinkage. This simplified model is summarized below. 

Typical of NSC shrinkage prediction models, shrinkage is not divided into 

components. This is acceptable because basic shrinkage of NSC is small relative to drying 

shrinkage so predicted shrinkage actually represents drylng shrinkage exclusively. 

Shrinkage is calculated based on an ultimate, final value of shrinkage and a term describing 

the development of shrinkage over time. 

where 2, predicts the ultimate shrinkage, and B,(t,t,) predicts the development of shrinkage. 

The ultimate shrinkage is calculated as: 

where 

(-020 for RH = 100% 

and 

While [5.2] through 15.51 appear straight forward, the prediction of ultimate shrinkage 

depends on the term "f', which, in turn is a function of concrete composition and strength. 

and is calculated as: 

where: d c  = aggregate to cement ratio (by mass), 

g/s = gravel to sand ratio (by mass), 



S/C = sand to cement ratio (by mass), 

wlc = water to cement ratio (by mass), 

kc = 28 day concrete cylinder strength in ksi. 

Bazant and Panula suggest that concrete composition should be considered to 

accurately predict concrete shrinkage. This equation indicates that as olc, g/s, s/c, and 

strength increase, shrinkage decreases, with shrinkage strongly influenced by coarse 

aggregate content. However, as wlc increases, shrinkage increases. Unfortunately, [5.6] 

does not facilitate a quick understanding of the effects of concrete composition on 

shrinkage. Furthermore, th- wiables included in this equation are typically unknown to 

designers who must apply this model. While it is recognized t h ~  the BP model is capable 

of modeling NSC shrinkage relatively accurately, the complexity of [5.6] and the 

knowledge of concrete mix required to use this model has limited the acceptance of this 

model among designers. However, this model is still used for comparison purposes when 

new shrinkage models are developed. 

In the more complex BP model (1978), ultimate shrinkage is also a function of 

concrete elastic modulus, which in turn is influenced by aggregate type. It was found that 

little error was introduced by eliminating this dependence, which is discussed in more 

detail in section 5.6. 

The time development of shrinkage is calculated as the square root of a hyperbolic 

equation which is adjusted to account for the influence of size and shape on the rate of 

drylng shrinkage. 

where 



and: t, = age at which drying begins in days, 

t-t, = duration of drylng, 

ks = shape factor = 1.0 for slabs, 

h = effective cross-section thickness in mm, 

C,(ts) = coefficient proportional to concrete moisture diffusivity at t,, 

V/S = concrete volume to surface area ratio in mm. 

In the more complex model presented in 1978, time development of shrinkage is 

also a function of temperature, however since the development of dryng shrinkage in most 

structures occurs over a very narrow range of temperature, this term is omitted in the 

simplified model proposed in 1980. The influence of temperature on shrinkage as predicted 

by the 1978 model is discussed in section 5.8. 

5.9.2 CEB-FIP Model Code (1990) 

Because the CEB-FIP Model Code was also originally developed to predict 

shrinkage of NSC, its form is very similar to the BP models discussed in the previous 

section. The CEB-FIP Code is valid for concrete strengths up to approximately 90MPa, 

however it is stated that caution should be exercised when this model is used for concrete 

with a compressive stremgth in excess of approximately 60MPa due to the lack of 

information available when this model was developed. 

The shrinkage at a given time is calculated as: 

where predicts the ultimate shrinkase, and fl(t,t,) predicts the development of shrinkage. 

The ultimate concrete shrinkage is c; zulated as: 

where 



and 

1- 0.25 for RH 2 99% 

From [5.8] and [5.9], the ultimate shrinkage is calculated based on the 28 day 

concrete mean compressive strength, f;n in MPa. From a designer's perspective, this is a 

significant advantage over the BP model. The coefficient B, in [5.9] accounts for the 

influence of cement type on shrinkage and is equal to 5 when normal cement or rapid 

hardening cement is used, and is equal to 8 when rapid hardening and high strength cement 

is used. This distinction is important when considering HPC, however, clear guidelines 

describing the conditions under which each value of a should be used are not given. 

The development of shrinkage is calculated as: 

It has been shown that this model yields an acceptable level of accuracy for NSC, 

but significantly underestimates shrinkage that occurs before 28 days for HPC (Han and 

Walraven 1997). Predominantly, this shortcoming is related to the inability of the CEB-FIP 

Model Code, or the BP models, to predict basic shrinkage. The following two models 

address the differences in shrinkage behavior observed for HPC. 

5.9.3 French Building Code (Le Roy et al. 1996) 

The French Building Code (AFREM) shrinkage prediction model is valid only for 

HPC with an aggregate concentration > 0.67, and accounts for silica fume 

replacement 2 5%. These characteristics are typical of HPC which also has high strength. 

Total concrete shrinkage at any given time is divided into two parts: basic shrinkage, and 

drylng shrinkage. 



The development of basic shrinkage reflects the hydration reaction stages and the 

corresponding concrete strength development. At an age of approximately four hours, 

concrete strength is assumed to be 10% of the 28 day mean strength. Before this time, no 

basic shrinkage occurs. After 28 days, the development of basic shrinkage is no longer a 

function of strength development because compressive strength is assumed to remain 

constant. The strength development predicted by AFRWl is discussed in more detail in 

Chapter 3. 

fc (') 2 0.1 and r < 28 days: For - 
f c, 

For t t 28 days: 

&bs ('9 fCx) = ( f rz  - 20) * ( 2 8  - 1.1 ex($)) - lo-' 

Drying shrinkage is calculated based on the difference between the internal and 

external humidity as well as on concrete moisture diffusivity. In a form similar to the 

shrinkage models for NSC, dryng shrinkage is calculated as: 

where 

The variable K G )  is proportional to HPC moisture diffusivity which decreases as 

concrete strength increases. 

for f,, 157MPa 
for f,, 257MPa 



The term A(fx,RHdm) reflects, the reduction in intemal relative humidity caused by 

the consumption of water by the hydration reaction, or, the self-desiccation potential of 

concrete. After three months, the internal relative humidity of HPC can be as low as 75% 

when silica fume is used and wlcm is low. 

AFREM predicts the development of drylng shrinkage in a similar manner to that 

predicted by NSC models, however, the square root has been dropped for this model which 

significantly reduces the early age drylng shrinkage. 

where 

0.007 for silica fume concrete 
fl& = {  0.02 1 for non - silica fume concrete 

It is claimed that the overall accuracy of this shrinkage model is f30% (Le Roy 

et al. 1996). It should be emphasized that this model is applicable only to high strength 

HPC and does not provide for transitional shrinkage behavior for NSC that approaches the 

criteria for HPC. Hence its range of applicability is very limited. 

5.9.4 Dilger et al. (1W7) 

The shrinkage model proposed by Dilger et al. (DNW) has been developed for HPC 

with 0.15 c wlcm c 0.40, normal aggregate, and a paste volume of approximately 30% of 

concrete. The use of superplasticizer and silica fume with a replacement level 1 5% is also 

accounted for. These criteria are typical of HPC mixes. The paste volume of concrete is 

typically not known to designers, however this is useful information for researchers 

wanting to compare test results with this prediction model. 
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Similar to the AFREM model, total HPC shrinkage is divided into basic and drying 

shrinkage. The ultimate basic shrinkage is a function of wlcm, however the use of silica 

fume increases basic shrinkage by a constant amount, independent of replacement level. 

The equation for basic shrinkage development is similar in form to that used by the 

AFREM model but is a function of w/cm. As w/cm decreases, the rate of basic shrinkage 

increases. Time is calculated from the time of initial set. 

where 

and 

The ultimate drying shrinkage of HPC is influenced by wlcm and 28 day concrete 

compressive strength, J28 in MPa. This influence of ambient relative humidity on drying is 

calibrated based on shrinkage in an environment with 50% relative humidity. Higher or 

lower relative humidity will decrease or increase drylng shrinkage respectively. When 

relative humidity is greater than 9046, swelling results. 



where 

and 

The time development of drying shrinkage is affected by the volume-to-surface 

area, V/S, in mm and the duration of curing, t. in days. 

where 

This model was developed using test data available in the literature as well as from 

tests conducted on the Tsable River Bridge and the Confederation Bridge. These two 

bridges are also the focus of experimental work conducted in this investigation. 

Consequently, this model is used in subsequent chapters to evaluate the influence of 

shrinkage on concrete stresses during construction. It should be noted that this model 

considers a wide range of HPC. Consequently, it may be capable of modeling the transition 

between NSC and HPC which would be a significant advantage over the HPC model 

proposed by AFREM. 

5.9.5 Comparison of shrinkage models 

Comparison of these four shrinkage models is difficult due to the many panmeters 

used in each model, and the importance of particular parameters in some models which are 

not even used in other models, especially when comparing NSC and HPC shrinkage 



models. To illustrate the differences between models, the shrinkage predicted for several 

hypothetical concrete mixes under certain conditions is calculated and plotted in 

Figs.5.5-5.8 for concrete at early ages. 

Redicted basic shrinkage using the BP and CEB-FP models is small or neglected. 

Hence, it is assumed the shrinkage predicted using these two models represents drylng 

shrinkage. Basic shrinkage predicted using the AFREM model and the DNW model are 

shown in Figs. 5.6 and 5.7. Comparison between these models is difficult because the 

AFREM model predicts basic shrinkage as a function of w/cm while the DNW model uses 

concrete strength. Also, the AFREM model does not explicitly contain a term for ultimate 

basic shrinkage. To overcome this, basic shrinkage calculated at 25 years is taken to 

represent ultimate basic shrinkage for the AFREM model. 

From Fig.5.5, predicted ultimate basic shrinkage is very similar for these two 

models assuming that w/cm and concrete strength are proportional, however the DNW 

model predicts higher basic shrinkage if silica fume is used. While neither model predicts 
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Fig.5.5 - Ultimate basic shrinkage predicted by AFREM and DNW models 



basic shrinkage as a function of concrete mix explicitly, both models are only valid for 

mixes with high aggregate content and low wlcm. 

The development of basic shrinkage as predicted by AFREM and DNW models is 

shown in Fig.5.6 for concrete age up to 28 days. From this figure, it can be seen that basic 

shrinkage development predicted by the AFREM model is slower than that predicted by the 

DNW model. Basic shrinkage predicted by the AFREM model does not approach basic 

shrinkage predicted by the DNW model until after approximately one year. Also, the DNW 

model indicates that as w/cm increases, the intensity of basic shrinkage decreases. 

While drylng begins as soon as formwork is removed, the majority of drylng 

shrinkage typically occurs well after the heat of hydration has dissipated and concrete has 

returned to ambient temperature. Nevertheless, for this study it is useful to evaluate the 

magnitude of drylng shrinkage in order to fully understand the differences between 

shrinkage models as well as the differences between NSC and HPC. For comparison and to 

enhance early age drylng shrinkage, it is assumed that ambient relative humidity is 50% and 

concrete effective thickness is 150m.m. Similar to basic shrinkage, comparison between 

- DNW: w/cm = 0.25 - DNW: w/cm = 0.40 
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Fig.5.6 - Basic shrinkage development predicted by AFREM and DNW models 



models is difficult since the AFREM and CEB-FIP models are primarily a function of 

concrete strength while the DNW model is primarily a function of wlcm, and the BP model 

is primarily a function of concrete composition. Despite these difficulties, ultimate drying 

shrinkage predicted by the AFREM, DNW, BP, and CEB-FIP models is shown in Fig.5.7 

as a function of concrete strength. Since wlcm and concrete strength typically correlate 

well, the BP and DNW models are plotted for several values of wlcm in order to properly 

assess these two models. Composition variables used for the BP model are: d c  = 5.0, 

gls = 1.7, slc = 2.0. The time at which concrete is exposed to drying is set equal to 7 days 

for the BP and DNW models. 

From Fig.5.7, the range of predicted ultimate shrinkage is large, particularly for 

higher strength concrete. This is not surprising given that the four models are not applicable 

to the same types of concrete. The AFREM and CEB-FIP models are strongly dependent on 

concrete strength while the DNW model is strongly dependent on wlcm. Assuming a strong 

correlation between strength and wlcm, these three models predict a similar trend in 

shrinkage behavior, although the predicted magnitude of ultimate shrinkage varies 

M =  50%, h = 150rnm 4 BP: wlcm = 0.40 

+ BP: wlcm = 0.30 

+CEB-FIP 
+ DNW: wlcm = 0.40 

+ D W :  wlcm = 0.30 
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Concrete strength (MPa) 

Fig.5.7 - Ultimate drying shrinkage predicted by AFREM, BP, CEB-FIP, and DNW 
model s 



significantly. The BP model shows little variation with strength or wlcm but similar 

magnitude of ultimate shrinkage for low strength concrete. It should be noted in Fig.5.7 that 

the highest ultimate drylng shrinkage is predicted by the DNW model for concrete with 

wlcm = 0.40. Like the AFREM model, it is expected that the DNW model would predict 

lower drylng shrinkage than models developed for NSC. However, the DNW model should 

not be evaluated without also considering predicted d y n g  shrinkage development. 

The development of drylng shrinkage predicted using the four models considered in 

this study is shown in Fig.5.8. For consistency, the same parameters used to calculate 

ultimate drying shrinkage are used to calculate drying shrinkage development for each 

model. From Fig.5.8, it can be seen that the BP and CEB-FiP models predict virtually 

identical drying shrinkage development. The DNW model predicts the lowest rate of drying 

shrinkage of the four models considered here. In fact, the DNW model predicts that only 

75% of the ultimate drying shrinkage occurs after 25 years. Hence, accounting for the 

higher predicted ultimate drylng shrinkage as noted above, the DNW model predicts similar 

drylng shrinkage and drylng shrinkage development as the AFREM and CEB-FIP models. 

* AFREM with silica fume 

+ AFREM without silica fume 
4 BP 

I Time since exposed to drying (days) I 
L I 

Fig.5.8 - Drying shrinkage development predicted by AFREM, BP, CEB-FIP, and 
DNW models 



Also from Fig.5.8, the AFREM model predicts a higher nte of drying shrinkage for 

concrete containing silica fume. This can be compared with the DNW model which 

increases the ultimate basic shrinkage when silica fume is present. Therefore, when basic 

and drying shrinkage are combined, the AFREM and DNW models predict a similar trend 

in overall shrinkage behavior when silica fume is used. However, while the trend in 

behavior is the same, Dilger et al. (1997) show that the AFREM model underestimates 

shrinkage except for very high strength concrete. Hence, the AFREM model should be 

regarded as representing one extreme in concrete shrinkage behavior with the high 

shrinkage of low quality NSC at one extreme, and the low shrinkage of very high strength 

HPC at the other. 

This study is primarily concerned with early age shrinkage behavior, before 

concrete temperature has returned to ambient levels. This typically occurs after one or two 

weeks, and very rarely up to 4 weeks after concrete is poured. From Fig.S.8, it is clear that 

up to 20% of ultimate drylng shrinkage occurs after four weeks, with as little as 5-10% 

occurring after two weeks. From Fig.5.6, over 90% of ultimate basic shrinkage occurs 

during the same period. Therefore, particularly when HPC is used, the accuracy of 

shrinkage prediction at early ages is not compromised if dr-ng shrinkage is neglected. For 

NSC which has very little basic shrinkage, this approximation is not valid. 

5.10 SUMMARY 

Existing shrinkage prediction models estimate apparent shrinkage rather than free 

shrinkage. This presents a problem when crack prediction is important because the residual 

tensile stresses at concrete drylng surfaces cannot be estimated. Hence, none of the 

available shrinkage models can be considered comprehensive when predicting shrinkage 

behavior of a particular concrete mix. However, the models discussed in this chapter serve 

as excellent tools for evaluating the significance of particular parameters affecting concrete 

shrinkage. 

The shrinkage behavior of HPC is very different than that of NSC. When 



considering shrinkage of HPC, it is very important to distinguish between basic and drying 

shrinkage in order to determine the magnitude of ultimate or final shrinkage. More 

importantly for this study, this distinction is essential when determining the development of 

HPC shrinkage. Basic shrinkage occurs at early ages over a period similar to that of 

hydration, while drying shrinkage occurs very slowly, governed by concrete diffusivity. 

When dealing with NSC, little basic shrinkage occurs. Hence NSC shrinkage is typically 

small at early ages. 

For this study, shrinkage behavior is predicted using the DNW model, developed 

using data from the literature as well as from construction projects also evaluated in 

Chapter 9 of this study. 



6.0 CREEP OF CONCRETE 

6.1 INTRODUCTION 

Under sustained load, unrestrained concrete deformation, quantified as strain. 

continues to increase with time. This increase in strain is called creep. Creep is also 

responsible for the relaxation of concrete stresses under constant strain. Creep strain can be 

two to four times greater than initial elastic deformation so creep can significantly alter the 

magnitude and distribution of concrete stresses. This chapter discusses the causes of creep 

as well as the v k ~ b l e s  influencing the magnitude of creep. Finally, models used to predict 

the magnitude and time development of creep are described. 

Load-induced time-dependent deformation is generally expressed as a ratio of creep 

strain to elastic strain, or creep coefficient. Creep is also quantified as specific creep which 

is the creep strain caused per unit of applied stress, or using a creep function, also called 

creep compliance, which is defined as the total (elastic plus creep) strain per unit of applied 

stress. Creep prediction models typically estimate a creep coefficient which is then used to 

determine the creep function for a given concrete. 

6.2 TYPES OF CWEP 

For structural analysis, and also for the purposes of classification, creep can be 

divided into basic and drylng creep. This distinction is based on the influence of moisture 

migration in concrete on the development and magnitude of creep. Basic creep occurs 

without moisture exchange with the environment. This condition exists within mass 

concrete, and when the relative humidity both inside and surrounding a concrete specimen 

are equal. In a lab, this condition is simulated by sealing a concrete specimen as soon as it 

is cast, or drying a specimen prior to loading. 

Drying creep is the difference between the total creep of unsealed concrete and the 

basic creep of the same concrete. In practice, basic and drying creep occur simultaneously, 



however drylng creep occurs near surfaces where moisture exchange is possible, while 

basic creep occun throughout a concrete structure. It should be noted that, in addition to 

concrete surfaces, cracks within a concrete member may constitute a drying surface around 

which drying creep can occur. 

As discussed in Chapter 5, dtylng shrinkage is caused by moisture exchange with 

the environment. It is commonly assumed in structural analysis that dryng creep and drying 

shrinkage are independent phenomena. While this assumption simplifies an analysis 

considerably, it is not necessarily correct. It is well known that when drylng creep and 

drylng shrinkage occur in the same specimen, the total deformation is greater than the sum 

of creep and shrinkage recorded separately on companion specimens. To overcome this 

potential problem, drying creep is defined as time-dependent deformation in excess of 

shrinkage plus basic creep (Neville et al. 1983). 

Creep deformation can also be divided into recoverable and irrecoverable 

components. Recoverable creep, also called delayed elastic strain, occurs when load is 

removed, either partially or completely, and develops rapidly reaching a maximum in a few 

weeks. Irrecoverable creep, also called flow, is residual strain which remains after load is 

removed and recoverable creep has occurred. Each component of concrete deformation is 

illustrated in Fig.6.l. 

The development of HPC has caused renewed interest in the field of creep 

prediction because the creep behavior of HPC is different than that of NSC. The following 

sections discuss the different types of creep and the variables influencing creep behavior. 

Specific reference is made to the creep behavior of HPC and concepts that reconcile the 

differences between creep of HPC and creep of NSC. 

6.3 MECHANISMS OF CREEP 

A large volume of research has been conducted in the field of concrete creep. and 

has been summarized by many authors including Neville et al. (1983). It should also be 

recognized that despite this high level of research activity, many important issues remain 
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Fig.6.1 - Definition of time-dependent deformation terms 

unresolved due to the complexity of concrete as a material. Because of the slow 

development of concrete creep, tests require a very long time to complete. In fact, an 

ultimate, or final value of concrete creep has never been observed, making long term creep 

behavior very difficult to determine. 

Despite these difficulties, several theories describing the mechanisms of creep have 

been proposed. It is generally accepted that the causes of creep are the same as the causes of 

shrinkage. However, creep is more complicated than shrinkage because the effects of 

externally applied loads must also be accounted for. Similar to shrinkage, difficulties in 

distinguishing between real and apparent creep mechanisms exist. Differential drying and 



microcracking may modify concrete behavior caused by real mechanisms which are related 

to material properties. The following sections describe three prominent creep mechanisms: 

viscous flow, seepage, and activation energy. 

6.3.1 Viscous flow theory 

Viscous flow theory describes concrete as being composed of cement paste and 

aggregate. Cement paste behaves as a fluid whose viscosity increases with age, 

comesponding to the hardening of concrete. The flow of paste is damped by the presence of 

aggregate which does not flow. Under stress, cement paste creeps, or flows, transferring 

stress slowly over time from the paste into the aggregate. The rate of creep decreases with 

time as stress in the paste decreases. 

6.3.2 Seepage theory 

Unlike viscous flow theory, seepage theory accounts for volumetric change. 

Seepage theory attributes creep to the movement of adsorbed and interlayer water caused by 

externally applied pressure. Viscous water flow causes a reduction in water pressure which 

is then redistributed to the matrix of hydration products and aggregates. As a result, the 

level of stress in the concrete elastic skeleton increases, causing the concrete to creep, and 

under compressive stress, causing a reduction in volume. Although similar to shrinkage 

mechanisms, seepage theory relies on external pressure instead of internal moisture 

gradients to induce moisture migration. 

63.3 Activation energy theory 

Activation energy theory describes concrete creep as a process similar to the 

behavior of a chemical reaction. Creep is considered to occur within the cement paste at 

many locations called creep centers. The products of cement hydration are held in place by 

a characteristic force called activation energy. Displacement of a particle relative to 

adjacent particles at a creep center requires that the characteristic energy be overcome. The 

magnitude of displacement is dictated by the amount of energy supplied to the particle by 

an externally applied load or temperature char Ze. Activation energy theory is discussed in 



more detail in section 6.7 where the influence of temperature on creep is considered. 

Like shrinkage, no single creep mechanism theory can explain all observed 

behavior. It is likely that more than one mechanism is responsible for causing different 

creep characteristics. Typically, short term creep is attributed to moisture movement within 

concrete while long term creep is attributed to movement of the cement hydration product 

matrix (Bazant 1986, Day and Gamble 1983). Based on existing research, however, the 

distinction between short and long term creep is arbitrary. 

6.4 INFLUENCE OF AGGREGATE ON CREEP 

Aggregate, except for some types of sandstone, does not exhibit creep. Hence, the 

presence of aggregate restrains the flow of cement paste. Similar to shrinkage, the degree of 

restraint against creep is influenced by aggregate content and elastic modulus. The 

influence of aggregate content on the magnitude of creep may be predicted using [5.1], 

however the exponent in this equation may range from 1.0 to 2.0 when normal weight 

aggregate is used (Neville et al. 1983). When dealing with creep, the wider range of 

possible exponent values reflects the influence other factors such as bond between 

aggregate and paste and degree of paste hydration. A weaker bond between aggregate and 

paste may allow greater flow around each aggregate particle, reducing the effective degree 

of restraint. The degree of hydration also influences the level of bond between paste and 

aggregate, while unhydrated cement grains may act as fine aggregate, enhancing the 

effective degree of restraint. 

Aggregate modulus has the greatest influence on the degree of restraint against 

creep. However, as mentioned in Chapter 5, typical aggregates used in concrete have very 

similar properties so the practical influence of aggregate elastic modulus on creep is small. 

Aggregate content and less well controlled variables such as the bond between aggregate 

and cement cause greater variability in observed creep (Cubaynes and Pons 1996). 

HPC usually includes high quality aggregates that are crushed and washed to 

facilitate a strong bond between aggregate and cement paste. Also, to achieve high 



strengths, aggregate content is often increased relative to NSC. Consequently, the degree of 

restraint against creep is increased, resulting in reduced specific creep compared to specific 

creep of NSC. 

6.5 BASIC CREEP 

While its magnitude may vary, basic creep occurs in all types of concrete. Typically, 

the magnitude of creep is predicted based on the approximate stressfstrength rule, which 

states that creep is proportional to the applied stress and inversely proportional to the 

strength at the time of Ioad application (Neville et al. 1983). In other words, different 

concrete subjected to the same stress-strength ratio will exhibit a similar amount of creep, 

which implies that the specific creep of higher strength concrete is smaller than lower 

strength concrete. Generally, this proportionality is valid up to a ratio of approximately 

0.50, however upper limits of proportionality between 0.30 and 0.75 have been observed. 

Up to this limit of proportionality, concrete is capable of resisting applied loads 

indefinitely. Hence, concrete stmctures are typically designed so service stresses are less 

than this limit. Sustained stresdstrength ratios greater than approximately 0.75 can lead to 

time failure of concrete. 

The upper limit of proportionality is influenced by the onset of cracking and the 

duration of Ioad. As cracks form, the rate of creep increases, which can lead to failure under 

sustained loading. Duration of load influences proportionality because creep alleviates 

stress concentrations that induce cracking. Consequently, the onset of cracking is delayed 

under sustained loading so the limit of proportionality may increase slightly. 

The accuracy of the proportionality rule is limited by many factors including: the 

variability of drylng creep, which is discussed in section 6.6; aggregate type, which is 

discussed in the previous section; as well as concrete strength development. Since concrete 

strength increases with maturity, the magnitude of basic creep decreases as the age at load 

application increases (Schrage and Springenschmid 1996). An increase in strength after 

load application has a similar but less significant effect. The reduction in creep due to 



strength gain after load application is reduced because hydration is altered when subjected 

to simultaneous creep. This results in an additional component of creep, called transitional 

chemical creep, which increases as the amount of hydration occurring after loading 

increases (Bazant 1986). Hence, as loading age increases, basic creep decreases because the 

initial strength is higher and the hydration reaction is more complete. However, for a given 

initial stress-strength ratio and maturity at loading. the creep of concrete whose strength 

increases while under load is less than the creep of concrete whose strength does not 

increase while under load. 

Basic creep of concrete subjected to stress at very early ages, in the range of several 

hours, is not well understood. At very early ages, concrete strength gain is very significant. 

In this case, the reduction in basic creep caused by an increase in strength after loading may 

outweigh the increase in basic creep as loading age decreases. The age at load application 

after which ultimate basic creep decreases has not been determined, however, for NSC, a 

reduction in basic creep for loads applied before approximately 21 days has been observed 

(Neville et al. 1983). 

The basic creep of HPC is influenced primarily by strength, strength development, 

as well as wlcm. The strength of HPC is commonly higher than that of NSC so, under the 

same load, the basic creep of HPC is typically less than that of NSC (Lokhorst et al. 1994). 

However, an increase in concrete strength is typically achieved in part by reducing the wlcm 

which increases basic creep (Westman 1994). These opposing trends result in only a small 

decrease in ultimate basic specific creep as concrete strength increases unless the wlcm is 

below approximately 0.30 which causes a significant increase in basic creep (Khan et al. 

1997). In general, the basic creep of HPC and NSC do not differ widely. 

Because of rapid early age strength gain, the basic creep of HPC is very sensitive to 

loading age. Work by Dilger et al. (1997) indicates that ultimate basic creep of HPC is 

primarily a function of maturity. This suggests that the development of basic creep may be 

similar to the development of basic shrinkage. Unlike drylng creep, basic creep is not 

normally linked to shrinkage. However, as discussed in Chapter 5, the internal relative 

humidity of HPC may drop to as low as 75% due to self-desiccation which is a form of 



drying. As discussed in the following section, creep decreases when drying occurs prior to 

loading. Hence, the decrease in basic creep as loading age increases can be explained as a 

function of basic shrinkage development in addition to being explained as a function of 

strength development. The increase in basic creep when wlcm is less than approximately 

0.30 may also be linked to an increase in basic shrinkage. Unfortunately, a link between 

basic creep and basic shrinkage has not been thoroughly tested. 

The above discussion considers the influence of sustained, static compressive 

loading on concrete deformation which is useful when considering the influence of a single 

thermal cycle induced by hydration. However, daily and seasonal temperature changes may 

induce cyclic loading so it is useful to briefly consider the influence of cyclic loading on 

creep. It is generally agreed that drying creep is not affected and that the basic creep caused 

by static compressive loading is less than the basic creep caused by a cyclic compressive 

stress with a mean value equal to the static stress (Bazant and Panula 1978, Brooks and 

Forsyth 1986). The difference in creep appears to be influenced by: the number of cycles, 

the frequency, the range of cyclic stress, and the concrete strength. Unfortunately, the 

behavior of concrete under cyclic load is not well defined due to limited research in this 

field. It appears, however, that the cycle rate induced by daily temperature fluctuations falls 

below the range of frequency where cyclic loading effects have been observed 

(Bazant 1986). Hence, the influence of cyclic loading behavior is not generally applicable 

to thermal load problems and so is beyond the scope of this study. The influence of a single 

temperature cycle on creep is considered further in section 6.7. 

6.6 DRYING CREEP 

Drying creep is defined as the difference between the total creep of concrete 

exposed to sunounding air and basic creep of the same concrete. Drying creep implies that 

the relative humidity within cement paste is higher than the surroundings resulting in a loss 

of moisture to the surroundings from exposed concrete surfaces. Hence, moisture content 

and moisture movement, measured as a function of relative humidity, are the primary 



factors influencing drying creep. Moisture content and movement within concrete has 

already been discussed with respect to drying shrinkage in the preceding chapter. The 

significance of drylng behavior with respect to creep is addressed below. 

As discussed in Chapter 5, the moisture content and movement within cement paste 

due to drylng depend on specimen size, and the level of ambient as well as internal 

humidity. Before drying, the relative humidity of NSC is typically between 96 and 98% 

(Bazant 1986). Hence, as the surrounding relative humidity decreases, the moisture gradient 

between the middle of a concrete specimen and outer exposed surfaces increases, resulting 

in an increased rate of moisture loss. However, as the ambient relative humidity drops 

below 50%, the rate of dxying becomes approximately constant because the moisture 

diffusivity of concrete limits moisture migration within a concrete member. Also, as the 

relative humidity within a specimen decreases, water becomes more difficult to remove 

until at a given level, moisture loss stops. The net result is highly nonlinear moisture 

migration behavior with upper bounds on moisture loss, as well as rate of moisture loss. 

that are governed by the strength of chemical bonds between cement paste and water 

molecules, and the moisture diffusivity of concrete, respectively. 

The nonlinearity of concrete drylng has significant implications when considering 

the influence of moisture movement on creep. As the dryng front penetrates towards the 

middle of a concrete member, a moisture gradient is created. This gradient induces a self- 

equilibrating stress distribution, with tensile stresses near drylng surfaces, that is alleviated 

by drying creep. As the moisture gradient increases, the magnitude of residual stresses 

increases resulting in increased drylng creep. If residual tensile stresses are sufficiently 

high, surface cracking may result which reduces observed drylng shrinkage (Bazant 1986). 

Since drying creep is calculated as the difference between total deformation and the sum of 

shrinkage and basic creep, a reduction in observed drying shrinkage due to cracking 

artificially induces a further increase in observed drying creep. 

Under drying conditions, the magnitude of observed drylng creep exceeds that 

predicted by the effects of differential drying shrinkage. This increase in creep is commonly 

called the Pickett effect, named after the first researcher to document the phenomenon. The 



additional creep deformation during drylng may be observed because surface cracking due 

to drylng is prevented (Neville 1995). Under compressive stress, cracking that normally 

reduces observed shrinkage is reduced. Hence, shrinkage deformation is increased, but only 

while subjected to compressive stress so the additional load-induced shrinkage is attributed 

to drying creep. Another explanation is an additional drying creep mechanism proposed by 

Bazant and Chem (1985) called drying-induced creep. This type of creep is caused by the 

migration of moisture through capillary pores which lowers the apparent activation energy 

of load-carrying cement paste surrounding the pores. Hence, drying-induced creep is caused 

by moisture migration. The mere presence of moisture, or moisture content, is insufficient 

to induce this behavior. While this creep hypothesis explains most observed drying creep 

behavior, including additional creep induced by water absorption, a consensus between 

researchers on the mechanism which induces the Pickett effect has not been established. 

The influence of member size and shape, called the size effect, on drying creep is 

similar to the influence of member size and shape on drylng shrinkage. Overall, the size 

effect is best expressed as a function of volume-to-surface area ratio, VlS (Neville 1995). 

This ratio is also called effective thickness of a member. As VIS increases, the influence of 

drying on observed creep behavior decreases. This is logical since moisture exchange near 

the middle of massive concrete members is negligible. However, this does not imply that 

moisture loss, and hence drylng creep, are not significant near the surfaces of massive 

concrete members. Unfortunately, existing drylng creep models are only capable of 

modeling overall deformation rather than differential drying creep. 

The magnitude of drylng creep is primarily influenced by: moisture content when 

load is applied, and moisture loss after load application (Neville et al. 1983). Neglecting the 

possibility of water absorption, as initial moisture content decreases, the potential drying 

creep also decreases. Similarly, as moisture loss after load application is decreased, the 

magnitude of drylng creep also decreases. For NSC, moisture loss before loading, and 

potential moisture loss after loading are predicted as a function of ambient relative 

humidity. This yields acceptable predictions for NSC because, as already mentioned, the 

initial internal relative humidity is approximately constant. The moisture permeability of 



NSC typically falls within a small range so the rate of moisture loss is approximately 

constant also. 

In the case of HPC, however, the internal relative humidity and permeability are 

functions of concrete mix design. Based on the definition of HPC adopted in this study, the 

internal humidity of HPC is typically lower than that of NSC due to self-dessication. 

Hence, the magnitude of potential moisture loss due to drylng is less. If moisture is lost due 

to drylng, the maximum potential degree of hydration in HPC is reduced. Consequently, as 

mentioned in section 6.4, the larger volume of unhydrated cement particles act to reduce 

drying creep. Also, because the initial moisture content of HPC is lower, the magnitude of 

dryng shrinkage-induced creep is reduced. Overall, then, the drying creep of HPC is a 

smaller portion of the total creep and takes place over a longer time period than the drying 

creep of NSC (Dilger et al. 1996). In order to accurately predict the magnitude and duration 

of HPC drylng creep, its drylng potential and anticipated moisture diffusivity should be 

established. 

6.7 INFLUENCE OF TEMPERATURE ON CREEP 

Temperature is known to have a strong effect on the magnitude of concrete creep 

(Neville et al. 1983). Investigations on the influence of temperature on creep have mainly 

dealt with determining creep at constant elevated temperatures rather than variable, short- 

term temperature changes such as those during constmction of most concrete structures. 

This section considers the influence of sustained elevated temperature on creep as well as 

the influence of variable temperature. 

It is generally accepted that an increase in temperature before load is applied 

reduces creep (Bazant and Panula 1978, Brooks el al. 1991). The reduction in creep when 

temperature increases before load application is attributed to an increase in concrete 

maturity. When temperature increases during or after loading, creep increases. Test results 

by Ruetz (1968), shown in Fig.6.2, illustrate this behavior well. When concrete is heated 

and loaded simultaneously, the increase in creep is offset by increasing concrete strength. 



However, when concrete is pre-heated, creep increases steadily as temperature increases. 

To explain the influence of temperature on creep, activation energy theory is 

commonly employed. As described in section 6.3.3, an amount of energy, called the 

activation energy, must be supplied to concrete particles in order for creep to occur. This 

energy can be supplied by applied loads, an increase in temperature, or a combination of the 

two. Hence, at elevated temperatures, a lower level of load is required to cause the same 

amount of creep. Conversely, as applied loads increase, the temperature increase required to 

cause an increase in creep decreases. This implies that the apparent activation energy for 

concrete creep depends on load level and temperature. The dependence of activation energy 

on the level of applied load is shown schematically in Fig.6.3. 

Tests by Day and Gamble (1983) suggest that activation energy is also dependent on 

creep. This behavior can be explained using seepage theory, which postulates that stress is 

transferred from free and adsorbed water into the elastic skeleton due to viscous moisture 

movement (Bazant 1986). Initially, therefore, creep is caused by the movement of water 

induced by applied loads. After hydrostatic stresses have subsided, creep is caused by 
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Fig.6.2 - Influence of temperature on specific creep (Ruetz 1968) 



deformation of the cement matrix composed of hydration products. From Day and Gamble, 

the activation energy associated with moisture migration is smaller than that associated 

with cement matrix deformation. As discussed in Chapter 3, the magnitude of activation 

energy associated with each mechanism has not been precisely determined but, as shown in 

Fig.6.3, the magnitude of activation energy increases as creep develops. This conclusion is 

important when considering creep at any temperature since it indicates that creep 

mechanisms are maturity-dependent. 

It has been observed by many researchers (Neville et a1. 1983) that moisture 

migration significantly affects the influence of sustained temperature on creep. Initially, 

increased temperature accelerates dxymg so the rate of drying creep increases and moisture 

equilibrium is established faster. As discussed in section 6.5, the influence of drylng creep 

decreases as concrete effective thickness increases so the influence of temperature on mass 

concrete drying creep is not signiticant except near exposed surfaces. 

The change in basic creep due to a given sustained temperature can be modeled 

using activation energy theory, however limitations to this theory have been identified by 

Bazant and Panula (1978). Creep predicted at temperatures above approximately 75OC is 

overestimated when maturity functions, based on activation energy theory, are used. The 

cause of this deviation from activation energy theory at temperatures above 75OC is unclear 
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but may be due to phase or chemical changes in concrete. The empirical temperature 

function proposed by Bazant and Panula (1978) for basic creep at elevated sustained 

temperatures is compared in Fig.6.4 to the maturity function adopted in Chapter 2. The 

difference between temperature functions at lower temperatures exists primarily because 

the Bazant-Panula model adds the change in creep at a given temperature to creep at a 

reference temperature of 20°C. whereas creep at a reference temperature is multiplied by a 

maturity coefficient when using the maturity function. From Fig.6.4, it can be seen that the 

two temperature functions are similar for temperatures below 75°C. 

The overall influence of sustained elevated temperature on creep of NSC can be 

predicted using the CEB-FIP Model Code (1990). In this model, the influence of 

temperature is a function of relative humidity. The ratio of ultimate creep for a given 

concrete temperature and ambient relative humidity to ultimate creep at a temperature of 

20°C and an ambient relative humidity of 99% is shown in Fig.6.5. This figure shows that 

the creep at 80°C is approximately 2.5 times the creep at 20°C for a given value of relative 

humidity. It should be noted that this figure is for sustained temperatures. It is expected that 
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Fig.6.4 - Maturity function versus basic creep temperature function proposed by Bazant 
and Panula (1978) 
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Fig.6.5 - Ratio of ultimate creep at a given T and ambient RH to ultimate creep at 
20°C and an ambient RH = 99%, predicted by CEB-FIP Model Code (1990) 

the increase in creep due to hydration temperatures would be less than what is shown in 

Fig.6.5 because elevated temperatures due to hydration are typically of limited duration. 

As already mentioned, drying and basic creep increases as sustained temperature 

increases. Because basic creep is a larger percentage of HPC total creep, it may be expected 

that the influence of temperature on creep of HPC is more significant than on creep of 

NSC. Hence, the increase in creep due to elevated temperature may be higher than what is 

predicted by the CEB-FIP Model Code (1990). 

While it is instructive to consider the influence of constant elevated temperature on 

creep, the majority of concrete structures are subjected to variable temperature histories due 

to hydration, and daily as well as seasonal temperature fluctuations. The added complexity 

of time-dependent temperature change has resulted in limited, and sometimes conflicting, 

research studies in this field. Many researchers have observed that, when temperature 

increases while concrete is subjected to external load, even at very early ages, the rate of 

creep immediately increases (Neville et al. 1983, Sato et al. 1994). Eventually, the rate 

decreases to that of concrete that was not subjected to an increase in temperature. This 

increase in creep is called transitional thermal creep and is not recoverable upon cooling or 



unloading (Illston and Sanders 1973). Although transitional thermal creep has been 

observed when temperature decreases to unprecedented levels, it is normally associated 

with an increase in temperature to levels not previously experienced by the concrete. 

The magnitude and development of transitional thermal creep has been reported to 

be a function of temperature and maturity. respectively (Neville et al. 1983). Because the 

development of transitional thermal creep is time-dependent, it is insufficient to define this 

type of creep without considering the duration of temperature change. If the duration of 

unprecedented temperature is short, which may occur as a result of hydration during 

construction, then transitional thermal creep many not develop completely. Subsequent 

temperature increases to similar levels will result in decreasing transitional thermal creep 

until the influence of increasing temperature is negligible. This apparent finite increase in 

creep has lead to the conclusion that transitional thermal creep is a function of temperature 

only. The magnitude of transitional thermal creep predicted by the CEB-FIP Model Code 

(1990) is shown in Fig.6.5. however it should be noted that this prediction is based on 

limited experimental data for NSC. 

While the existence of transitional thermal creep is generally accepted, research 

refuting its significance has been published by Brooks et al. (1991). From tests on concrete 

at varying as well as constant temperatures ranging from 20-67°C. it was found that the 

increase in creep was due to the influence of concrete maturity rather than the phenomena 

of transitional thermal creep. Many factors can contribute to this result including the 

influence of peak hydration temperature and the duration of testing. Creep increases rapidly 

after an increase in temperature so short term creep tests can be sufficient to observe the 

influence of temperature on creep development. However, long-term creep tests should be 

performed before distinguishing between ultimate transitional creep and the increase in 

creep predicted using the concept of maturity. It is also important to control the temperature 

cycle experienced due to hydration. 

The state of existing research allows only an estimate of temperature effects on 

concrete creep. Generally, as temperature increases, the rate of creep also increases. This 

increasing rate can be predicted using the concept of maturity. However, the influence of 



transitional thermal creep, if any, on the magnitude of ultimate creep remains unclear. One 

important consensus among researchers is that transitional thermal creep is negligible after 

the first cycle of maximum temperature (Neville et at. 1983). This leads to the conclusion 

that transitional thermal creep may be neglected after hydration has subsided when the 

highest temperatures experienced are those during curing. 

6.8 TENSILE CREEP 

Creep of concrete in tension is not well understood since concrete is primarily 

designed to resist compressive forces. Recently, more attention has been given to concrete 

in tension because it is recognized that tensile creep can play an important role in the 

prediction, prevention, and control of cracking. 

It is normally assumed that tensile creep is similar to compressive creep. In general, 

factors influencing compressive creep such as w/cm, time at loading, and aggregate content 

also influence tensile creep in a similar manner. However, a consensus among researchers 

is that basic tensile specific creep tends to be greater than or equal to compressive specific 

creep for concrete loaded at the same age (Neville 1995). For extended load durations. 

tensile creep develops at a similar rate as compressive creep, however the decrease in creep 

rate with time is less pronounced for the former, particularly when concrete is loaded at 

early ages. Tests by Brooks and Neville (1977) indicate that up to 28 days, tensile basic 

creep and compressive basic creep are approximately equal. Beyond 28 days, the rate of 

compressive basic creep decreases but the rate of tensile basic creep does not. This may be 

due to smaller tensile strength gain with time, relative to compressive strength gain, and the 

effects of microcracking. It should be noted that these results are based on a load duration 

of less than 60 days. More extensive, long-term tests should be conducted to determine if 

tensile creep approaches a finite value. 

Tensile creep is affected by moisture content and moisture migration in the same 

way as compressive creep. The exception to this is the case of swelling which is considered 

additional deformation when considering tensile creep, but negative deformation when 



considering compressive creep. The limit of proportionality between tensile creep and 

stresslstrength ratio is also affected by moisture content. While the exact limit of 

proportionality is not clear due to factors such as microcracking, the limit appears to vary 

from a stresslstrength ratio of approximately 0.40 for saturated concrete to a stresslstrength 

ratio of 0.60 for sealed concrete (Domone 1974). For the purposes of crack prediction, it is 

useful to understand the creep of concrete subjected to high stresslstrength ratios. Time- 

dependent failure has been shown to occur when the stressJstrength ratio exceeds 0.85 for 

basic tensile creep, 0.75 for saturated concrete, and 0.60 for total creep under drylng 

conditions of 65% relative humidity (Dor me 1974, Al-Kubaisy and Young 1975). 

Strain distribution can also influence the likelihood of cracking. Observed ultimate 

tensile creep in flexure can be larger than ultimate creep in direct tension (Nev. 3 

et al. 1983). This effect is similar to concrete tensile strength. It is suggested that strain 

gradients retard crack formation so the ultimate strain at failure is higher. Consequently, 

use of uniaxial tensile creep models in the multi-axial analyses of concrete structures may 

be conservative when predicting cracking. 

Practically, it is difficult to perform long or short-term tensile tests because applied 

stresses must be small, particularly for creep tests. Consequently, measured strains are 

small so they are difficult to measure accurately. Also, other factors such as shrinkage cause 

concurrent deformations that can be equal, if not greater, in magnitude than tensile creep. 

These factors explain why little, and often conflicting, research has been reported in this 

field (Brooks et al. 1991). Also, the influence of microcracking is believed to be more 

significant for tensile creep than for compressive creep. The possibility exists, therefore, 

that if microcracking is discounted, tensile creep may be proportionally less than 

compressive creep (Morimoto et al. 1994). 

6.9 INFLUENCE OF POZZOLANS ON CREEP 

Generally, the influence of pozzolans on concrete creep reflects their influence on 

concrete strength and strength development. Using slag in concrete causes basic creep to 



increase slightly at early ages but to decrease slightly in the long term resulting in 

approximately the same ultimate basic creep compared to OPC concrete. The difference in 

creep at early ages can be in the order of 10% compared to OPC concrete (Khatu and 

Sirivivatnanon 1995). This may be because concrete containing slag continues to gain long 

term strength due to slag hydration. Increased gypsum content in slag, as well as increased 

slag fineness, can accelerate strength gain that would, in turn, reduce total concrete creep at 

early ages (Brooks ef at. 1992). Slag replacement levels greater than 70% showed no 

further reduction in long term compressive creep (Brooks et al. 1991). This limit reflects 

the similar slag replacement limit for compressive strength gain discussed in Chapter 3. 

Silica fume replacement has been found to dramatically reduce the creep of NSC as 

well as HPC. A silica fume replacement level of 10% can decrease concrete creep by 50% 

(Khatu and Sirivivatnanon 1995). The specific creep of HPC containing 10% silica fume 

can be approximately half that of concrete without silica fume and the same wfcm 

(Weigrink et al. 1996). This significant reduction in creep may be caused by silica fume 

improving the bond between cementitious paste and the aggregate, as well as increasing the 

density of hydration products. Also, silica fume significantly reduces concrete permeability 

so drylng creep may be reduced. 

The influence of fly ash on concrete creep is similar to that of slag. Fly ash content 

of up to 25% does not significantly influence creep. A fly ash content greater than 25% may 

increase creep at early ages but may also reduce creep at later ages by up to 20-4596 

(Malhotra and Ramezanianpour 1994). It is likely that this reduction in long term creep is 

due to long term strength gain. 

The influence of pozzolans on tensile creep is not clear. Bissonette and Pigeon 

(1995) reported that tensile creep at early ages is increased by silica fume replacement. 

however little work by other researchers has been published to confirm this behavior. It is 

assumed in this study that the creep behavior of concrete containing pozzolans is the same 

in compression and tension. 



6.10 CREEP WCOVERY 

Currently, creep recovery is not well understood and may be important when the 

stress history of concrete varies. Under these conditions, creep prediction based on a linear 

relationship between creep and elastic strain is not strictly correct. In fact, the magnitude 

and development of creep and creep recovery is dependent on stress history and age at 

loading (Yue and Taenve 1992, Sakah and Ayano 1992a. 1992b). For a constant load 

duration and loading age, creep recovery is linearly related to creep. However, as loading 

age decreases, a larger proportion of creep is recovered upon unloading. A similar trmd is 

also observed when load duration decreases. These trends can be explained by considering 

the development of recoverable and irrecoverable creep. Irrecoverable creep develops over 

an indefinite period. Hence, if load duration is short, irrecoverable creep is a smaller 

proportion of total creep. Also, over shorter and earlier periods of loading, a greater 

proportion of creep tends to be basic creep that is more likely to be recoverable due to the 

presence of moisture (Neville et al. 1983). The influence of stress history on creep recovery 

is not addressed by most commonly used creep models (Guenot et al. 1994, 1996). This 

deficiency in creep recovery prediction is considered to produce a level of error that is 

within the variability of creep prediction itself. 

Other variables, such as shrinkage or swelling, can artificially modify measured 

creep recovery depending on the direction of respective deformations (Brooks and Neville 

1977). Also, microcracking, which is irreversible, can influence the magnitude of observed 

creep recovery. Observed tensile creep recovery can be significantly reduced if 

microcracking occurs (Brooks et al. 1991). External factors that are not true material 

properties can make observing creep recovery difficult. For this investigation, creep 

recovery is calculated by applying an equal and opposite load to the load being removed, or 

the method of superposition. This technique is discussed further in Chapter 8. 

6.11 CREEP POISSON'S RATIO 

Creep Poisson's ratio is important to consider when conducting time dependent 



analyses of structures in a state of multi-axial stress. Generally, creep Poisson's ratio is 

lower than elastic Poisson's ratio. The magnitude of strain perpendicular to the direction of 

applied stress is dependent on the magnitude of confining stress relative to the level of 

applied stress (Gopalakrishnan et al. 1969). Therefore, the superposition of elastic and 

time-dependent deformation is not strictly correct. Under uniaxial stress, the effective creep 

Poisson's ratio ranges from 0.17-0.20. However, under confining stresses, the creep 

Poisson's ratio drops to as low as 0.09, or half of the elastic Poisson's ratio. This behavior 

has been confirmed by other researchers, however an even wider range of possible values 

for creep Poisson's ratio have been proposed (Neville et al. 1983). One possible 

explanation for this problem is the difficulty in accurately measuring small changes in 

lateral strain due to loading. Also, the observed creep Poisson's ratio may be affected by 

drylng shrinkage and drying creep. 

Due to the uncertainty in calculating a value for creep Poisson's ratio, the elastic 

and creep Poisson's ratio are assumed to be equal and held constant for this investigation. 

6.12 CREEP PREDICTION MODELS 

Many models exist to predict deformations due to creep. Two well known models 

for predicting the creep of NSC are the Bazant-Panula (BP) model developed in 1978 and 

simplified in 1980, and the CEB-FIP Model Code (1990). Only recently have models been 

proposed for the prediction of HPC creep. Many models for predicting creep of HPC 

involve modifying existing models developed for NSC. Several modifications have been 

proposed to update the European model code and the 'Triple Power Law" has been 

proposed by Bazant (Han and Walraven 1996, Muller and Kuttner 1996, Westman 1996). 

Alternatively, the French Building Code, AFREM, has proposed a model designed for high 

strength HPC (Le Roy et al. 1996). Perhaps a more unifying approach to creep prediction is 

proposed by Dilger et al. (1997), abbreviated as DNW, where one creep model is proposed 

for a wide range of HPC mixes. All of these models predict creep behavior by estimating a 

creep coefficient, and its development with time. It should be noted that existing creep 



models treat concrete as a heterogeneous material with uniform material properties. 

Consequently, differential creep due to varying concrete maturity or dyng  is neglected. 

Also, creep is quantified in terms of mechanical properties, or concrete strength. This 

framework indirectly accounts for many intrinsic properties, such as the volume and quality 

of hydrated cement paste and the degree of hydration, that are very difficult to determine 

and are usually unknown at the time a concrete structure is designed. 

The remaining sections in this chapter discuss the BP and CEB-FIP creep prediction 

models proposed for NSC, as well as the AFREM and DNW models proposed for HPC. 

These models are described and compared to illustrate the differences in creep behavior 

between NSC and HPC. 

6.12.1 Definition of creep coeEneient 

As already mentioned, the creep coefficient is defined as the ratio of elastic to time- 

dependent strain. However, the calculated value of creep coefficient depends on the 

calculated elastic strain. The BP and CEB-FIP models calculate elastic strain using the 

deformation caused by a load applied at a maturity of 28 days. In this case, the creep 

coefficient is defined as: 

while the creep function, or strain per unit of applied stress would be defined as: 

where: = creep coefficient based on elastic strain at 28 day maturity, 

= creep strain, 

~ ( 2 8 )  = elastic strain calculated at 28 days, 

J = creep function, 

Ec(28) = modulus of elasticity calculated at 28 days, 



to = concrete maturity at loading, 

t = time at which deformation is to be calculated. 

The AFREM and DNW models use the elastic strain produced at the time of 

loading to calculate the creep coefficient: 

Hence, for the AFREM and DNW models, the creep function becomes: 

The relationship between these two methods of calculating the creep coefficient 

then becomes: 

The definition of elastic strain is further complicated in the BP model where elastic 

strain is calculated using the asymptotic modulus of elasticity of concrete. E,,. In the 

simplified version of the BP model, the asymptotic modulus is defined as: 

where: f,' = concrete compressive strength in MPa, 

E = asymptotic concrete elastic modulus in GPa. 

The asymptotic elastic modulus, which is similar to dynamic modulus, is higher 

than the static elastic modulus that is used by other creep models. In general, the ratio of 

asymptotic modulus to static modulus decreases as concrete strength increases (Neville 

1995). For young concrete, this ratio is as high as approximately 2.0 but decreases rapidly 



to approximately 1.3 for mature NSC. For mature high strength concrete, which would 

typically be classified as HPC, this ratio decreases to approximately 1.1. Consequently, 

since the asymptotic elastic modulus and static modulus are similar for mature high 

strength concrete, the BP model may accurately predict the creep coefficient of high 

strength concrete loaded after the majority of strength gain has occurred. It is important to 

note, however, that the BP model was developed using only experimental data from NSC 

tests. 

6.12.2 Bazan t-Panula (1978,1980) 

The Bazant-Panula (BP) model is based on extensive experimental results 

conducted on a wide variety of concrete mixes loaded at ages as early as one day. 

Consequently, applying this model to concrete loaded before an age of one day should be 

attempted with caution. 

Like the BP model for shrinkage, this creep model considers a large number of 

variables affecting creep. Consequently, the influence of individual variables is often 

difficult to determine without examining the proposed equations extensively. In an effort to 

make their model more attractive to designers, a simplified version of the original model 

was proposed in 1980. This simplified model is described below. 

The BP model calculates basic and drying creep separately and adds these 

components together to define the total creep coefficient. 

where &(t,to) is the basic creep coefficient, and @&,to) is the Wng creep coefficient. Time, 

t, is the time at which creep is calculated, and to is the time at concrete loading. The basic 

creep coefficient is calculated as: 

where 41, is the ultimate basic creep coefficient which is a function of loading age and 

concrete strength, and flt,to) is the basic creep development function. The ultimate basic 



creep is calculated as: 

where: a = 0.05 

rn = 0.28+1/(fc,)' 

f, = 28-day concrete compressive strength in ksi 

In the comprehensive BP model (1978), a and ql, are functions of wlc. The 

simplified model assumes that wlc = 0.50, making it applicable to most NSC. Introducing 

this variable into the simplified model may extend the applicability of this model to HPC. 

Further research is required to establish this possibility. 

The development function for basic creep is calculated as: 

where: n = 0.1 15 + 0.0002 -( fCl, )) and concrete strength is in ksi. 

It should be noted that [6.10] implies that the development of basic creep is 

indefinite and does not have an upper limit. In practice, however, there is only an 8% 

increase in basic creep between 50 and 100 years. Hence, it is recommended that the 

ultimate value for basic creep be taken at t - to = 50 years. 

The drying creep and drylng shrinkage models proposed by the BP model share 

some common variables. The drying creep coefficient is calculated as: 

where ql, is the ultimate drying creep, the coefficient & accounts for the influence of 

relative humidity, and fl&t,t) is the drylng creep development function. These variables are 

calculated as: 



where s, &,, and t, are defined by equations [5.5] and [5.7] where the BP drying shrinkage 

model is described. These variables account for the size and shape, the aggregate 

proportions, and the time at start of dryng, respectively. Implicit in this drylng creep model 

is that cbymg creep is strongly dependent on the magnitude and development of drylng and 

dryng shrinkage. 

A second variable accounting for the influence of aggregate proportions is included 

in [6.12]. This variable, cp,, affects the ultimate value of drylng creep. 

pd = 0.0056 + 0.0 189 
for r > 0 

I + 0.7 *-r 

where r is defined as a function of mix parameters described in Chapter 5: 

0.3 1.3 

-0.85 and r>O 
a 

The influence of temperature on creep of concrete is neglected by the simplified BP 

model. However, the original model (1978) accounts for the influence of temperature on 

basic and drying creep. The influence of temperature on creep as proposed by Bazant and 

Panula is discussed in section 6.7. Generally, sustained elevated temperature accelerates 

and increases basic and drylng creep if temperature is increased after loading. If 

temperature is increased prior to loading, the ultimate basic and drylng creep components 

may decrease due to increased maturity at time of loading. 

Like the BP shrinkage model, this creep model is complex, lacks physical meaning 



for designers, and requires knowledge of variables that are unknown to designers when 

using this model. As a result, while this model is considered acceptably accurate for NSC, 

its use has been limited to research applications. 

6.123 CEB-FIP Model Code (1990) 

The procedure outlined in this model for calculating creep of concrete is used 

around the world and is widely accepted to yield acceptably accurate creep predictions for 

NSC. For concrete loaded at a maturity of greater than 12 hours, the 90% confidence 

interval for this model has been estimated as S 4 % .  

Unlike the Bazant-Panula model described above, the CEB-FIP model calculates 

the influence of particular variables by mcltiplying a notional creep coefficient by a series 

of coefficients. As a result, no distinction is made between basic and drylng creep. Using 

the CEB-FIP model, the creep coefficient is calculated as: 

where: &, = notional creep coefficient, 

flt,t.) = development of creep with time, 

t = time at which creep coefficient is calculated, 

to = time at which concrete is loaded. 

The notional creep coefficient is calculated as a function of ambient relative 

humidity, RH, the 28-day concrete compressive strength,&, and the time at loading: 

where: 



The variable h is defined as the effective concrete thickness and is calculated as 

twice the cross-sectional area divided by the perimeter of the concrete and is calculated in 

the orthogonal plane to the direction of load. From equations [6.19] - [6.21], it can be seen 

that as the ambient relative humidity and concrete strength decreases, creep increases. 

Conversely, as the time at loading decreases, creep increases. 

The development of creep is calculated as: 

where: 

From [6.22] and [6.23], it can be seen that, similar to the BP drylng creep model 

described in the previous section, the CEB-FIP model accounts for the relative humidity 

and concrete member size in the development of creep. In this case, it is implied that 

variables influencing shrinkage also influence creep, suggesting a relationship between 

creep and shrinkage. It should also be noted that the CEB-FIP model predicts creep 

development as a function of time to the exponent 0.30. This is similar to the BP model for 

chyng creep, which predicts creep development as a function of time to the exponent 0.35. 

The CEB-FIP creep model has been used by many researchers in the compYison of 

NSC and HPC creep behavior. Generally, the CEB-FIP model predicts the creep of HPC 

quite well when concrete is loaded at a maturity greater than approximately 1 day (Khan 

et al. 1997). Also, the CEB-FIP model accurately predicts creep of NSC and HPC subjected 



to loads with a duration of as little as a few hours (Ariyawanlena et al. 1997). However, 

one significant problem with the CEB-FIP model is that it overestimates the creep of XPC 

containing silica fume (Han and Walraven 1997). This is largely due to the reduced drying, 

and hence reduced drylng shrinkage and creep, which is a result of silica fume significantly 

reducing concrete permeability. This deficiency is not unexpected since permeability is not 

considered, directly, or indirectly, in the CEB-FIP model. The following model for HPC 

addresses this problem specifically. 

6.124 AFREM (Le Roy et al. 1996) 

The AFREM model was developed specifically for HPC with a high compressive 

strength, typically in the range of lOOMPa or higher. Hence, this model represents an 

approximate lower bound for creep of concrete composed of normal Portland cement and 

commonly used coarse aggregates. Other resuictions on this model include: concrete 

loading maturity greater than approximately 12 hours, and an aggregate concentration 

greater than 0.67 by volume. Aggregate content is important since it is known to influence 

the magnitude of creep, as discussed in section 6.4. 

Similar to shrinkage, the AFREM model divides total concrete creep into basic and 

drylng creep. This is important when considering HPC in order to account for basic creep 

that occurs much earlier than drying creep. 

where: &(t,t.) = basic creep coefficient 

QL(t,t.) = drying creep coefficient 

t = time at which creep coefficient is calculated, 

to = time at which concrete is loaded. 

Basic creep is calculated using a notional basic creep coefficient, 6, and is a 

function of concrete strength at the time of loading. This notional creep coefficient varies 

significantly depending on whether the concrete contains silica fume. Without silica fume, 



the notional basic creep coefficient is constant. With silica fume, the notional creep 

coefficient depends on the concrete strength at the time of loading and is smaller than the 

notional basic creep of concrete without silica fume. Notional basic creep is calculated as: 

for concrete containing silica fume 
[6.25] 

for concrete without silica fume 

Basic creep is then calculated using the notional creep coefficient and a 

development term that is a function of load duration, t-to, and reflects the influence of 

strength development on creep development. The development term is in the form of a 

hyperbolic equation that is similar to strength development equations discussed in 

Chapter 3. 

where: 

for concrete containing silica fume 
J c a  / 

pk = 1 0.40.e~ 4 3.10- fi( I) for concrete without silica fume 

The mechanism of drying creep is very complicated. AFREM assumes that drylng 

creep is small for high strength HPC and so does not warrant detailed treatment. Hence, 

drylng creep is expressed as a function of the rate of dry~ng shrinkage, defined in section 

5.9.3, rather than attempting to describe drying creep itself. It is recognized, however, that 

the drylng creep of concrete containing silica fume is much less than that of concrete 

without silica fume. 



where the notional drylng creep, 6, is constant but is a function of silica fume content: 

1000 for concrete containing silica fume 
4dco = { 3200 for concrete without silica fume 

Overall accuracy of this model is -0% (Le Roy et al. 1996). However, it has been 

found that this model significantly underestimates the total creep of concrete containing 

silica fume, especially when loaded at early ages (Dilger et al. 1996 and 1997, Han and 

Walraven 1996). This is likely a result of the AFREM model being applicable to high 

strength HPC only, rather than a range of concrete strengths. This is discussed further in 

section 6-12. 

6.125 Dilger et ale (1997) 

The creep model proposed by Dilger et 01. @NW) attempts to reconcile the 

differences in creep behavior between NSC and HPC. To do this, basic and drylng creep are 

calculated separately. Also, due to variability in HPC mix designs, a range of acceptable 

mix parameters are explicitly given. This model is valid for concrete with 

0.15 c wlcm < 0.40, normal aggregate, superplasticizer, silica fume replacement 2 5%, and 
3 3 a paste volume of 0.30m lm of concrete. These parameters cover most commonly 

produced HPC mixes, however, silica fume is not always used in HPC. The influence of 

silica fume on predicted creep is discussed further in section 6.12. Also, as discussed in 

section 6.4, the influen~e of paste volume should be considered before applying results 

from this model to HPC. Finally, in order to account for early basic creep in HPC, this 

model is valid for concrete loaded at a maturity greater than 12 hours. 

Like the AFREM model, the total concrete creep at time t due to a load applied at 

time to is calculated as: 

The basic creep coefficient is calculated as a function of a notional basic creep coefficient, 



6. and a development function, b: 

The notional basic creep coefficient is defined as a function of maturity at loading. As 

maturity decreases, basic creep increases. However, the influence of loading age is only 

significant at very early ages as is clearly shown in the following section. It should be noted 

that, in this model, notional basic creep is not a function of concrete strength. Caution 

should be exercised when applying this model to concrete with compressive strengths in 

excess of lOOMPa and concrete with very low wlcm. Also, no guidance is given when silica 

fume is not included in the concrete mix. 

The basic creep development function is similar to that in the AFREM model 

except that loading age is used instead of strength at loading to reflect the influence of 

strength gain after loading. 

0.7 
where: y, = 0.29 + 0.5 -(to ) 

Drying creep is calculated in a manner similar to that of basic creep however an 

additional term, j$,,, is added to account for the influence of relative humidity. 

The notional drying creep coefficient, &, is defined as a function of maturity at loading: 

and the influence of relative humidity is calculated as: 



The form of the dryng creep development function reflects the drying shrinkage 

development equation described in chapter 5, except that time under load and loading age 

are used instead of drying time. 

where: y, = -3.2+85*(t,)0'3 

Based on tests by Dilger et 01. (1996), this creep model works well at early loading 

ages. This is typically when basic creep occurs in concrete and little drylng creep is 

involved. However, as load duration increases, drying creep becomes more significant. 

Because the influence of wlcm is neglected, this drylng creep model is only capable of 

predicting b i n g  creep of HPC with mix parameters meeting the above stated criteria. 

When considering drylng creep, these criteria are very limiting. Clearly from the BP and 

CEB-FP models, drylng creep is a complicated process and this complexity is not 

addressed by the DNW model. Similarly, the influence of w/cm is neglected in the DNW 

basic creep model as well. These limitations are discussed further in the following section 

where a comparison of the different creep models is given. Basic and drying creep, as well 

as their development, are considered. 

As mentioned in Chapter 5, this model was developed using test data available in 

the literature as well as from tests conducted on the Tsable River Bridge and the 

Confederation Bridge. These two bridges are the focus of experimental work conducted in 

this study. Consequently, this creep model is used in Chapter 9 to evaluate the influence of 

creep on concrete stresses during construction. 



6.13 COMPARISON OF CREEP MODELS 

Like shrinkage models, creep models are difficult to compare because of the many 

parameters used in each model and, also, the parameters considered by each model are not 

the same. For the purposes of comparison, the creep predicted by the four creep models 

described above for several hypothetical concrete mixes are plotted in Figs.6.6 to 6.10. As 

discussed in section 6.12.1, the BP model uses the asymptotic elastic modulus to calculate 

the creep coefficient. Hence, to properly compare the BP model with the other models, the 

creep coefficients predicted by the BP model are converted to an equivalent CEB-FIP creep 

coefficient. This is done by multiplying the BP model coefficients by the ratic En$E.. These 

converted values are plotted in this section. 

Because creep during peak hydration temperatures are of primary interest for this 

study, ultimate creep due to loading at a maturity of less than 28 days is highlighted in these 

figures. M i x  parameters used for this comparison are the same as those used in Chapter 5 

for the discussion of shrinkage models. Concrete is assumed to have an equivalent 

thickness of l5Omm and be surrounded by a constant relative humidity of 50%. 

Comparing the BP model is difficult because the BP creep coefficient is calculated 

to be used in conjunction with the dynamic modulus rather than the static modulus used by 

the other three models. To allow a more reasonable comparison, the creep coefficients 

calculated using the BP model are multiplied by the ratio of 28 day static modulus to the 28 

day dynamic modulus, similar to [6.5]. This allows a direct comparison between the BP and 

CEB-FIP models. 

Ultimate basic creep coefficients predicted by the AFREM, BP, and DNW models 

are shown in Fig.6.6. The CEB-FlP model does not distinguish between basic and drying 

creep so it is assumed that creep predicted using this model is drylng creep. It can be seen 

from Fig.6.6 that a wide range of creep coefficients are predicted using the different 

models. The DNW and AFREM models predict very similar results for concrete with lower 

concrete strength, however for very high strength concrete the AFREM model predicts a 

decrease in ultimate basic creep. The BP modei predicts a similar reduction in basic creep 

as concrete strength increases. It is interesting to note that the AFREM model predicts a 
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Fig.6.6 - Ultimate basic creep predicted by the AFREM, BP, and DNW models 

constant ultimate basic creep coefficient of 1.4 for concrete without silica fume. 

The primary difference between the AFREM and DNW models (intended for HPC), 

and the BP model (intended for NSC), is the predicted decrease in ultimate basic creep as 

loading age increases. At loading ages less than seven days, the predicted ultimate basic 

creep increases rapidly as loading age decreases. After seven days, however, the ultimate 

basic creep predicted using the AFREM and DNW models levels off quickly whereas the 

BP model predicts a continuing drop in ultimate basic creep as loading age increases. This 

may reflect the difference in strength development between HPC and NSC, discussed in 

Chapter 3. 

The development of basic creep predicted using the AFREM, BP, and DNW models 

is shown in Fig.6.7. This figure shows that as loading age decreases, the rate of creep 

immediately after load application increases. The AFREM and DNW models predict a 

significant increase in rate of creep as loading age decreases from seven days to one day, 

reflecting the rapid strength gain during this period. After only seven days under load, the 

amount of ultimate basic creep to develop decreases from approximately 70% when loaded 
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Fig.6.7 - Basic creep development predicted by the AFREM, BP, and DNW models 

at one day, to approximately 45% when loaded at seven days. For the BP model, basic 

creep development is not a function of loading age. Instead, it appears that an average creep 

development function is used. Generally, it is important to recognize that up to 80% of 

basic creep occurs during the first week under load when loaded at a maturity of one day. 

From Chapter 2, thermal loads caused by hydration occur as early as 12 hours so basic 

cxzep development is very significant when considering stresses caused by thermal loading. 

The ultimate drylng creep coefficients predicted using the BP, CEB-FIP, and DNW 

models are shown in Fig.6.8. Drying creep predicted by the AFREM model is negligible 

since this model predicts drying creep as a function of drying shrinkage which when 

predicted using the AFREM shrinkage model described in Chapter 5, is very small. Clearly 

from Fig.6.8, the ultimate drylng creep predicted by the BP and CEB-FIP models is very 

similar. The DNW model, however, predicts a dramatic reduction in drylng shrinkage for 

HPC loaded at all ages. Also, while the BP and CEB-FIP models predict a strong 

dependence of drylng creep on loading age, the DNW model predicts comparatively no 

dependence on loading age. This reflects the rapid creation of a discontinuous pore 
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Fig.6.8 - Ultimate drying creep predicted by the BP, CEB-FIP, and DNW models 

structure in HPC as compared to NSC, as discussed in Chapter 5. Also remarkable is the 

high ultimate drylng creep coefficients shown in Fig.6.8 for NSC compared to the ultimate 

basic creep coefficients for HPC shown in Fig.6.6. 

Figure 6.9 shows the development of drylng creep predicted by the BP, CEB-FIP, 

and DNW models. Clearly, the CEB-FIP model predicts significantly more rapid W n g  

creep development than the other two models. This is largely because the CEB-FIP model 

does not differentiate between basic and drying creep. Consequently, the rate of drylng 

creep is increased to compensate for the lack of predicted basic creep which, as shown in 

Fig.6.7, occurs rapidly at early ages. It is interesting to note that the DNW model proposes 

that, for HPC, the rate of drylng creep decreases as loading age increases. This reflects the 

decrease in permeability as age increases. Generally, it is important to note from Fig.6.9 

that only approximately 10% of the ultimate drylng creep has occurred in concrete after 

seven days. and only approximately 20% after 28 days. This also assumes that concrete 

drylng has begun when load is applied. Typically however, drylng does not begin until 

approximately two or three days after concrete placement. Hence, drying creep caused by 

heat of hydration thermal loading is less than what is suggested by Fig.6.9 because 
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Fig.6.9 - Drying creep development predicted by the BP, CEB-FIP, and DNW models 

hydration has subsided before drying begins. 

While the distinction between basic and drying creep is very important, it is also 

useful to consider the total creep caused by loading at early ages in order to assess the 

longer term differences between creep models. Fig.6.10 shows the total creep coefficients 

predicted by the AFREM, BP, CEB-FIP, and DNW models. At first glance, this figure 

appears to indicate a large scatter between values predicted by different models. A close 

examination of this figure, however, reveals distinct trends when considered in conjunction 

with Figs.6.6 and 6.8. It must be remembered that the BP and CEB-FIP models are 

intended to model NSC behavior, while the AFREM and DNW models are intended to 

model HPC behavior. With this in mind, it is clear from Fig.6.10 that the total creep 

predicted for NSC is higher than that of HPC. From Figs.6.6 and 6.8, this is because the 

drylng creep of HPC is significantly less than that of NSC. Consequently, the creep of HPC 

occurs predominately during the first few weeks of loading. The creep of NSC is 

predominantly drylng creep which occurs over a long period of time, after temperature 

changes due to hydration have subsided, except in very massive concrete elements. This 
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Fig.6.10 - Ultimate total creep predicted by AFREM, BP, CEB-FIP, and DNW models 

implies that the total creep of HPC is greater than that of NSC at early ages. After 

approximately one month, however, the total creep of HPC becomes equal to or less than 

that of NSC (Dilger et al. 1996). 

Also from Fig.6.10, it can be seen that the CEB-FIP model predicts a significant 

reduction in total creep as concrete strength increases. The total creep predicted by the 

CEB-FIP model for lOOMPa concrete is similar to the total creep predicted by the DNW 

model for HPC. However, creep predicted by the CEB-FIP model is exclusively drying 

creep while the DNW model predicts predominantly basic creep. Hence, while the 

magnitude of total creep predicted for high strength concrete might be similar to the creep 

predicted for HPC, the rate of creep predicted by the CEB-FIP model is not applicable to 

HPC. 

When considering HPC, it is clear from Fig.6.10 that there are significant 

differences between the DNW and AFREM models. This indicates the potential for widely 



varying behavior of different HPC mixes. The AFREM model predicts the creep behavior 

of very high strength (greater than 100MPa) and highly impermeable concrete. Under these 

conditions, the creep of concrete is typically low. The DNW model was developed using 

HPC mixes that tend to be produced with the same aggregates as NSC and have strengths 

in the range of SOMPa to lOOMPa. As a result, the creep predicted by the DNW model is 

higher than that predicted by the AFREM model but significantly lower than creep 

predicted by models for NSC. 

As already mentioned, because the DNW model was developed using concrete 

mixes similar to those used in the case studies described in Chapter 9, this model is adopted 

for use in this investigation. From Figs.6.6 to 6.9, it is clear that drying creep is small at 

early ages as well as for loads of short duration when compared to basic creep. Since 

thermal loads due to hydration occur at very early ages and typically occur for only a few 

days, dryng creep is neglected in this study. 

6.14 SUMMARY 

Creep of concrete is influenced by many different variables. The development of 

HPC has sparked renewed interest in the field of creep prediction because the creep of HPC 

is not the same as the creep of NSC. Creep of HPC is largely basic creep which begins as 

soon as load is applied and is significant after only a few days. Conversely, the creep of 

NSC is primarily drylng creep, which develops over extended periods. 

This investigation is primarily concerned with creep that occurs while concrete 

temperature is elevated due to hydration. Because drying creep is negligible during the first 

week of two after concrete placement, drylng creep is neglected in this study. The creep 

models discussed in this chapter yield widely varying predictions. Close examination of 

these models reveals, however, that each model predicts the creep of different types of 

concrete. Hence, it is important to consider the type of concrete being used before selecting 

a creep model for analysis purposes. For the remainder of this study, the DNW creep model 

is adopted because this model was developed using concrete very similar to the concrete 



used in the construction projects described in Chapter 9. 

The following chapter outlines the analysis techniques used to evaluate the 

significance of thermal stresses in concrete structures due to heat of hydration. The time- 

dependent analysis described in Chapter 8 uses the creep behavior predicted by the DNW 

model for HPC described above. 



7.0 TEMPERATURE PREDICTION IN CONCRETE STRUCTURES 

7.1 INTRODUCTION 

The temperature distribution in concrete structures is not uniform. Temperature 

differences occur: between the surface and core of a member, between components of 

different thickness, such as the web and bottom slab of a box-girder beam; across 

construction joints separating mature and hardening concrete; and between lifts of a mass 

concrete structure. These temperature differences are caused by many factors that vary 

according to structure geometry, location, and also with time. The short and long-term 

thermal behavior of many bridges has been documented in an effon to create a database for 

calibration of temperature prediction models @ilger and Ghali 1977, Dilger 1985, Gilliland 

and Dilger 1998a and 1998~). 

This chapter discusses the variables that influence concrete temperature and how 

these variables can be modeled in an attempt to calculate and predict the magnitude and 

distribution of temperature in a concrete structure. The three-dimensional finite element 

temperature model used in this study is reviewed and the computer program, FETAB3DH, 

that implements this model is described. Results from FETAB3DH are used as input for 

thermal stress analyses discussed in subsequent chapters. 

7.2 FACTORS INFLUENCING CONCRETE TEMPERATURE 

Thermal properties of concrete, such as thermal conductivity, specific heat capacity, 

and density will strongly influence the degree to which external conditions, like air 

temperature, influence the concrete temperature distribution. As discussed in Chapter 3, 

these properties are affected by the concrete mix design (Neville 1981). 

During construction, heat of hydration, the type of formwork, ambient conditions, 

concrete mix temperature, and solar radiation will affect the maximum temperature and 

temperature gradients in a concrete structure (Wang and Dilger 1994 and 1995, Lachemi 



and Aticin 1997). Long-term concrete temperature fluctuations will primarily be influenced 

by ambient conditions, such as wind and air temperature. as well as solar radiation and 

geographic location (Alsayed and Amjad 1994, Hirst and Dilger 1989, Maes 1980). The 

influence of these factors will vary according to geographic location and the spatial 

orientation of the structure. Near the equator, temperature fluctuations are not as severe as 

closer to the poles. 

Structural parameters such as member size and shape will also strongly affect the 

maximum temperature and temperature distribution in a concrete structure at early age and 

long-term. The core of mass concrete structures wiil not be influenced by daily temperature 

fluctuations (Wang 1995). However, the long-term temperature changes that take place 

over a year wiil be reflected through the depth of most structures that are exposed to the 

atmosphere. Voids inside a concrete structure, such as the cell or cells of a box-girder 

bridge, will also affect temperature change and distribution. A method for determining 

extreme values of temperature fluctuations has been established and applied to a box-girder 

bridge located in Calgary, Canada (Maes et al. 1992). 

Solar radiation will predominantly strike the top surfaces of structures near the 

equator. However, away from the equator, solar radiation will strike the sides of structures 

during the winter season. Overhangs, like the cantilevers of a box-girder, will shade the 

sides of a structure from direct solar radiation under some circumstances (Elbadry 1982, 

Dilger et al. 1983, Elbadry and Ghali 1983, 1984). 

7.3 EXISTING PREDICTION MODELS 

Historically, researchers and design codes have only considered thermal effects 

during construction in mass concrete structures such as dams. Thermal effects in other 

concrete structures such as bridges were typically neglected until the 1970's when the 

significant influence of solar radiation on bridge structures was addressed. Recently, the 

development of HPC has generated renewed interest in significance of thermal effects in all 

types of structures during construction and long term. 



Results of early research addressing thermal effects in mass concrete comprise the 

bulk of design recommendations described by ACI Committees 207.1R, and 207.21 

(1992). The information presented is valid only for concrete with a cement content of 

approximately 220kg/m3 which is typical for mass concrete structures. The maximum 

temperature rise and the time of maximum temperature are estimated only for a structure as 

a whole, not at a specific location within the mass concrete, and are expressed as functions 

of concrete volume-to-surface area (ACI 207.2R 1992). The rate of temperature rise in a 

structure is estimated under adiabatic conditions only. 

The influence of daily air temperature fluctuations on the temperature distribution in 

mass concrete is described by ACI Committee 207.1R (1992) and is shown in Fig.7.1. This 

figure indicates that fluctuations in air temperature over the course of one day influence 

concrete temperature at depths of up to 0.7Sm from the surface. However, seasonal air 

temperature fluctuations over the course of a year can influence concrete temperature at 

depths of up to 14.0m from the surface. 

The first attempts at predicting the temperature distribution in concrete bridges were 

one-dimensional and dealt with predicting the influence of solar radiation. This research 

Fig.7.1- Surface AT compared to average mass concrete AT (ACI 207.1 R 1992) 
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resulted in maximum temperature and maximum temperature gradients being integrated 

into numerous design codes for the purpose of calculating design loads on bridges in 

operation, not during construction. The 1970 design thermal gradient used in New Zealand 

assumed a uniform temperature increase in the top deck of the bridge equal to half the 

maximum temperature increase at the top surface (Priestley 1972). The 1973 New Zealand 

design thermal gradient is shown in Fig.7.2 and has been shown to accurately describe the 

vertical temperature distribution in bridges with concrete decks (Pnestley 1978, Hambl y 

1978). This design gradient assumes a fifth power temperature distribution over the top 

1200mm of a concrete bridge, and a small temperature change at the bottom of the bridge. 

In agreement with work by Emerson (1977). the maximum temperature in the bridge deck 

is reduced if a wearing surface is added to the bridge deck. For box girder bridges, a linear 

gradient is assumed in the portion of a bridge deck located over an enclosed cell. 

The 1978 British Code BS5400 (1978) gives design thermal gradients for heating 

and cooling of a bridge due to solar radiation. The heating and cooling gradients in BS5400 

are shown in Fig.7.3 and indicate that after the temperature of a bridge deck increases 

during the day, the temperature gradient reverses. or becomes negative. as the bridge deck 

. I webs, Cantilevers 

t i  =5-0.05-h ("C) 

T = 3 2 - 0 . 2 - h  ("C) 
h = Wearing surface thickness (mrn) 

Fig.7.2 - New Zealand bridge design thermal gradient 1973 (Priestley 1978) 



Fig.7.3 - British bridge design thermal gradients (BS5400 1978) 
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cools during the evening. These gradients define the maximum range of temperature 

gradients experienced by a bridge structure. The heating, or positive. gradient represents a 

simplification of the fifth power temperature distribution shown in Fig.7.2. 

The positive and negative design gradients specified by the European Code ECl 

(1995), shown in Fig.7.4, are linear over the entire bridge depth and are independent of 

bridge type or cross-section. A linear gradient is not an accurate representation of bridge 

temperature distributions. Specifying a linear temperature distribution is much easier for 

bridge designers to use because a linear gradient translates into linear stress and strain 

distributions. However, linear and nonlinear temperature gradients with the same 

temperature difference between the top and bottom bridge surfaces will result in 

dramatically different calculated stresses. A linear gradient does not induce self- 

equilibrating stresses and overestimates the induced curvature compared to the curvature 

calculated using a nonlinear gradient. Hence, using a linear gradient will over-estimate the 

thermal continuity stresses induced in continuous bridges (Mirambell and Costa 1997). 

Also, a linear temperature gradient ignores the effect of bridge cross-sectional shape on 

temperature. An overhanging top deck will shade lower portions of the bridge from solar 

ha = 0.4 m 
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Fig.7.4 - Eurocode bridge desi;.~ thermal design gradients (EC 1 1995) 

radiation and reduce the fluctuation in concrete temperature below the top deck. 

Rather than specifying a linear temperature gradient, the Canadian Bridge Code S6 

(1988) and the Ontario Highway Bridge Design Code (1991) specify the curvature caused 

by a linear temperature gradient. This method of expressing a thermal gradient is 

convenient for the designer because it eliminates the need to convert from temperature to 

applied strain distribution. However, the physical meaning of temperature effects is lost 

when temperature is not specified explicitly. 

For the purpose of determining axial deformations in bridges, researches at the 

Transport and Road Research Laboratory, England, have established the average bridge 

temperature as a function of environmental conditions for a variety of bridge types 

(Emerson 1979). A strong correlation between mean shade air temperature over the 

previous 48 hours and mean bridge temperature was found for concrete bridges (Emerson 

1976a). Due to steel and composite bridges having a smaller cross-sectional area and 

conducting energy more rapidly than concrete bridges, a strong correlation for steel and 

composite bridges was obtained when mean shade air temperatures over shorter time 

periods were used. Black (1978) quantified the influence of bridge deck thickness on 

average bridge temperature using an "area ratio" equal to the cross-sectional area of bridge 

deck per metre width of deck. Emerson modified this concept to include steel, composite, 

and box-girder bridges by introducing a shape factor equal to the bridge cross-sectional area 
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Fig.7.5 - Daily range in average bridge temperature (Emerson 1976b) 

per meter width of bridge. The relationship between the range of average bridge 

temperature during one day and bridge shape factor is shown in Fig.7.5. For a given bridge, 

the maximum and minimum average bridge temperature during one day is determined from 

this figure by respectively adding and subtracting the range in average temperature from the 

mean daily shade temperature. 

Maes et d (1992) confirmed the influence of bridge cross-section on average 

bridge temperature using a more sophisticated shapc factor, called a global response factor, 

A, and is defined as: 

where p is the average bridge density, c is the average bridge specific heat, (9,)- is the 

average heat transfer coefficient, and AIS is the bridge cross-sectional area to perimeter 

ratio. The global response factor accounts for the size, shape and composition of a bridge 

cross-section, as well as environmental conditions that influence the rate at which energy is 

transferred to and from a bridge structure. The relative magnitude of the global response 



factor indicates the tendency of the average bridge temperature to increase or decrease as 

the ambient air temperature increases or decreases, respectively. A smaller value of global 

response factor indicates that the average bridge temperature would react more rapidly to a 

change in ambient temperature than if the global response factor was larger. 

The Canadian Bridge Code S6 (1988) gives the range of average bridge temperature 

as a function of the maximum and minimum, mean daily air temperature. Values given in 

the Code are similar to those proposed by Emerson in Fig.7.5, however are independent of 

bridge cross-sectional area. 

Computer models developed since the late 1970's have allowed the prediction of 

temperature distribution, not just maximum temperature, and also the prediction of 

temperature variation, and its effects, with time. Development of HPC beginning in the 

1980's has stimulated a re-evaluation of thermal effects in all concrete structures using 

computer models. 

Maes (1980). Thurston et al. (1980). and Dilger et a!. (1983) expanded the scope of 

investigation into thermal effects by modeling the effects of heat of hydration and other 

environmental parameters, such as wind and air temperature, using one-dimensional finite 

difference numerical techniques. Since 1980, this technique has been adapted to many 

concrete applications including concrete pavements (Kapila et al. 1997). The application of 

one-dimensional models has been extended to two and three-dimensional heat flow 

problems using the "equivalent thickness" concept proposed by De Schutter and Taewe 

(1994, 1996). Using the equivalent thickness concept, two and three-dimensional heat flow 

can be equated to one-dimensional heat flow in a wall. The equivalent thickness of a 

concrete structure, d,, is defined as: 

where y. = shape factor, 

M,, = massivity = volume-to-surface ratio of the concrete member. 

To apply (7.21 to a concrete structure of arbitrary geometry, the structure is divided 



into "heat flow volumes" which are defined as components of structure that can be 

separated from the structure without disturbing the heat flow in the remaining structure. For 

an arbitrary heat flow volume, shown in Fig.7.6, the point furthest from the surface of the 

structure is defined as point A. Point G is defined as the center of gravity of the heat flow 

volume, and point D is defined as the point on the surface of the heat flow volume 

intersected by a line from point A to the surface through point G. The shape factor for a 

heat flow volume is calculated as the ratio of the distance AD to the distance GD. The 

maximum temperature and maximum temperature difference in a structure with two or 

three-dimensional heat flow is equated to the maximum temperature and temperature 

difference in a wall with a thickness = d, calculated using a onedimensional model. 

Currently, two-dimensional finite element models are commonly used to predict 

temperature distribution over time. This type of model allows all environmental and 

boundary conditions to be modeled accurately and has the flexibility to model any two- 

dimensional geometry (Hirst and Dilger 1989, Froli et al. 1996, Roelfstra and Salet 1994). 

These models have been expanded to include the heat of hydration in temperature 

calculations (Wang and Dilger 1994, Khan 1995). Alternatively, the same numerical 

techniques can be used in a model that only includes the effect of heat of hydration (Acker 

1986). Using two-dimensional models, many parameters have been identified that influence 

the temperature distribution in concrete. They include: heat of hydration, solar radiation, 

conduction, formwork material, member size and geometry, and the maturity of adjacent 

concrete. While solar radiation directly influences concrete temperature, it also indirectly 

flow volume 
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Fig.7.6 - Heat flow volume for an arbitrary section (De Schutter and Taerwe 1994) 



influences the significance of the other parameters and consequently has been studied more 

frequently (Maes et al. 1992, Eberhardt et al. 1994, van Breugel and Koenders 1995, 

Koenders et al. 1996). 

Currently, three-dimensional finite element heat-flow models represent the state-of- 

the-art in concrete temperature modeling. Saetta et al. (1995) developed a three- 

dimensional model but did not account for variations in solar radiation. Elbadry and 

Ibrahim (1 996) developed a three-dimensional heat-flow model that is based on the two- 

dimensional model developed by Elbadty and Ghali (1982). The model developed by 

Elbadry and Ibrahim is used as the basis for the temperature prediction model used in this 

study. Their model, however, is limited to modeling the temperature distribution in mature 

concrete. Hence, to investigate concrete temperature during construction, the model by 

Elbadry and Ibrahim is expanded to include the heat of hydration model proposed in 

Chapter 2. A review of the three-dimensional finite element model used in this study is 

presented in the following sections. 

7.4 HEAT TRANSFER THEORY 

The transient heat flow within the boundaries of a body is governed by the 

following equation (Holman 1986): 

where T = temperature, 

k, = anisotropic thermal conductivity in the ith direction, 

q. = rate of energy generated within the material, 

p = density of the material, 

c = mass specific heat of the material. 

For hardening concrete, q, is the energy released by hydration of cementitious 

materials. The calculation of this term is discussed in detail in Chapter 2. 



Solution of [7.3] requires the application of boundary conditions to the heat transfer 

problem. Two types of boundary conditions are possible: temperature on the boundary, and 

rate of energy transfer across the boundary. The temperature on the surface of a material is 

rarely known. Hence, it is important to understand the flow of energy between a material 

and its surrounding. On a boundary, energy flow can be described as: 

where q, = boundary energy flux (gain is positive, and loss is negative), 

n, = direction cosine of the unit outward normal to the boundary surface in 

the ih direction. 

The first three terms of 17-41 describe the flow of energy in the material at the 

boundary, and the fourth term, q,, quantifies the energy transferred across the boundary 

from the surroundings to the material. The calculation of qg is described in the following 

section. 

7.5 BOUNDARY HEAT FLOW COMPONENTS 

The energy transferred across the boundary of a structure consists of many 

components including: solar radiation, convection, irradiation, evaporation, condensation, 

and precipitation. All of these components are time-dependent. Convection and irradiation 

are also a function of surface temperature. This study considers the effects of the first three 

listed components. The influence of surface moisture is not included. For this study, then, 

the boundary energy flux is defined as: 

where q , ,  = solar radiation heat flux, 

q, = convection heat flux, 

q~ = thermal irradiation heat flux. 



The solar radiation energy gain by a structure depends on the relative position of the 

sun compared to the surface of the structure as well as the clearness of the atmosphere 

between the sun and the structure. The position of the sun is calculated considering the 

latitude. longitude, and elevation of the structure's location, as well as the time of day and 

time of year. Clearness of the atmosphere is affected by the density of cloud and pollution. 

The solar radiation energy absorbed by a structure is typically calculated as (Holman 1986): 

where a = absorption coefficient or absorptivity of the surface, 

L(t) = normal component of the solar radiation incident upon the surface of the 

structure at time t .  

Accurate procedures have been developed to calculate the intensity and direction of 

solar radiation at a given location based on geographical and calendar information (Duffie 

and Beckman 1974, Kelbeck 1975, Dilger and Ghali 1980, Elbadry 1982, Elbadry and 

Ghali 1983). Surface absorptivity is discussed in Chapter 3. 

The energy transferred between a solid surface and the su~ounding air or fluid as a 

result of air or fluid movement is called convection heat transfer. The intensity of energy 

transfer depends on the difference in temperature between the surface and the fluid. 

Convection heat transfer is calculated using Newton's law of cooling (Holman 1986): 

where h, = convection heat-transfer coefficient, 

T,(t) = surface temperature at time t, 

T.(t) = ambient air temperature at time t. 

For structures exposed to air, h, depends on wind speed and surface roughness. For 

a given surface, wind direction must also be considered. Hence, h, will vary over the 

surface of a structure. The value of h, for concrete structures is discussed in Chapter 3. 



Energy transferred between the surface of a structure and the surrounding air or 

surrounding objects by thermal irradiation is calculated using the Stefan-Boltzman law 

(Holman 1986): 

where C, = Stefan-Boltzman constant (5.677~ 1 0-8 W/mxK4), 

e = ernissivity of the surface material, 

e. = ernissivity of the atmosphere. 

Atmospheric emissivity is calculated using the equation derived by Idso and 

Jackson (1969): 

Emissivity varies greatly with radiation wavelength, temperature, and surface 

condition. Kirchhoff s law states that the ernissivity and absorptivity of a material are equal 

at the same temperature. However, because of the extreme temperature difference between 

a concrete structure and the sun, the ernissivity and solar absorptivity of a concrete surface 

may not be the same (Holman 1986). For this study, the emissivity and absorptivity 

coefficients for concrete are assumed to be in the same range and they are assumed to be 

independent of temperature. The value of concrete emissivity is discussed in Chapter 3. 

The calculation of irradiation heat transfer is normally converted into a fictitious 

radiant convection to combine convection and irradiation energy transfer into one equation. 

This is done by converting [7.8] into a form similar to [7.7]: 

where 

By introducing an overall heat transfer coefficient, h, defined as h = h. + h, , [7.7] 



and [7.10] can be combined and the total rate of energy transferred across the boundary of a 

structure can be calculated as: 

Equation [7.12] is used in this study to calculate the energy transfer across structure 

boundaries. 

7.6 FINITE ELEMENT FORMULATION 

In this study, a three-dimensional structure, such as a segment of a box-girder 

bridge, is discretized into a finite number of elements consisting of two types. Considering 

the prismatic nature of most common structural elements and following the work of 

Ibrahim (1995), the 20-node continuum element is used to model the body of a structure, 

and the 8-node plane element is used to model a structure's boundaries. 

In a thermal finite element analysis, the temperature at any point within an element 

can be determined by using what are known as the shape functions of the element. These 

shape functions define a temperature field within an element based on the known values of 

temperature at the element's nodes. The temperature field is defined so that it is continuous 

within an element and between adjoining elements. The temperature at a point within an 

element is defined as: 

where { T(t))fr) = vector of nodal point temperatures for an element, e, at time, t, 

[N] = matrix of shape functions for a finite element. 

Shape functions for the elements used in this study can be found in many references 

on finite element analysis including Cook et al. (1989). 



7.7 FINITE ELEMENT SOLUTION 

This section outlines the finite element solution of [7.3] for nodal temperatures as 

described by Segerlind (1976). From the variational finite element method, the following 

functional is minimized with respect to the nodal temperatures. It should be noted that this 

functional is time-dependent. 

Equation l7.141 requires that the boundary condition given by [7.4] be satisfied. 

From [7.13], temperature is defined over each finite element. Hence, [7.14] is minimized 

over each element. This minimization is conducted by setting d U l d ( T )  = 0. Considering n 

elements composing a structure, this gives: 

n ~9 x(e)  ( t )  
( t )  = ( )  ( )  and 

d T 
=o 

e=l 2 T .=I 

The conductance matrix, [Dl, for an element and the first derivative of the shape 

functions for an element, [B], are defined as follows. 

Substituting [7.14] and [7.16] into [7.15] gives the following finite element 

functional for an individual element: 



P.  c .  [N]"' . {T} . [N]"' . - - [N]") *{TI - q v )  dV 
volume a t  

+ 5 L*{T}' - ( [ N ] " ' ) ~  -[N]"' -{TI dS 
Surfxe 2 

All of the terms in [7.17] can be time-dependent except [N] and [B] ,  however, for 

the sake of brevity, the time variable is omitted. Minimizing [7.17] with respect to the 

nodal temperatures, (T), yields the following first order, or linear, differential equation: 

where [ K ( t ) p  = element conductivity matrix, 

[q'.' = element heat capacity matrix, 

{ F(t) = element thermal load vector. 

For internal elements, 

[K]"' = l [ B ] ~  - [D l  [ B ]  dV 
ylr)  

and, 

and, 



When considering boundary elements, the element conduction matrix and the 

element thermal load vector are time-dependent because the overall heat transfer coefficient 

is a function of temperature which varies with time, and the solar radiation energy flux is 

also a function of time. The heat capacity of a boundary element is zero. Hence, for 

boundary elements, 

and, 

From [7.15], minimization of 17-17] over the entire space domain of the structure 

yields an equation very similar to [7.18]: 

where [K(t)J = system conduction matrix, 

[a = system heat capacity matrix, 

{T ( t ) }  = vector of nodal temperatures for the system, 

{ F(t) J = system thermal load vector. 

The terms defined in [7.25] are summations of the element components and are 
defined as: 

[C] = [c] "' 

and, 



[K] = 2 [K]"' + 5 [KI1') 

and, 

where n, = number of conduction elements, 

nb = number of boundary elements, 

n = total number of elements = n, + nb. 

The finite element solution for nodal temperatures in the space domain is given by 

[7.25]. However, this equation is time-dependent so solution in the time domain is also 

required. The time-dependent solution of [7.25] is discussed in the following section. 

7.8 NUMERICAL SOLUTION IN THE TIME DOMAIN 

Two common numerical methods are used to solve the linear differential equation 

17.251 for the nodal temperature vector, (T( t ) ] .  The first method is the Crank-Nicholson 

method which approximates the variation of temperature with time using the central 

difference representation. The second method is the Galerkin weighted residual method 

which uses the finite element method to obtain the solution in the time domain. These 

techniques have been discussed extensively (Zienkiewicz 1977, Elbadry and Ghali 1983) 

and assume that the time domain is divided into a number of time increments. 

The Galerkin weighted residual method as described by Elbadry and Ghali (1983) is 

adopted for this study. The temperature and thermal load vector is assumed to vary linearly 

within each time increment. Hence, the temperature and thermal load vector within a given 

ti me increment is calculated as: 



and, 

where ti = time at the beginning of a time increment, 

t, = time at the end of a time increment, 

t = time between t, and t, , 

Application of the Galerkin method sets the integral over a time increment of the 

error in the solution of [7.25] equal to zero. Choosing N(t), as the weighting function for 

this integral gives: 

where 

Substituting N(t)i from [7.31], and {L(t)) from [7.33], into [7.32] gives the 

following recurrence equation in the time domain: 

This equation can be used to solve for { T(t,) } as long as { T(t,) } is known. However, 

the value of h(t,), required to generate the conduction matrix and thermal load vector at time 

t, , is dependent on T(t,). It has been shown by Maes (1980) that the value of h(t) is only 



slightly dependent on temperature so, to avoid iteration, h(t,) can be extrapolated from the 

values calculated at the previous time increment giving: 

It(t, ) = 2 R(ti ) - h(r, ) where th < r,. c r ,  [7.35] 

Knowing the heat-transfer coefficient at the end of the time increment, the nodal 

temperature vector at the end of the increment can be calculated directly. The procedure to 

calculate the temperature distribution in a three-dimensional structure that is outlined above 

is integrated into a computer program called FETAB3DH. The development of this 

program and the input required to run the program is discussed in the following section. 

7.9 COMPUTER IMPLEMENTATION - FETAB3DH 

The purpose of the computer program FETAB3DH @inire Element Thermal 

Analysis of Bridges in 3 Dimensions including Hydration) is to calculate the temperature - 
distribution in a three-dimensional concrete structure considering the effects of varying 

boundary conditions, solar radiation, and heat of hydration. The development of this 

computer program began in 1980. The original version, FETAB, was developed by Dilger 

and Ghali (1980) to calculate the temperature distribution within the cross-section of a 

composite box-girder bridge for a constant heat flux at the boundaries of the cross-section 

and constant heat generation within the concrete. Major refinements to this original 

program were made by Elbadry (1982) and Elbadry and Ghali (1984) to account for time- 

varying boundary conditions. Elbadry and Ibrahim (1996) convened the two-dimensional 

version of FETAB into a three-dimensional model with the same capabilities. 

Until recently, the program FETAB has not been capable of modeling the thermal 

behavior of hardening concrete. This was rectified by Wang (1995), who extended the two- 

dimensional version of FJZTAB to include the time-dependent effects of cement hydration 

in concrete structures. In addition, Wang refined FETAB to account for changes in 

boundary conditions and changes in structural shape that occur due to formwork removal 

and mu1 ti-lift construction procedures. 



The present study extends the three-dimensional version of FETAB to include the 

features that were added by Wang to the two-dimensional version of FETAB. In addition, 

the hydration model incorporated in FETAB3DH is capable of accounting for hydration in 

HPC. The ability to use measured air temperature and solar radiation as input is also added, 

however, if measured data is not available, the program can predict air temperature and 

solar radiation based on the model used by Elbadry and Ibrahim (1996). Changes in 

boundary conditions and structural shape due to changes in formwork and multi-lift 

construction procedures are modeled by conducting a series of analyses with FETAB3DH. 

A change in formwork andor the addition of a concrete lift defines the end of one analysis 

and the beginning of another analysis. The nodal temperatures and maturities from one 

analysis are passed to a subsequent analysis through a data file. 

Input data required to run FETAB3DH consists of: environmental information; 

thermal properties of materials used in the structure; mix parameters of any concrete used 

in the structure, including the initial concrete temperature and maturity; and definition of 

the finite elements used to model the structure. The number of different materials used in 

the structure, the size of the structure, and the number of finite elements used to model the 

structure are only limited by the storage capacity of the computer used to run FETAB3DH. 

Tne storage requirements and required input format are described in the user's manual for 

the three-dimensional version FETAB3D (Ibrahim et al. 1995). Input for FETAB3DH is 

discussed in the following sections. A sample input file for FETAB3DH is included in 

Appendix A. 

7.9.1 Environmental parameters 

The environmental information required as input for FETAB3DH is data required: 

to calculate the amount of, and angle of, solar radiation at the structure, to calculate the 

time of sunrise and sunset at the location of the structure; and to determine the surrounding 

air temperature. This data includes: the location of the structure, including the latitude and 

longitude of the structure, and the meridian that the standard local time is referenced to; the 

time of year and time of day that the analysis simulates; the range of daily air temperature; 



the turbidity of the air, varying from a value of approximately 2.0 for very clear air to 5.0 

for very smoggy and polluted air, and the amount of reflected radiation from the 

surroundings. Except for air temperature, all of the environmental parameters influence the 

amount of solar radiation reaching the structure being modeled. 

FETAB3DH models the magnitude and direction of solar radiation at a structure as 

a function of time. Also, given the maximum and minimum daily air temperature, 

FETAB3DH models the daily fluctuation of air temperature as a sinusoidal function of 

time. If air measured temperature data is available for each time step of the analysis, then 

this data can be used in an input file, "airtemp.dat", to ovemde the model values. In 

addition to air temperature, this input file must include a modification factor for solar 

radiation intensity at the structure. This factor modifies the percentage of radiation 

calculated by the computer model to reach the structure and can be used to account for the 

presence of cloud cover over the structure. A modification factor equal to 1.0 allows 100% 

of the radiation calculated by the model to reach the structure. Air temperature data and 

solar radiation intensity factors for each time step of an analysis must be included in the 

input file. The air temperature and then the intensity factor must be listed on one data line 

per time step. A sample data file is included in Appendix A. 

7.9.2 Boundary energy transfer parameters 

Boundary energy transfer parameters include: the convection heat transfer 

coefficient, the ernissivity coefficient, and the solar radiation absorptivity coefficient. The 

values of these parameters for concrete surfaces have been discussed in Chapter 3. 

However, during constmction, concrete surfaces may be covered by formwork, insulation 

blankets, or construction equipment. Formwork is typically made with wood andlor steel. 

The thermal conductivity of the wood is in the range of O.lO-O.lSW/(m-°C) compared to 

that of steel which is in the range of 40-50 W/(m-OC) (Holman 1986). Because the 

conductivity of steel is much higher than that of concrete, steel formwork has little effect on 

the maximum temperature or the temperature distribution in a concrete structure. 

Conversely, wood formwork insulates the concrete against heat transfer with the 



surrounding air. In fact, as discussed in Chapter 10, wood formwork can have the same 

effect as the use of two insulation blankets. When insulating materials cover a concrete 

surface. the thermal properties of the insulating material should be used as input rather than 

the surface thermal properties of concrete. 

7.9.3 Concrete mix parameters 

Concrete mix parameters are required to establish the condition of the concrete at 

the beginning of the analysis and as input for the hydration model discussed in Chapter 2. 

The parameters required for each concrete type used in the structure include: cement 

content and type, fly ash content and efficiency factor. and w/cm. To begin each analysis, 

the initial concrete temperature and the initial concrete maturity must also be given. These 

are used as default values which are ovenidden if temperature and maturity values are read 

from an input file created by a previous FETAB3DH analysis. Temperature and maturity 

data is read from an input file assuming that node numbering begins at 1. Also, node 

nr;m'uedng for a given structure cannot change from one analysis to the next. For example, 

if the first lift of a two lift structure has 100 nodes, then node numbering for the second lift 

must begin at 101. 

7.10 SUMMARY 

Temperature has been studied by researchers in an effort to evaluate the influence of 

temperature on the behavior of concrete structures. Many variables have been identified 

that affect the temperature distribution in concrete during construction and long term over 

the life of a structure. The accuracy of concrete temperature prediction has steadily 

improved with time. Three-dimensional finite element models represent the state-of-the-aa 

in temperature prediction. Models of this type, including the model used in this study, are 

capable of predicting the magnitude and distribution of temperature as a function of time in 

structures of arbitrary geometry and composition. Heat of hydration, solar radiation, 

convection, and irradiation are considered in energy flux calculations. The temperature 

model reviewed in this chapter is implemented in the computer program FETAB3DH. 
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Results from FETAB3DH are used as input to determine the stresses in concrete caused by 

temperature effects. The calculation of stresses is discussed in Chapter 8. 



8.0 PREDICTION OF STRESSES IN CONCRETE STRUCTURES 

8.1 INTRODUCTION 

To predict cracking in concrete structures during construction, it is necessary to 

calculate the stress distribution in the structure. As already discussed, the factors 

influencing concrete stress are time-dependent so, therefore, a time-dependent stress 

analysis is also required to accurately reflect in-situ conditions. However, conducting a 

time-dependent stress analysis is not straight forward. Concrete material properties are 

time-dependent, vary throughout a structure, and are influenced by the environment. In 

addition, concrete creep and shrinkage properties are difficult to establish in actual 

structures for a variety of reasons including variations in concrete production and 

inconsistencies in construction procedures. Finally, large concrete structures are built in 

stages which results in structures consisting of concrete with different properties, 

particularly during construction when concrete properties are changing rapidly. 

Measuring stresses and strains in hardening concrete is very difficult, and not yet 

possible in the field with a satisfactory level of accuracy. Accurate measurement becomes 

possible after concrete has attained sufficient strength, typically after concrete reaches a 

maturity of 4 days (Thurston et al. 1980). Due to this difficulty, it is necessary to calculate 

concrete stresses using a computer model. This chapter outlines the basic principles used to 

conduct the stress analyses in this investigation. Methods of creep analysis are summarized 

by Neville et al. (1983) and are not reviewed here. This investigation uses the step-by-step 

method, which is outlined below. 

8.2 ASSUMPTIONS OF STRESS ANALYSIS 

The following assumptions are adopted in this study to facilitate the stress analyses 

of three-dimensional concrete structures. It has already been established that the input 

variables required to conduct a stress analysis have a certain degree of inaccuracy built into 



their values. It is therefore possible to introduce assumptions in the stress analysis which 

will not significantly compromise the overall accuracy of the analysis while greatly 

simplifying the stress analysis procedures. Two commonly accepted assumptions in 

structural analysis are the "plane cross-section" assumption and the assumption that a 

"perfect bond between concrete and steel" exists at all times. The following assumptions 

are also made for this investigation. 

8.2.1 Stress-strain linearity 
To calculate stress, a relationship between concrete stress and strain is required. 

This relationship is assumed to be linear in this study. Although concrete does not strictly 

exhibit a linear relationship, this assumption is generally acceptable for stresses less than 

50% of the concrete strength, f ,. The non-linearity between stress and strain becomes very 

significant above this limit and is discussed in Chapter 3. 

8.2.2 Homogeneity 
Material properties form the basis for input required to conduct a stress analysis. TO 

facilitate the calculation of material properties, it is assumed that concrete composition is 

homogeneous throughout a concrete structure. This assumption removes all of the variables 

associated with concrete placement techniques and also facilitates the calculation of 

average creep and shrinkage properties for the concrete mix. 

In practice, however, moisture content and concrete composition vary through a 

concrete structure resulting in varying creep and shrinkage properties. In this investigation, 

each stage of construction is assumed to consist of homogeneous concrete, with the 

properties of concrete used in each construction stage calculated individually. 

8.2.3 Material property development 
As an extension to the homogeneity assumption above, it is assumed that the 

development of concrete material properties for a given stage of construction is a function 

of maturity and is independent of stress. While this is not strictly correct when considering 

shrinkage or concrete strength, the influence of stress on material properties is beyond the 

scope of this investigation and is not considered. 



8.2.4 Elastic and creep Poisson's ratio 
To conduct a three-dimensional, time-dependent stress analysis of concrete. it is 

necessary to calculate the elastic as well as creep Poisson's ratio. As discussed in 

Chapter 6, the elastic and creep Poisson's ratio are not equal. However, the dependence of 

these variables on other factors is not well understood. Fortunately, the magnitude of the 

elastic and creep Poisson's ratios is small so simplifying assumptions regarding these two 

variables do not introduce significant errors into stress analyses. For this investigation, it is 

assumed that the elastic and creep Poisson ratios are equal and constant with time. 

8.2.5 Principle of superposition 
This well known principle states that the effects of a load applied at any time t are 

independent of the effects caused by any other load applied either before or after t. This 

principle is valid for any increase or decrease in stress provided the net magnitude of stress 

lies within the range of linearity. Because of its drawbacks, the principle of superposition is 

not used in all creep analysis methods. Consequently, it can be considered an analysis 

method on its own rather than a common assumption. 

It has been observed by many researchers (Neville 1995. Guenot et al. 1996) that 

the principle of superposition overestimates creep recovery and that previous loading 

history does influence creep behavior. Creep models that account for load history are 

currently being developed (Sakata and Ayano 1992a, 1992b), however these models are 

difficult to integrate into time-dependent stress analyses. For this investigation, the increase 

in accuracy achieved by using a more sophisticated creep model that accounts for load 

history is not warranted due to the significant uncertainties inherent in other parts of this 

study. In addition, as already discussed in Chapter 6, creep recovery is not likely to play a 

significant role in the prediction of concrete stresses during construction. Consequently, the 

principle of superposition can be used to achieve reasonably accurate results for non- 

decreasing stress and strain regimes, which is primarily the case in structures during 

construction. 



8.3 STEP-BY-STEP CREEP ANALYSIS METHOD 

The step-by-step method is a general numerical technique used to calculate the 

creep behavior of a given structure with any stress or strain history. Generally, it employs 

the principle of superposition to calculate the effects of applied loads. The step-by-step 

method is chosen for this study because it is simple to use and provides an acceptable level 

of accuracy for problems where the level of stress remains constant or is increasing (Guenot 

et al. 1996). 

8.3.1 Outline of method 
From the creep coefficient definition given in Chapter 6, the total strain at time t 

due to a load applied at time t. is calculated as: 

where at.) is the initial value of concrete stress. The change in strain due to stress which 

varies over time is defined as: 

where J(t,t') is the creep function at time t due to a constant unit stress applied at time r ' .  

The summation of [8.1] and [8.2] is the total strain at any given time, t ,  due to a 

varying stress starting at an initial value. Generally, however, [8.2] cannot be used to solve 

a typical stress analysis problem. Instead, the continuum described by [8.2] is broken into 

steps, or time intervals. For this study, the change in stress in each interval is assumed to 

occur instantaneously in the middle of each step. For instantaneous changes in stress or 

strain, a time interval with zero duration can be used. The elastic deformation for a given 

interval is calculated using properties calculated at the middle of each step, and creep 

deformation is calculated from the middle of each step onwards. This terminology is shown 

graphically in Fig.8.1. The derivation of the step-by-step method is given by Neville 



177 

r 

P step 

Stress 

tjfi tj fi+n ti-H ti ti+@ 

Time 
1 

Fig.8.1 - Definition of time intervals for the step-by-step method 

et nl. (1983), and is summarized as follows. The change in strain at the end of step j due to 

a change in stress in step j is given as: 

and at the end of time step i , where i > j, the change in strain due to this same change in 

stress during step j is calculated as: 

Applying [8.3] and [8.4], the total strain at the end of step i is calculated as the 

summation of tenns: 

When strain history is known instead of stress history, [8.5] can be manipulated to 



caiculate stress at a given time by solving for the stress increment in the ih step. The change 

in stress during step i is calculated as: 

Remnging the two summation terms to separate strain due to deformation occurring for 

the first time in step i from the strain due to creep induced by previous time-steps gives: 

where the change in stress in previous time steps is known. By calculating the change in 

stress sequentially in each step, the stress at the end of any step can be calculated as: 

8.3.2 Finite element structural analysis 
Using the step-by-step method outlined above, it is necessary to conduct a stress 

analysis for each time step of the problem. One common structural analysis technique is the 

finite element method (Zienkiewicz, 1977). The finite element technique, as it applies to 

the problem addressed in this study, is summarized below. 

The state of an object can be described in terms of its potential energy functional 

equation. Neglecting body, traction, and external forces, the potential energy of an object 

with volume, V, is defined as: 

where ( E }  = strain in a material. 

[a = material stiffness matrix, 

{ = initial strain in a material before deformation is allowed, 



{a,) = initial stress in a material before deformation is allowed. 

From finite element formulation, the displacement field of a point is defined as: 

where [Nj  = shape function matrix, 

(d} = displacement of defined points in an object. 

By differentiating [8.10] with respect to the permissible displacement field, the strain at any 

location is calculated as: 

where [ d l  = displacement differential operator matrix. 

Substituting [8.10] and [8.11] into [8.9], and then minimizing the total potential energy 

with respect to the displacement field yields: 

The nature of this study lends itself well to an initial strain problem. Assuming that the 

initial state of stress in an object is zero, the remaining terms in [8.12] can be reduced to the 

general equation for the stiffness method used in structural analysis: 

where: 

For this study, the commercially available finite element program ABAQUS is used 

to solve [8.13] through 18.151. For convenience, the initial strain in a given time step is 



converted into an effective temperature change, AT,dt,), for input into the ABAQUS 

program. Hence, the initial strain vector for time step i required for [8.15] is calculated 

using the following equation: 

where the change in temperature, AT(ti+,,ti.b), is calculated using the program FETAB3DH, 

described in Chapter 7, and the concrete shrinkage is calculated using the shrinkage model 

proposed by Dilger et al. (1997), described in Chapter 5. 

To calculate the stress induced by the effective temperature change, defined by 

[8.16], the effective elastic modulus is used in order to account for creep. Previous time 

steps also affect the current time step due to creep. From [8.7], the change in stress in the 

current time step caused by previous steps is calculated by determining the creep strain in 

the current time step induced by each previous time step. This strain, which can be 

quantified as an effective temperature change at each node, is then applied, in conjunction 

with the current effective temperature change, to the structure in the current time step. In 

this way, the change in stress in sequential time steps can be calculated using a single 

elastic structural analysis in each step. From 18.81, the state of stress at the end of any given 

time step is then calculated as the summation of changes in stress in all previous time steps. 

The technique described above has been used in two-dimensional analyses by many 

researchers (Dilger et a!. 1983, Elbadry and Ghali 1995, Wang 1995). Fewer studies have 

been completed using three-dimensional studies. However, in a study of mass concrete 

bridge piers, Linhua et al. (1991) concluded that in the working stress range of concrete 

structures, elastic theory could predict the strain in concrete very well when subjected to 

triaxial (compressive-compressive-tensile) loading. The remarks by Linue et al. support the 

use of the elastic finite element analysis in this study where compressive stresses are low. 

compared to compressive strength, and the tensile stress-strain relation is assumed to be 



linear until failure. 

8.3.3 Application of the step-by-step and finite element techniques 
As implied by 18.71, when using the principle of superposition and the step-by-step 

method, the entire load history of a structure must be stored in memory as it is calculated. 

This is an important consideration when computer memory is limited. In addition, the step- 

by-step method requires the calculation of many creep function values. The creep function 

values calculated are shown in [8.17] for an analysis of one type of concrete with the 

number of time steps equal to i. From c8.171, the number of creep function values is equal 

to 0.5*i2+0.5*i. Clearly, then, as the number of time steps increases, the number of required 

calculations increases rapidly. 

This matrix of values is required for each type of concrete included in an analysis. 

Using the program FETAB3DH, described in Chapter 7, each element of the finite element 

mesh is defined as a separate concrete type for the purpose of determining the maturity of 

each element. Because input for the above structural analysis requires output from the 

FETAB3DH program, the same finite element mesh is used in the structural and thermal 

analyses. However, it is not feasible to define each element separately in ABAQUS due to 

the large number of elements used in each problem. As discussed in Chapters 3, 5 and 6, 

the development of concrete material properties is defined using concrete maturity. 

Therefore, it is necessary to approximate the distribution of maturity as calculated by 

FETAB3DH. A reasonable criterion for defining concrete types in a structure for the 

purpose of calculating material properties in ABAQUS is time of concrete placement. 

Using this criterion, the tensile and compressive strength as well as elastic modulus of all 

concrete placed at one given time are defined using the average concrete maturity of that 



concrete. This defines a manageable number of concrete types for a typical structural 

analysis, even with multiple concrete pours. The error in calculated stress introduced by this 

approximation is discussed in Section 8.5 as well as Chapter 9 where the calculated 

variation in concrete maturity within a structure is reviewed. 

Another important consideration in limiting the required number of calculations, is 

minimizing the number of time steps used in an analysis without compromising the overall 

accuracy of results. Machida and Uehara (1987) used 6hr increments. Chiorino et al. (1984) 

suggest that a geometric progression where tjt,., = 1.15 and t ,  = 1.2 hours be used to define 

time-steps. Using this progression, 11 time-steps are calculated before time-step duration 

exceeds 6 hours. Given the accuracy level of thermal and material propexties used, time- 

steps with a duration of less than 6 hours are not justified. Instead, time-steps are defined in 

this study based on when temperature change occurs in a structure. Temperature increase 

due to hydration, and temperature decrease as the rate of hydration decreases, are modeled 

using a minimum of two time-steps for each. Concrete shrinkage in each step is then 

calculated to suit these time divisions. Because temperature history varies between 

structures, the selection of time-steps should be assessed separately in each case. The 

selection of time-steps in this study is discussed further in Chapter 9. 

8.4 TIME-DEPENDENT CONCRETE STRESSES 

Models used to calculate concrete stresses can be divided into two major groups: 

models that do, and those that do not, include the effects of creep and shrinkage. Models 

that do not include these effects are useful for qualitatively identifying parameters that 

influence thermal stresses (Yamazaki et al. 1994, Saetta et al. 1995, Froli et al. 1996). To 

accurately reflect the magnitude of concrete stresses, however, the effects of creep and 

shrinkage must be considered (Pedersen et al. 1994, Wang 1995). 

All structural analysis models include some critical assumptions that significantly 

affect results. The most important assumption in this study is that the concrete is not 

cracked. Analysis of cracked concrete is considered to be beyond the scope of this study, 



but cracking has been shown to significantly change the stress distribution in concrete 

(Elbadry et al. 1995). Another assumption is that strain continuity is maintained across 

construction joints and between lifts of massive concrete pours. Experimental results have 

shown that this may not always be the case (Sato et al. 1994). With this in mind, the 

following discussion generally outlines factors influencing stresses and their distribution in 

young concrete. 

8*4.1 Effects of restraint and geometry 
The degree of restraint against concrete movement has a very significant effect on 

the distribution and magnitude of stresses in concrete at any age. Restraint can be internal 

due to nonlinear temperature or shrinkage effects as well as the effects of coarse aggregate, 

or restraint can be external due to the structure being continuous or fixed against 

deformation. Nonlinear deformations due to temperature distribution or shrinkage cause 

self-equilibrating stresses, or eigenstresses, in determinate structures. In indeterminate 

structures, continuity stresses are also induced by nonlinear changes in strain distribution 

and these stresses must be added to the eigenstresses to obtain the real stresses in a 

structure. Selection of aggregates with a low coefficient of thermal expansion will reduce 

the magnitude of thermal deformations and hence reduce the magnitude of nonlinear 

thermal stresses (Brei tenbucher 1994). 

Early thermal cracking under completely restrained conditions was investigated by 

Chui (1993) and Chui et al. (1993). Under fully restrained conditions, cracking due to 

temperature change is very likely. Conversely, research has found that if the degree of 

restraint against deformation is less than 50 percent, then the probability of cracking, 

regardless of temperature, is low (Tollner et 01. 1996). This is due to creep relief of tensile 

restraint stresses. 

8A.2 Temperature effocts 
Thermal stresses arise when deformation due to thermal expansion andfor 

contraction is prevented or restricted. Deformation is restricted when non-linear 

temperature distributions occur, and when a structure is externally constrained due to 



support conditions or continuity. It has been shown that temperature gradient is only one of 

the factors that must be considered when trying to predict the magnitude, timing, and 

duration of thermal stresses. Additional variables include: solar radiation, the magnitude of 

initial curing temperature, the rate of temperature increase or decrease, and the minimum 

concrete thickness. These variables are discussed below. 

Numerous studies have been conducted on the time-dependent thermal effects in 

prestressed concrete structures (Khalil 1979, Tadros 1975, Tadros et al. 1975) and in box- 

girder bridges @ilger et al. 1976, 1980, Dilger et (11. 1983, Branco et al. 1992). Solar 

radiation can increase concrete temperature near the surface of a member by 10°C or more 

and significantly increase the chances of cracking (Koenders et al. 1996, van Breugel and 

Koenders 1995). The effect of solar radiation on a typical box-girder bridge is strongly 

influenced by the length of the side cantilevers. Generally, long overhanging cantilevers 

will limit the effect of solar radiation to the top deck of a bridge. However, if the 

longitudinal axis of a bridge is oriented north-south then solar radiation will shine directly 

on the sides of the bridge in the morning and evening. If a bridge is oriented east-west then 

solar radiation will shine directly on the one side of the bridge during the winter season. 

The magnitude of any lateral deformation caused by solar radiation shining directly on the 

side of a bridge will be controlled by the depth-to-width ratio of the bridge cross-section. 

The influence of creep on thermal stresses is very significant. While temperature is 

increasing in a concrete structure, if the rate at which temperature increases is reduced, 

creep will reduce the magnitude of the induced thermal stresses to a greater extent. The rate 

of temperature increase in hardening concrete can be reduced by lowering the mixing 

temperature of the concrete. This retards the rate of cement hydration, reducing the 

magnitude of tensile stresses generated at the surface of a concrete structure while the 

hydration reaction is accelerating, and delays the time at which the tensile stresses occur 

(van Breugel and Lokhorst 1995). If the time at which the maximum tensile stresses is 

delayed, the risk of cracking may be reduced since the tensile strength of the concrete 

increases with time. However the risk of cracking may not decrease significantly since a 

lower curing temperature also slows the development of concrete tensile strength 



(Thomas et al. 1994). 

Depending on the stress history of concrete, creep can also cause higher tensile 

stresses. Initially, as a result of hydration, stresses are induced because of differential 

temperature distributions through a member, as well as structural restraint of thermal 

expansion. The magnitude of these stresses will be small because of the effects of creep and 

the low initial stiffness of young, hydrating concrete. When the concrete returns to ambient 

temperature, and concrete stiffness has increased, larger tensile stresses are induced due to 

thermal contraction. In addition, these tensile stresses will be higher than if no creep had 

occurred when hydration ter pratures were increasing. Larger changes in temperature 

aggravate the effect of creep by causing higher and longer lasting stresses closer to the 

onset of hydration (Schoppel et at. 1994, Umehara et al. 1994). The thermal stress 

development across a typical hydrating concrete section is illustrated in Fig.8.2. 

Because thermal stresses are affected by temperature history, HPC and NSC can 

exhibit very different thermal stress behavior. As already discussed in Chapter 2, the 

hydration reaction in HPC is typically more intense and occurs over a shorter duration than 

NSC. This can potentially lead to greater changes in concrete temperature at earlier ages in 

HPC. As mentioned above, if energy cannot dissipate rapidly in HPC, high temperatures 

may last longer, increasing concrete maturity and consequently increasing the magnitude of 

tensile stresses as concrete temperature returns to ambient conditions. Cooke et al. (1992) 

conducted a two-dimensional study on thermal stresses induced in HPC columns. It was 

found that because the rate of energy release is higher in HPC at very early ages, the 

temperature gradient between the middle and outside surface is smaller. They conclude that 

the temperature increase in HPC columns will be higher but that the self-equilibrating 

stresses in HPC columns will be smaller than the self-equilibrating stresses in NSC 

columns because the thermal gradient is reduced. 

While the thermal effects described above are generally considered detrimental to a 

structure, benefits can be derived if this thermal behavior is well understood. As shown in 

Fig.8.2, a compressive thermal pre-stress can be induced at the concrete surface as concrete 

cools which may close any thermal cracking that has occurrej and increase concrete 
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durability (Mangold 1994). 

8.4.3 Shrinkage 
Basic and drying shrinkage of concrete are not uniform through a concrete structure 

and are also temperature dependent. The magnitude of drying shrinkage is dependent on the 

distance from a drylng surface and rate of moisture migration (Maes 1980). As already 

discussed in Chapter 3, a temperature gradient near the surface of a concrete member can 

increase the rate of moisture migration and hence increase the rate of drying shrinkage. 

Tests conducted on cement mortars conducted by Lange et (11. (1997) show that creep 



reduces stresses due to drying shrinkage by up to 50% when calculated based on free drying 

shrinkage. As already discussed in Chapter 5, drying shrinkage is neglected in this study. 

Ayotte et al. (1997) investigated the stresses caused in concrete due to temperature 

changes at early ages using a step-by-step superposition procedure that was reviewed by 

Gilliland and Dilger (1998a, 1998b). However, Ayotte et al. did not consider the effects of 

temperature on basic shrinkage in their analysis. As described in Chapter 2, it is commonly 

understood that temperature affects the hydration reaction. It is therefore logical to assume 

that the rate of basic shrinkage, closely linked to the hydration process, will also be affected 

by temperature. By neglecting the effect of temperature on shrinkage during hydration, the 

development of basic shrinkage, and hence the stresses induced by basic shrinkage, are not 

accurately reflected in the analysis. Without accounting for temperature, the stresses 

induced by shrinkage may be exaggerated since shrinkage deformation will be modeled at a 

later maturity than is actually the case. 

Due to the manner in which concrete strength is calculated for each concrete type, 

described in section 8.3.3, the effects of differential shrinkage are not calculated in this 

study. However, basic shrinkage is calculated at each node of the finite element model 

based on the maturity of each node calculated using FETAB3DH. Consequently, the 

effective temperature change at each node is modeled accurately for each time step. The 

error in calculated stress due to assuming that the elastic modulus is uniform for each 

concrete type is discussed in Chapter 9 where the variation in concrete maturity is 

reviewed. 

8.4.4 Reinforcement 
Reinforcement in concrete structures typically represents approximately two percent 

of the total structure volume, depending on the type of structure. In addition, because it is 

highly conductive, steel reinforcement will rapidly reflect the temperature of concrete 

immediately around it, preventing the reinforcement from distorting the temperature 

distribution. It is therefore reasonable to neglect the presence of reinforcement when 

calculating the temperature history of a structure. 

The influence of reinforcement on the development and distribution of stress in 



hydrating concrete is beyond the scope of this investigation. Because the coefficient of 

thermal expansion for concrete and steel are very similar, steel reinforcement does not offer 

significant restraint against thermal deformation of concrete. However, reinforcement will 

restrain shrinkage and creep deformation. The level of restraint offered by reinforcement is 

a function of the reinforcement ratio and the magnitude of creep (Neville et al. 1983). The 

magnitude of restraint is typically in the order of 10 to 50 percent for moderately and 

heavily reinforced concrete, respectively. The distribution of reinforcement also affects the 

degree of restraint. Highly concentrated reinforcement can increase the degree of restraint 

immediately around the reinforcement but decrease the level of restraint further away. 

Generally, uniformly distributed reinforcement will not directly affect concrete stress 

patterns but a non-uniform distribution of reinforcement may aggravate the problem of 

cracking (Maes 1980). This study neglects the influence of reinforcement on the magnitude 

as well as distribution of concrete stress. 

8.5 PROBABILITY OF CRACKING 

The importance of calculated stress distribution lies in the likelihood of tensile 

stresses causing cracking in a concrete structure. As already stated, the accuracy of the 

predicted stresses depends on the accuracy of the calculated material properties used as 

input. Some properties, such as tensile strength, are variable by nature. Probability can also 

account for errors introduced through assumptions and simplifications such as neglecting 

the presence of reinforcement and differential shrinkage. As a result, the prediction of 

concrete stresses and cracking becomes a statistical problem. 

An effective method of dealing with the variability of material properties is to 

assign a mean and coefficient of variation (COV) to the calculated tensile stress, o,, and 

compare them to the calculated concrete tensile strength, A,, with its own assigned mean 

and COV (Eberhardt et al. 1994, Yamazaki et uf. 1994, Van Breugel and Koendars 1995). 

A more rigorous solution involves accounting for the variability of each material property 

separately and using the Monte Carlo simulation technique (Ang and Tang 1975, Castillo 



1988). It has been shown that assigning a COV to the calculated concrete stress and 

strength reasonably approximates the results from a Monte Carlo simulation as long as the 

COV of tensile stresses and concrete strength is not greater than 20 percent (Matsui 

et al. 1994). 

Researchers have proposed several parameters for quantifying the likelihood of 

cracking including: cracking index (CI), equal to the ratio off,  to maximum a, (Yamazaki 

et al. 1994); and the degree of restraint, equal to the ratio of actual displacement to free 

displacement (Tollner et al. 1996). A more comprehensive parameter used in this study is 

the probability of cracking (POC), equal to the probability that (T, is greater than & 

(JSCE 1986). For comparison, CI of 1.0 equals a POC of 50%. The POC concept is 

illustrated in Fig.8.3. 

In this investigation, it is assumed that the actualf, and at a given point follow a 

normal probability distribution and that the calculated values for strength and stress are the 

mean values. To calculate the probability of cracking, however, the standard deviation of 

the calculated f,, and stresses must also be known. From Monte Carlo simulations, Matsui 

et al. (1994) suggest using a coefficient of variation (COV) equal to 20% to calculate the 

standard deviation. Eberhardt et aI. (1994) suggest a standard deviation of 0.5 MPa and 

0.6 MPa for f, and tensile stress respectively. However, when dealing with very low 

maturity concrete, the tensile strength and stresses in the concrete are very low. 
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Fig.8.3 - Strength and stress probability distribution 



Consequently, care must be taken when using absolute values for standard deviation since 

at early ages, an absolute standard deviation may be the same or greater than the concrete 

strength and stress to which the standard deviation applies. This may result in unrealistic 

strength and stress probability distributions. 

For this study, a COV of 20% is used for calculated concrete strength and stress. By 

assuming that the COV is a constant percentage of stress and strength, a relationship 

between CI and POC can be established, as is shown in Fig.8.4 for this study. This 

relationship can be used for any combination of concrete stress and strength to give an 

understanding of the likelihood of cracking. Also shown in Fig.8.4 is the relationship 

between CI and POC suggested by the Japanese Society for Civil Engineering (1986). By 

increasing the COV to 30%, the probability of cracking used in this study is similar to the 

probability of cracking suggested by the JSCE, except that the JSCE predicts that the POC 

is less than 50% when the CI is equal to 1.0. 

8.6 SUMMARY 

Chapter 8 describes the time-dependent structural analysis procedure used to predict 

stresses in concrete structures. The procedure uses the step-by-step technique combined 

wit5 an elastic finite element analysis in each step. Loads considered in this study include 
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temperature change and basic shrinkage, including the effect of creep. The accuracy of this 

analysis relies on accurately predicting the time-dependent material properties of concrete, 

including creep and shrinkage, as well as the concrete temperature history. These 

parameters are considered separately in previous chapters. The overall assumption of 

Chapter 8 is that the material properties and temperature history are independent of the 

current or historic state of stress in the structure. 

Using the procedure outlined in this chapter, the significance of stresses in 

hydrating concrete structures is calculated in Chapter 9. Based on these results, guidelines 

for predicting and/or preventing cracking in concrete at early ages are also proposed. 



9.0 PREDICTION OF CRACKING IN CONCRETE STRUCTURES 

9.1 INTRODUCTION 

This study focuses on the prediction of cracking in high performance concrete 

during construction. To predict cracking, it is necessary to calculate concrete stresses due to 

loads experienced by a concrete structure. In normal strength concrete, loading at early ages 

is limited to temperature changes due to hydration, self-weight of concrete, prestressing, 

and construction live loads. The behavior of HPC is complicated by the effects of basic 

shrinkage at early ages. The effects of self-weight and live loads can be considered using 

standard analysis methods. However, the effects of basic shrinkage and temperature change 
4 

on concrete stresses are not well defined. This chapter discusses the magnitude of stresses 

caused by temperature changes and basic shrinkage, including the effects of creep, and then 

considers the probability that these stresses may cause cracking as well as where cracking 

may occur. 

The prediction of cracking in concrete structures involves the prediction of many 

time-dependent material properties as well as the use of time-dependent thermal and 

suuctural analysis techniques. The input variables and techniques required to predict 

cracking have been discussed in previous chapters and are applied in this chapter to predict 

cracking in two case studies, the Confederation Bridge and the Tsable River Bridge, both 

constructed using HPC. For both case studies, the results of field temperature monitoring 

programs are discussed and these results are used to calculate induced stresses due to 

temperature and basic shrinkage. Based on the findings of these case studies, guidelines for 

predicting and preventing cracking in HPC structures are proposed. 

9.2 CONFEDERATION BRIDGE EXPERIMENTAL PROJECT 

The construction of the Confederation Bridge offered an excellent opportunity to 

obtain temperature data in the field and to study the effects of the heat of hydration in 
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Fig.9.1- Confederation Bridge ice shield monitoring locations 

massive HPC members. The purpose of this monitoring project was to measure the 

variation of temperature with time in massive and normal size concrete members during 

construction. Particular attention was paid to: the maximum temperature; the thermal 

gradient induced near the surface of a member; the thermal gradient across construction 

joints; as well as the influence of concrete boundary conditions such as weather, formwork, 

and curing. Data collected during this program was used to calibrate the temperature model 

described in Chapter 7. The results of this project are reported in Gilliland and Dilger 

(1997a, 1997b, 1998), For completeness, the results are also summarized below. 

9.2.1 Temperature monitoring 

Temperature data from the Confederation Bridge construction site was collected 
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Fig.9.2 - Confederation Bridge main girder monitoring locations 

during one month in the early fall of 1995 and one month in the early spring of 1996. The 

fall and spring seasons were chosen because weather conditions can be particularly 

unfavorable for pouring concrete during these times. 

Three locations were monitored: the ice shield, the pier base ring footing, and the 

construction joint between segments of the main girder. The ice shield and pier base 

locations were chosen because of their massive physical dimensions. Two different cross- 

sections of one ice shield were monitored. This was done to determine if concrete 

temperatures were significantly influenced by solar radiation, pouring time, or concrete 

batch inconsistencies. The construction joint was chosen to study the effect of the heat of 

hydration across a cold joint. The locations of the thermocouples are shown in Figs.9.1-9.3. 

Details of the bridge design and construction have been described by Langiey et al. (1995), 

as well as Lester and Tadros (1 995). 

The ice shield, shown in Fig.9.1, was poured in two lifts. The depth and design 



strength of the first lift was 1.9 m and 55MPa, respectively, with a wlcm of 0.30. The depth 

and design strength of the second lift was 4.6 m and 90MPa, respectively, with a wlcm of 

0.25. Thermocouples were placed from the outside to the inside surfaces, as well as 

vertically and horizontally through both lifts of the ice shield. Cooling pipes were used on a 

trial basis in an attempt to control the temperature in the outside 1.0m layer of concrete in 

the second lift of the ice shield. Water was circulated through two layers of lin. O.D. PVC 

pipe spaced at 0.5m. Results of this attempt are discussed below. 

The main girder of the bridge, shown in Fig.9.2, is a single-cell, haunched box 

girder with a concrete design strength of 55MPa and a wlcm of 0.30. Silica fume and fly ash 

were used in proportions of 7% and 15% by mass, respectively. Thermocouples were 

placed in the bottom slab and web of the box girder, symmetrically radiating from a match 

cast joint to a distance of 1.8m on each side of the joint. 

The pier base ring footing, shown in Fig.9.3, was poured monolithically. The design 

strength of the concrete was 55MPa. Thermocouples were placed vertically over the entire 

depth of the footing, and horizontally from the outside surface extending through the 

middle of the footing. 

The thermocouples were installed while the reinforcement cages were being 
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Fig.9.3 - Confederation Bridge pier base footing monitoring locations 



constructed. Standard Type T thermocouples were used to measure concrete temperature. 

Two Helios data acquisition systems were used in this investigation. Each Helios unit was 

connected to an independent computer for data-acquisition. 

During this monitoring project, no meteorological conditions were recorded on-site 

except indoor air temperature when the concrete members were cast inside heated 

enclosures. Air temperature data collected by Environment Canada at Charlottetown, Prince 

Edward Island, is used for this study. 

9.26 Measured and predicted temperature 

Representative samples of the data collected during this monitoring project are 

shown in Figs.9.4-9.7. It was sometimes necessary to temporarily hdt monitoring due to 

construction procedures so some gaps exist in the measured temperature data. Predicted 

temperature using FETAB3DH is also plotted in these figures. 
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Fig.9.4 - Ice shield measured and predicted temperature between lifts 



Fig.9.5 - Influence of cooling pipes on ice shield concrete temperature 

Fig.9.4 depicts the temperature history between lifts 1 and 2 at a distance of I .  lm 

from the inside surface of the ice shield. Temperatures in lift 1 at distances of 50 and 

500mrn from the joint, and in lift 2 at distances of 500 and lOOOrnrn from the joint, are 

plotted. The construction joint, between lifts 1 and 2, was a warm joint since the 

temperature in the first lift had only just peaked when the second lift was poured. A large 

temperature gradient (60°Clm) existed in the top 500 mm of the first lift before the second 

lift was poured. This gradient disappeared in one day after pouring the second lift. The 

maximum temperature of the second lift was higher than that of the first lift because the 

concrete in the second lift has a higher cementitious material content. 

Fig.9.5 reveals the influence of cooling pipes on the temperature distribution in 

another ice shield. Concrete temperatures measured 1.6m above the joint between lifts 1 

and 2, and at distances of 0, 120, 300,450,610, and 1600 mm measured horizontally from 

the outside surface of the ice shield in the second lift are plotted. A cooling pipe is adjacent 

to the thermocouple 450mm from the outside surface. It can be seen in this figure that the 



cooling pipes reduced the maximum concrete temperature in the region near the surface by 

approximately 5 to 10°C. Towards the middle of the ice shield, only 200mrn away from the 

cooling pipe, the concrete temperature was more than 20°C higher than the temperature of 

the pipe. When water circulation in the cooling pipes stopped, the concrete temperature 

recorded at and around the layers of cooling pipes, increased rapidly. Because of their 

localized effects, a potential consequence of using cooling pipes is that concrete 

temperature near the surface, away from the cooling pipes, can be higher than the 

temperature at the middle of a structure. This phenomenon can be magnified if the surface 

concrete is exposed to solar radiation. Because of their limited influence on concrete 

temperature, cooling pipes were not used in subsequent ice shields. 

Strictly speaking, the heat flow in an ice shield is radial. However, because the ice 

shield has a large radius, modeling the heat flow in two dimensions yields sufficiently 

accurate results. The model FETAB3DH with the hydration model described in Chapter 2 

accurately simulates the temperature distribution and the changing temperature gradient 

across the joint between the two lifts. 

9.2.2.2 Main Girder 

Fig.9.6 illustrates the temperature distribution across a construction joint between 

adjacent concrete segments. This distribution was measured at mid-depth of the main girder 

bottom slab and 1.5m from the edge of the slab, which is 635mrn thick and 5m wide. The 

maximum measured change in mature concrete temperature was l8OC and the influence of 

the hydrating concrete reduced to zero at approximately 600rnm away from the joint in the 

mature concrete. The maximum measured temperature gradient is 3fJ°C/rn, but becomes 

less severe further away from the joint, and occurs approximately 24 hours after pouring the 

new segment. A maximum temperature change of approximately 30°C is achieved in the 

hydrating concrete at distances greater than 600mm from the construction joint. At 

distances greater than 1.0m from the joint, energy flow is almost completely normal to the 

long axis of the bridge, or two-dimensional. It can be seen that FETAB3DH accurately 

predicts the temperature gradient between the older segment and the new, hydrating 

segment. It should be noted that the new concrete segment and approximately 600mrn of 
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Fig.9.6 - Measured and predicted temperature across a construction joint 

the old segment were enclosed and heated so that ambient temperature remained at 

approximately 15OC for the first day. After this time, heating was terminated but the 

concrete remained enclosed for approximately one week. 

9.2.2.3 Pier Base Footing 

Fig.9.7 shows the temperature history at 1.3m from the bottom of the footing and at 

distances of 75, 275, and 1575m.m from the side surface of the ring footing. Air 

temperature is also included in this figure and it should be noted that the fourth day of 

monitoring was cloudy. Also, steel formwork was used, which was not removed until after 

monitoring had stopped. From Fig.9.7, the temperature of surface concrete in the pier base 

ring footing increased and then decreased by a maximum of lS°C in one day due to solar 

radiation, and solar radiation influenced concrete temperature to a depth of approximately 

300 mm. The thermal gradient to a depth of 300 mm fluctuated by 50°C/m in one day, and, 

for brief periods, the concrete temperature at the outside surface was higher than that of 

concrete 300 mm below the surface. 
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Fig.9.7 - Measured and predicted temperature distribution and influence of solar radiation 

It can be seen that the daily temperature fluctuations due to heating from the sun are 

predicted accurately by FETAE33DH. The predicted maximum temperature 1.6m from the 

surface is also accurate indicating that heat of hydration is modeled correctly. 

9.2.3 Predicted stress distribution 

Because no significant cracking was observed in any component of the 

Confederation Bridge during this study, the calculation of concrete stresses in the 

Confederation Bridge is limited to the main girder so that calculated stresses can be 

compared with those in the Tsable River Bridge, presented in section 9.3. Also, a box- 

girder is a common shape used in bridge construction, and is composed of slab elements 

that are fundamental building shapes used in many types of structures. Consequently, 

understanding the development of stresses in a box-girder shape may assist in the 

prediction of cracking in many HPC structures. It should be noted that self-weight is 

neglected in this study in order to isolate the influence of temperature and shrinkage. It 



should also be noted that, particularly during the first two days of curing, concrete self- 

weight is supported by formwork so stresses due to self-weight are negligible while 

formwork is in place. 

As discussed in Chapters 6 and 8, stresses induced in concrete depend on the degree 

of concrete restraint. With this in mind, stresses are studied at selected locations around the 

cross section of the main girder. These locations are shown in Fig.9.2 and are labeled using 

a combination of letters and numbers indicating the location and distance from a reference 

point. The letters "ST' indicate stress in the top slab, "SW" stress in the web, and "SB" 

stress in the bottom slab. The numbers beside "STT and "SB" indicate the distance from the 

centerline of the girder, and the numbers beside "SW" indicate the distance from the top of 

the girder. 

Time steps used in the stress analysis are chosen to suit the temperature history 

calculated using FETAEi3DH. In this case, two time steps are chosen between the time 

when the new scgrnent is placed and the time of maximum concrete temperature, both steps 

of 12 hours duration. Four steps are chosen between the time of peak temperature and when 

temperature has returned to ambient conditions, in this case five days. The first three steps 

after the time of peak temperature are one day each, and the last step is two days. 

The finite element mesh used for the stress analysis incorporates the mesh used for 

the FETAB3DH analysis in order to facilitate transfer of data from FETAB3DH to 

ABAQUS. To accurately model girder behavior, the full length of the new segment as well 

as one adjacent segment is modeled. Because temperature loading is symmetric, symmetry 

can also be used in the stress analysis so only half of the girder width is modeled, from the 

girder centerline to the free end of the cantilever top slab. Approximately 23000 nodes and 

3700 elements are used for the ABAQUS finite element mesh. 

Due to computing constraints, only the first meter of concrete on each side of the 

construction joint is modeled using FETAB3DH. Consequently, the anticipated three- 

dimensional temperature distribution, and its effect on thermal loading, at the free end of 

the new girder segment is not modeled. Instead, the thermal behavior of concrete greater 

than 1.0m away from the construction joint is assumed to be uniform and equal to the 
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temperature history modeled by FETAB3DH at 1.Om from the construction joint in the new 

and old segments. It is assumed that this approximation does not influence the calculated 

stress distribution significantly. 

Concrete basic shrinkage is included in the stress analysis as an equivalent 

temperature change. The magnitude of basic shrinkage that occurs in each time step is 

calculated based on the change in concrete maturity calculated using FETAB3DH. For a 

given time step, the effective temperature change at each node is calculated as the 

summation of actual temperature change and the equivalent temperature change due to 

basic shrinkage. The effective thermal loading on the Confederation Bridge girder is shown 

in Fig.9.8 using the average temperature, shrinkage, and maturity values of the new 

segment. Also plotted in this figure is the average elastic modulus of the new segment as a 

function of time. 

Using the step-by-step procedure outlined in Chapter 8, concrete stresses including 

the effects of creep are calculated at the end of each time step. These stresses are then 

resolved to their principal stresses. The maximum principal stresses, calculated at the 
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Fig.9.9 - Confederation Bridge principal concrete stress distribution after one day 

locations shown in Fig.9.2 are shown in Figs.9.9 and 9.10 for times of one day and six days 

after placement of the new concrete segment, respectively. These times correspond to the 

time of maximum concrete temperature, and the time when temperature in the entire 

structure has returned to ambient values. 

From Fig.9.9, it is clear that the concrete stress due to temperature and shrinkage 

remains low after one day. The largest stress induced in the concrete structure is 

approximately 1.OMPa tension or compression. From Fig.9.8, this is largely due to the low 

elastic modulus of the new segment where most of the concrete deformation is occurring. 

Also, the temperature increase due to hydration is partially offset by an effective 

temperature decrease due to basic shrinkage that primarily occurs during the first and 

second day after concrete placement. Generally, the thicker elements of the new segment 

experience a small compressive stress because the thermal expansion outweighs the 



contraction due to shrinkage. Conversely, the thinner elements of the new segment 

experience a small tensile stress because the contraction due to shrinkage outweighs the 

thermal expansion. 

The old segment experiences tensile stresses approximately 600mm away from the 

construction joint. This corresponds to the distance beyond which the new concrete has 

little effect on the temperature history of the old segment. As a result. the thermal 

expansion of the concrete closer to the construction joint induces tensile stresses in the 

concrete further away from the construction joint where no temperature change occurs. 

As the effects of hydration subside, the effects of basic shrinkage combine with the 

drop in concrete temperature to create an artificially large effective temperature decrease, 

shown in Fig.9.8. The decrease in temperature occurs after the elastic modulus has 

Fig.9.10 - Confederation Bridge principal concrete stress distribution after six days 
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increased dramatically during the first day, so the stress induced by the decrease in 

temperature is significant. The difference between Figs.9.9 and 9.10 illustrates this 

behavior well. After six days, the maximum principal tensile stress has increased to 

approximately 3.5MPa in the top slab of the new segment. and to approximately 2.3MPa in 

the top slab of the old segment. Stresses subside rapidly in both segments as the distance 

from the construction joint increases. 

Reviewing the orientation of these principal stresses in relation to the construction 

joint between segments reveals a potential crack pattern similar to that of a wall cast against 

a rigid foundation. Near the free ends of the cantilever top slab, the principal stresses are 

oriented at approximately +4S0 and -45' to the construction joint in the new and old 

segments. respectively. Along the centerline of the bridge segments, the principal stresses 

are oriented at approximately O0 and 90° to the construction joint. 

As mentioned in Chapter 8, the new segment is assumed to have uniform material 

properties. However, results from FETAB3DH show that concrete maturity varies by up to 

&28% from an overall mean value in the new segment after one day. The highest values of 

maturity are calculated in the middle of the concrete sections, particularly in the more 

massive elements of the bridge, such as where the thickened top slab connects with the 

girder webs. The lowest values of maturity are calculated at the free surfaces, particularly at 

the free ends of the cantilevered top slab. Despite the wide variation in maturity, the 

variation in calculated value of concrete strength and elastic modulus vary by only f 12% 

and k7% from their respective mean values. This reflects the assumed hyperbolic strength 

development functions, discussed in section 3.2, which rapidly become less sensitive to 

maturity over time. After six days, this effect is more pronounced. The variation in concrete 

maturity is f328, however the variation in concrete strength and elastic modulus is 27% 

and MI, respectively. At early ages, then, the variation in maturity is lower but the 

sensitivity of material properties to maturity is higher than at later times when the variation 

in maturity is higher but the sensitivity of material properties to maturity is lower. From 

section 8.5, the error introduced by using the assumption of uniform material properties is 

approximately equal to the variation in elastic modulus, which is less than k7% from the 



mean value at all times. Also, from Figs.9.8 to 9.10, the majority of stress is induced after 

the variability in material properties has begun to decrease. The limited variability of 

material properties confines the error in calculated stress due to assuming uniform material 

properties to acceptable levels at early ages and significantly reduces the enor in calculated 

stress at later ages. 

9.2.4 Observed cracking and predicted probability of cracking 

To calculate the probability of cracking, both the tensile strength and the applied 

stresses must be calculated. From section 3.2.4, concrete compressive strength is calculated 

based on Dilger et al. (1997), and tensile strength is then calculated using the proposed 

equation presented in section 3.3.2. Applied stresses are the maximum principal stresses 

discussed and presented in the previous section. From section 8.5, the probability 

distribution for strength and stress are determined assuming that the coefficient of variation 

(COV) for strength and stress is 208, and that the mean for each is the calculated value. As 

discussed in the previous section, each segment of the bridge girder is assumed to have 

uniform material properties. The error in cracking probability caused by this simplification 
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Fig.9.11 - Confederation Bridge probability of cracking 



is assumed to be small. 

The probability of cracking due to temperature and basic shrinkage in the 

Confederation Bridge girder is shown in Fig.9.11 for the first six days after a new segment 

is placed. It can be seen in this figure that the probability of cracking is negligible until after 

the second day when the probability increases gradually until a maximum probability of 

approximately 24% is reached after 6 days. 

The low probability of cracking after six days indicates that little significant 

cracking is expected in the bridge girder due to the effects of temperature change and basic 

shrinkage at early ages. No significant cracking in the main girder, or any other component 

of the bridge, was observed during this study. 

9.3 TSABLE RIVER BRIDGE EXPERIMENTAL PROJECT 

The Tsable River Bridge is located north of Nanaimo on Vancouver Island. This 

bridge was built using a segmental, cast-in-place, balanced cantilever technique. The 

concrete design strength for this bridge is SOMPa, with a w/cm equal to 0.30. No pozzolans 

were used. During construction, cracking was noticed in some of the newly placed 

segments of a bridge girder several days after concrete placement. In order to determine the 

cause of this cracking, a short-term, concrete temperature monitoring program was 

conducted at the Tsable River Bridge construction site from August 26 to September 5 ,  

1997. The purpose of this study was to investigate the effects of heat of hydration on the 

temperature distribution within the bridge girder. 

9.3.1 Temperature monitoring 

Like the Confederation Bridge monitoring project, concrete temperatures were 

measured using Type T thermocouples that were connected to a Fluke Helios data 

acquisition unit and a laptop computer. Concrete temperature was monitored across the 

joint between two adjoining 4.6m long segments of one girder. This location in the bridge 

was monitored to study the thermal interaction between a new, hydrating concrete bridge 

segment and the adjoining seven-day-old concrete bridge segment. Thermocouples were 



Fig.9.12 -   sable River Bridge monitoring locations 

positioned perpendicular to the joint to a distance of one meter in both segments. A cross- 

section of the bridge at the construction joint is shown in Fig.9.12. All dimensions are in 

millimeters. This figure also shows the temperature monitoring locations as well as 

locations where stresses are predicted in section 9.2.3. The labeling system in Fig.9.12 is 

the same as in Fig.9.2. 

It should be noted that thermal boundary conditions for the bridge deck varied 

throughout the duration of the monitoring program. Initially, wet burlap and insulating 

blankets were placed on the top surface, and the cantilever slab ends were partially enclosed 

and heated in order to accelerate strength development and facilitate early post-tensioning. 

The time at which these curing procedures began and ended varied depending on when 

access to particular parts of the deck surface was required, but typically lasted 

approximately 24 hours on average. Also, due to lack of space, equipment was stored and 

moved over changing locations on the bridge deck. As a result, average values of boundary 

layer thermal coefficients are used. Due to construction procedures and logistics at the 

Tsable River construction site, it is not practical to model the highly variable conditions on 

the bridge deck during the first few days of construction. 

9.3.2 Measured and predicted temperature 

The temperature gradients at locations labeled T8800 and T4500 in Fig.9.12 are 

shown in Figs.9.13 and 9.14, respectively. The temperature distribution at locations T8800 

and T300 is very similar so only the gradient at location T8800 is shown in Fig.9.13. At 
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Fig.9.13 - Measured and predicted temperature gradient at location T8800 

location T8800, the temperature gradient after 24 hours is approximately 40°C over a 

length of 2.0m and reduces to zero after 48 hours. The maximum temperature at T8800, 

equal to 57OC, occurs im away from the joint. The computer model, FETAB3DH, predicts 

the measured temperatures reasonably well, given the varying boundary conditions during 

construction. 

The temperature gradient in Fig.9.14 is 53OC over a length of 2.0m. The maximum 

gradient occurs after only 24 hours but does not reduce to zero until after six days. 

Temperature in the old segment remains unaffected by the new concrete at distances greater 

than approximately 600mrn from the construction joint. The maximum temperature of 

72OC in the new segment occurs 1.0m from the joint. Again, FETAB3DH predicts the 

measured temperature distribution reasonably well. Greater prediction accuracy is achieved 

at this location because the temperature in the middle of the thicker slab at this location is 

not as sensitive to the boundary conditions. 
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Fig.9.14 - Measured and predicted temperature gradient at location T4500 

In the new segment, the temperature distribution remains constant beyond 1 .Om 

from the construction joint. This is because energy flow in the middle portion of the 

segment is almost completely normal to the long axis of the bridge, or two-dimensional. 

The three-dimensional temperature prediction computer model, FETAB3DH, predicts the 

temperature gradient between adjoining segments, due to hydration and varying boundary 

conditions, very weil. The nature of concrete surface conditions during construction makes 

temperature prediction difficult. This problem is less significant when analyzing thicker 

concrete members. Temperature gradients between new and adjoining old concrete can be 

very significant. A temperature gradient of approximately 30°C/m was measured between 

two adjoining segments of the Tsable River Bridge where the concrete is 705mm thick. .A 

temperature gradient of approximately 20°C/m was measured where the concrete slab is 

only 250mm thick. 



9.3.3 Predicted stress distribution 

The stress analysis carried out for the Tsable River Bridge follows the same 

procedure as outlined for the Confederation Bridge in section 9.2.3. Locations around the 

cross section of the bridge girder are selected for study. Due to the concrete thickness of the 

two bridges studied in this investigation being very similar, the time steps for this analysis 

are the same as those used in the Confederation Bridge analysis. However, because 

different curing procedures and a different concrete mix were used, the magnitude of 

effective thermal loading is quite different on the Tsable River Bridge. The effective 

thermal loading on the Tsable River Bridge girder is shown in Fig.9.15 using the average 

temperature, basic shrinkage, and maturity values of the new segment. The average elastic 

modulus is also plotted in this figure as a function of time. 

Clearly from Fig.9.15, the most significant effective temperature change occurs 

during the second day of curing when a large temperature drop occurs. This rapid decrease 

in temperature is primarily due to the termination of heating and the removal of thermal 

blankets after approximately one day of curing. Basic shrinkage, while less significant than 
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Fig.9.15 Tsable River Bridge average effective thermal loading 



in the Confederation Bridge, reduced the effective temperature increase during the first day 

by approximately 50% and increased the effective temperature drop during the second day 

by approximately 10%. 

Using the step-by-step procedure, the principal stresses are calculated and plotted in 

Figs.9.16 and 9.17 for locations similar to those chosen in the Confederation Bridge 

analysis. The system of letters and numbers described for Figs.9.9 and 9.10 is also used in 

Figs.9.16 and 9.17 to identify where the plotted stresses are located in the girder cross 

section. As in the Confederation Bridge, the stresses in the new segment remain low after 

one day. Generally, small compressive stresses occur in the thicker concrete elements 

where the thermal expansion is greater than the contraction due to basic shrinkage. 

Conversely, small tensile stresses occur in elements where the thermal expansion is less 

than the contraction due to basic shrinkage. The old segment experiences tensile stresses at 
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Fig.9.16 - Tsable River Bridge principal stress distribution after one day 



approximately 600mm from the construction joint, however, the magnitude of these tensile 

stresses is much larger. This is due to a much larger temperature increase in the old 

segment due to hydration in the new segment. 

After the first day, the rapid drop in concrete temperature, combined with the effects 

of basic shrinkage, induce very significant tensile stresses, particularly in the top slab of the 

girder. From Fig.9.17, the maximum tensile stress after 6 days is approximately 4.2MPa in 

the new segment and 3.OMPa in the old segment, both occurring in the top slab. The tensile 

stresses in the new segment subside as the distance from the construction joint increases, 

however significant tensile stresses are present over the full length of the segments. Also. 

the magnitude decreases as the distance from the centerline of the bridge increases. In the 

old segment, tensile stresses remain in the cantilever top slab and near the web-bottom slab 

connection. The remainder of the old segment experiences compressive stresses. 
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Fig.9.17 - Tsable River Bridge principal stress distribution after six days 



Like the Confederation Bridge, the orientation of the principal stresses plotted in 

Figs.9.16 and 9.17 reveals a potential crack pattern similar to that of a wall cast against a 

rigid foundation. Near the centerline of the bridge, the principal stresses are oriented 

approximately parallel and perpendicular to the bridge centerline. Away from the 

centerline, the principal stresses are oriented at approximately 45' to the bridge axis. This is 

discussed further in the following section. 

The error in calculated stresses caused by assuming uniform material properties in 

the new segment after one day of curing is slightly larger in the Tsable River Bridge than in 

the Confederation Bridge. This is due to the faster and larger temperature increase in the 

new segment of the Tsable River girder. From the FETAB3DH results, the variation in 

concrete maturity after one day is f37% from the mean value in the new segment, which 

translates into a variation in concrete strength and elastic modulus of f 16% and *lo%, 

respectively. After six days, however, the error in material properties decreases 

significantly. While the variation in maturity increases to 25546, the variation in strength 

and elastic modulus decreases to f5% and +3%, respectively. The large variation after one 

day is due to the non-uniform heating and insulation used during the first day of curing that 

caused the temperature in some parts of the new segment to be significantly higher than in 

other parts. However, because of the elevated curing temperature, and resulting increased 

maturity, the variation in material properties after six days is low since the calculated 

material properties become less sensitive to maturity as maturity increases. Overall, the 

error introduced by assuming uniform material properties in the new and old segments is 

acceptable. 

9.3.4 Observed cracking and predicted probability of cracking 

The probability of cracking is calculated as described in section 8.5 and using the 

same assumptions as described for the Confederation Bridge in section 9.2.4. Using the 

principal stresses calculated in each time step, the probability of cracking due to 

temperature and basic shrinkage is shown in Fig.9.18 for the first six days after a new 

segment is placed. The probability is based on the highest overall tensile stress found in 



each segment. It can be seen from Fig.9.18 that after one day, the probability of cracking 

begins to increase quickly in the new segment until a maximum probability of 52% is 

reached after 4 days. The probability decreases slightly after four days because the increase 

in stress due to effective temperature decrease between days four and six is less than the 

decrease in stress due to creep of deformation caused by effective temperature loads applied 

in previous time steps. Given the rapid change in probability as the calculated stress 

approaches the calculated tensile strength, the time to cracking can be estimated as the time 

when the probability of cracking is greatest. From Fig.9.18, the time to cracking in the 

Tsable River Bridge can be estimated as approximately three days, which corresponds well 

with when cracks were observed during construction. 

Fig.9.19 shows the observed crack locations on the top slab of the Tsable River 

Bridge, however not all cracks shown in this sketch were visible in each girder segment. 

The observed crack distribution resembles the crack distribution found in concrete walls 

cast against rigid foundations, and corresponds well with the calculated locations and 

orientations of maximum stresses discussed in section 9.3.3. Near the ends of the top slab, 
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Fig.9. 12 - Tsable River Bridge probability of cracking 



diagonal cracks are predicted and observed, while at the middle of the slab width, 

longitudinal cracks are predicted and observed. This indicates that the older segment is 

restraining the contraction of the new girder segment due to effective temperature decrease. 

In the old segment, diagonal cracks were observed near the ends of the top slab. While the 

probability of cracking is calculated to be low in this location, the calculated tensile stresses 

are significant in this area, as shown in Fig.9.17. 

Overall, the procedures and techniques used in this study accurately predict the 

location, orientation, and time of observed cracking. It is likely, therefore, that the observed 

cracking in the Tsable River Bridge was due to loading caused by the effects of temperature 

and basic shrinkage during construction. 

9.4 GUIDELINES FOR CONCRETE CRACK PREDICTION AND PREVENTION 

Guidelines intended to prevent cracking normally recommend limits on temperature 

difference or temperature gradients. Also, most guidelines are intended primarily for mass 

NSC. The behavior of HPC is not considered. The following sections describe existing 

% 
I 
i 

New Concrete 

Mature Concrete 

I 

Fig.9.19 - Tsable River Bridge observed deck slab crack pattern 



guidelines used in the design and construction of all concrete structures. These guidelines 

are then compared to what was observed and calculated during the Confederation Bridge 

and the Tsable River Bridge projects, both constructed using HPC. Based on this, modified 

guidelines are proposed which account for the behavior of both HPC and NSC. 

9.4.1 Existing guidelines 

The most commonly accepted criterion is a maximum allowable temperature 

difference in a member of 20°C (Neville 1995). This limit is based on the following 

assumptions: the modulus of elasticity of concrete is 30GPa, the coefficient of thermal 

expansion for concrete is approximately 1 0 x 1 0 ~ / ~ ~ ,  and the tensile strength of concrete is 

approximately 3MPa. Based on these assumptions, a tensile stress of 3MPa is generated at 

the surface of a concrete slab when the temperature difference between the center of the 

slab and the outside surface is 20°C. Given the large number of assumptions involved in 

this recommendation, it should be viewed as simplistic. 

Another generally accepted guideline for concrete curing is to limit the maximum 

concrete temperature to 65OC (Neville 1995). It is well known that for NSC, temperatures 

above 65°C are detrimental to long term concrete strength and durability. Recently, 

however, tests have shown that temperatures up to approximately 100°C do not have 

detrimental effects on the strength or durability of HPC (Ghosh and Nasser 1996). 

Researchers have shown that many other factors must be considered when trying to 

control cracking. In addition, the following variables must be addressed: degree of restraint 

against deformation, rate of temperature change, magnitude of initial temperature, and 

concrete thickness. The degree of restraint against deformation can be defined as the 

percent of free thermal strain, which is calculated using the coefficient of thermal 

expansion or contraction, that is prevented. If the degree of restraint against deformation is 

less than 50 percent, then the probability of cracking, regardless of temperature, is low 

(Tollner et al. 1996). The 20°C temperature difference guideline has been shown to work 

reasonably well for concrete members less than 0.5m thick, however, fresh concrete may 

crack when cast directly against mature concrete even if the temperature drop in hardening 



concrete is less than 15°C (Eberhardt et a!. 1995). This is due to the restraining effect of 

mature concrete on hardening concrete. 

To prevent cracking in mass concrete, CSA A23.1-M94 (CSA 1994) and ACI 

Committee 207.4R (1992) recommend maximum temperature changes related to ambient 

air temperature. ACI Committee 207.4R recommends a maximum temperature change due 

to thermal shock of approximately S°C and a maximum three month temperature change of 

approximately 13OC. These values are for mass concrete that is at least 2 m thick, contains 

predominantly limestone as coarse aggregate, and has a w/c of approximately 0.50. CSA 

A23.1 -M94 (CS A 1994) recommends a maximum perrnissi ble temperature differential 

between the surface of a concrete member and surrounding air for members of different 

thickness and winds up to 25 kmlh. The purpose of this limit is to control the temperature 

gradient between the interior and exterior of a concrete member, which in turn reduces the 

differential thermal stresses in a concrete member that can lead to surface cracking. For 

members thicker than 1500mm, the recommended maximum temperature differential is 

15°C. The recommendations by ACI Committee 207.41 as well as CSA A23.1-M94 are 

based on numerous assumptions and limited data so they should be viewed as approximate. 

ACI Committee 306R (1992) prescribes a maximum allowable temperature drop of 

1 1°C in 24 hours at any point in a concrete member with a minimum dimension greater 

than 1800mm. However, this requirement is tempered by references made to: minimum 

concrete strength and the effects of freezing, concrete thickness, and degree of structural 

restraint. From Committee 306R, air-entrained concrete can resist, without damage, a single 

freeze-thaw cycle when its compressive strength exceeds 3.5MPa so a temperature drop 

below freezing may not be critical after cement hydration has begun. Also, the risk of 

cracking in thick concrete members is larger than in thin members. Consequently, a smaller 

temperature drop is acceptable in thicker members. Similarly, if the movement of a 

concrete member is fully restrained, then the maximum allowable temperature drop is the 

same for concrete of any thickness. If movement is only partially restrained or completely 

unrestrained, then larger temperature drops are acceptable because the risk of cracking is 

reduced. 



A less well known effect that is directly attributable to heat from cement hydration 

is the warping or bowing of mature concrete in match cast bridge construction. Roberts- 

Wollmann et al. (1995) recommend a design temperature profile in order to predict 

distortions of mature concrete due to heat from adjacent curing concrete. The suggested 

design temperature increase in mature concrete due to the heat of hydration from fresh 

concrete is limited to approximately g0C at the joint between mature and fresh concrete, 

and is reduced to zero approximately 0.6m into the mature concrete. This change in 

temperature was recorded in adjoining concrete slabs approxi matel y 0.3m thick and 

cracking between girder segments caused by this change in temperature was observed 

approximately 6 hours after casting the fresh concrete. 

9.4.2 Comparison of existimg guidelines and observed cracking 

In general, the HPC structures examined in this investigation exceed most of the 

existing recommended temperature limits for NSC and mass concrete. In the ice shield of 

the Confederation Bridge, the maximum temperature reached in the 90MPa concrete lift 

was 75°C and remained above the suggested maximum limit of 6S°C for one week. Also, 

the maximum thermal gradient in the ice shield was approximately 56"Clm to a depth of 

450mm from the outer surface. No detrimental effects due to these extreme temperature 

conditions were observed during this study. 

In the pier base ring footing of the Confederation Bridge, the temperature of the 

surface concrete increased and then decreased by up to 15OC in one day due to solar 

radiation. To a depth of 300mm, this fluctuation in temperature caused the surface thermal 

gradient to fluctuate by 50°Clm in one day. For brief periods, the temperature of the outside 

surface was higher than that of concrete 300mrn below the surface. Again, no detrimental 

effects due to these large fluctuations in temperature were observed during this study. 

The main girder segments of both bridges also experienced large changes in 

temperature due to hydration. A new, hydrating segment of the Confederation Bridge girder 

experienced a temperature increase of approximately 30°C, while a new, hydrating segment 

of the Tsable River bridge experienced a temperature increase of up to approximately 53OC. 



The larger temperature change in the Tsable River Bridge was largely due to the use of 

insulating biankets and heating to accelerate the curing process. Cracking was observed in 

the top slab of the Tsable River Bridge girder, however no cracking was observed in the 

Confederation Bridge girder. 

The change in temperature in the mature concrete due to adjacent hydrating concrete 

was larger in the Confederation Bridge and in the Tsable River Bridge than maximum 

limits recommended by the literature. In both bridges, the influence of new concrete on 

adjacent mature concrete became negligible approximately 600mm away from the 

construction joint in the mature concrete. The maximum change in mature concrete 

temperature was approximately 20°C where adjoining concrete is 705rnrn thick and 

approximately lS°C where adjoining concrete is 250mm thick. 

The relationship between member shape, as well as thickness, and the maximum 

recommended temperature change in 24 hours as described by ACI-306R (1992) is shown 
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Fig.9.20 - Recommended maximum concrete temperature change (ACE306R, 1992) 



in Fig.9.20. Also ?lotted in this figure is the maximum temperature change recommended 

by ACI-306R for the top slabs of the Confederation Bridge and the Tsable River Bridge. 

Starting from the horizontal axis of the left graph, the ratio of U H  is defined in Fig.9.19 for 

each bridge. The vertical axis defines the degree of restraint for concrete at a given distance 

from the construction joint, h, in the hydrating concrete element. Also plotted on the left 

graph is a design curve recommended by ACI-306R to estimate the overall effective 

restraint of a concrete element cast against mature concrete. Using hlH = 0.25, which 

represents the approximate location of maximum stress shown in Figs9.10 and 9.17, the 

maximum recommended temperature change is determined on the right graph for a 300mm 

thick concrete slab. Clearly, the maximum observed temperature change exceeds the limit 

recommended by ACI-306R for each bridge. 

However, different conclusions can be made if the average effective temperature 

change in each bridge, plotted in Figs.9.8 and 9.15 is used for comparison with the 

recommended limit. Neglecting basic shrinkage, the maximum effective temperature 

change occurs in both bridges during the first day of coring when concrete temperature is 

increasing due to hydration. However, the effect of basic shrinkage is to reduce the 

effective temperature increase during the first day by approximately 50%. As a result, the 

maximum effective temperature change occurs after approximately two to three days, when 

concrete temperature is decreasing and an additional effective temperature decrease is 

experienced due to basic shrinkage. In the Confederation Bridge, the maximum average 

effective temperature change in 24 hours is -lO°C while in the Tsable River Bridge, the 

maximum is -25OC. Of these values, the effective change due to basic shrinkage is 

approximately -3'C and -l°C, respectively. In this case, only the Tsable River Bridge 

exceeds the recommended limit, making it susceptible to cracking due to temperature 

change. This conclusion corresponds to the observed cracking in the Tsable River Bridge, 

while no cracking was observed in the Confederation Bridge. It is suggested, therefore, that 

using the average maximum effective temperature change more accurately reflects the 

overall level of concrete deformation in HPC during construction. 

Because the majority of stress in each bridge occurs due to loads applied after one 



day of curing when the maximum concrete temperature is reached, it is of interest to 

examine the total effective temperature change experienced by each bridge after one day of 

curing. For the Confederation Bridge, the total is approximately -25OC, while in the Tsable 

River Bridge the total is approximately -40°C. Of these totals, basic shrinkage accounts for 

approximately -lO°C in the Confederation Bridge and -4°C in the Tsable River Bridge, 

representing approximately 30% of the total basic shrinkage for each concrete type. 

Compared to the maximum one-day effective temperature change discussed above, 

approximately 50% of the total effective temperature change occurs during the first day 

after peak concrete temperature. Basic shrinkage, however, occurs at a slow and 

diminishing rate after the first day of curing. 

From the monitoring results presented in this study, the most important temperature 

criteria are the temperature difference between adjacent concrete elements, and the 

temperature change relative to adjacent concrete. These criteria indirectly control the 

maximum concrete temperature and also influence the maximum one-day temperature 

change. Conversely, limiting the maximum temperature can indirectly control the 

maximum temperature difference and maximum concrete temperature change. When using 

HPC, the effects of basic shrinkage must also be considered. To account for shrinkage, an 

effective change in concrete temperature can be used. In HPC with a variable temperature 

distribution, the average effective temperature can be used for comparison with existing 

temperature guidelines for NSC. 

9.4.3 Proposed pidelines 

From the results of the Confederation Bridge and Tsable River Bridge monitoring 

programs, guidelines for controlling and predicting cracking due to temperature change and 

basic shrinkage in HPC are proposed in this section. Recommendations for best 

construction practices are presented, and recommendations for design guidelines are also 

presented. 

9.4.3.1 Temperature and basic shrinkage guidelines 

Limiting maximum concrete temperature is useful because [his limit can also 



control the maximum change in temperature or temperature difference between adjacent 

concrete elements. Without special curing or mix provisions, HPC temperature is not likely 

to exceed'75"C, even in massive HPC elements. In thin HPC elements (300mrn or less), 

concrete temperature can easi 1 y be limited to approximately 50°C if thermal blankets and 

external heating are not used. 

The most significant factor influencing cracking in concrete during construction is 

the maximum change in concrete temperature. As indicated in existing temperature 

guidelines, the maximum recommended change in concrete temperature is influenced by 

the dimensions of a concrete element and the degree of restraint against deformation. 

Guidelines recommended by ACI-306R (1992) to prevent cracking are valid for NSC, 

however the effects of basic shrinkage in HPC are not considered. Basic shrinkage in HPC 

tends to reduce the effective temperature increase during the first day of curing and 

augment the effective temperature decrease that occurs after hydration has subsided. In thin 

HPC elements where concrete temperature returns to ambient conditions within a few days. 

the largest effective temperature change in a one day period tends to occur approximately 

two to three days after placement. In massive HPC elements, the largest effective 

temperature change to occur in a one day period may be during the first day of curing, 

assuming that the thermal shock caused by formwork removal is limited to approximately 

1O0C. 

For design purposes, the ACI-306R recommendations for avoiding cracking can be 

applied to HPC by using an average effective temperature change instead of considering 

temperature alone. The maximum one day effective temperature change can be calculated 

as 50% of the total, average effective temperature change after the maximum concrete 

temperature due to hydration has occurred. This total average effective temperature change 

is comprised of the difference between maximum average concrete temperature and 

average ambient temperature, plus 30% of the total basic shrinkage expressed as an 

effective temperature change. Limiting the one-day effective temperature change in this 

way also limits the total effective temperature change and the maximum concrete 

temperature. 



These temperature and basic shrinkage design guidelines can be achieved using 

typical curing and construction processes. To reduce the one-day maximum average 

effective temperature change, the maximum temperature can be minimized by manipulating 

concrete composition and minimizing insulation around concrete while concrete 

temperature is increasing. Also, the rate of temperature change after the maximum concrete 

temperature has been reached can be minimized by using insulation until the difference 

between ambient and concrete temperatures is negligible. If using insulation for an 

extended period is not feasible, the removal of formwork can be timed to minimize thermal 

shock. Removal during the middle of the day is recommended to take advantage of thermal 

radiation and to allow the concrete to cool over the course of an evening. Removal during 

adverse weather conditions is not recommended. Minimizing the rate of temperature 

change also maximizes the effect of creep on tensile stresses induced by temperature 

change. 

9.4.3.2 Structural design and modeling guidelines 

From the results of field monitoring programs, the models and analysis techniques 

presented in this study can accurately calculate material properties, temperature distribution 

and temperature change, as well as stresses induced in concrete during construction. Where 

cracking was observed, the time of crack formation as well as the crack location and 

orientation are predicted accurately. The time of cracking is predicted using a parameter 

called the probability of cracking. 

Because of elevated temperature during hydration, an average concrete maturity 

equal to 24 hours is achieved in as little as 12 hours. Also, stresses caused by temperature 

change and basic shrinkage in HPC during the first day are small compared to the final 

levels of stress after all thermal and shrinkage deformation has occurred. Consequently, 

modeling material and thermal properties at very early ages, at a maturity of less than 12 

hours, is not essential to maintaining an acceptable level of accuracy in the overall stress 

analysis. An accuracy level of &20% is considered acceptable for each input variable used 

to calculate the stress distribution in a concrete structure. As a result, it is recommended to 

use a coefficient of variation of 20% when evaluating the significance of calculated stress 



and strength values. 

Because concrete maturity is not uniform, the strength and modulus of elasticity of 

concrete are also not uniform. However. because material properties become less sensitive 

to maturity as maturity increases, variation in concrete strength and elastic modulus after 

one day is limited to approximately +16% and +lo%, respectively, from their mean values. 

After six days, variation decreases to approximately k5% and &3% respectively. Because 

this variation is within acceptable limits, material properties can be assumed to be uniform 

in each concrete mix placed at the same time, under the same curing conditions. Greater 

variation in material properties can be accepted at very early ages because, as mentioned 

above, stresses due to loads at very early ages are small compared to the final levels of 

stress. 

Cracking may be avoided by limiting the degree of restraint to less than 5046, which 

can be achieved by limiting the aspect ratio of a concrete element to less than 2.0. For 

concrete cast against an adjacent mature concrete element, the aspect ratio is defined as the 

ratio of restrained edge, or construction joint length to the maximum concrete dimension 

measured perpendicular to the joint. 

Where unfavorable geometry cannot be avoided, heating of adjacent mature 

concrete can be used to reduce the tensile stresses caused by restraint. Heating of adjacent 

mature concrete can be used to reduce the restraint of thermal deformations in new, 

hydrating concrete. It is suggested that heating mature concrete within a distance of 

approximately 1.Om from a construction joint to the same average maximum temperature as 

the hydrating concrete is sufficient to significantly reduce the degree of restraint 

experienced by the hydrating concrete. The increase and decrease in mature concrete 

temperature is to match as closely as possible the average heating and cooling rates in the 

adjacent, hydrating concrete. 

Transverse post-tensioning can also be used to reduce the level of restraint induced 

in new, hydrating concrete by adjacent, mature concrete. From the results of this study, a 

post-tensioning stress of approximately 3.0MPa is sufficient. The timing of transverse post- 

tensioning application is important so that the maximum benefit is achieved. Transverse 



post-tensioning should be applied as  tensile stresses occur. Consequently, post-tensioning 

should begin a maximum of 12 hours after maximum concrete temperature is reached. 

However, if post-tensioning is applied before concrete temperature has retumed to ambient 

levels, a portion of the post-tensioning will be lost due to shrinkage. Consequently, it is 

recommended that the post-tensioning cables be re-stressed periodically during 

construction to maintain their effectiveness. In the case of segmental, cast-in-place concrete 

bridges, segments are cast in series. For the sake of construction sequence, it is 

recommended that half of the post-tensioning be applied to the new and previous segment 

one day after each new segment is placed, and that the final applied stress due to post- 

tensioning in each segment be close to 3MPa after concrete temperature has returned to 

ambient. 

A global parameter, called probability of cracking, can be used to predict the 

effectiveness of crack-prevention measures and to compare the relative likelihood of 

cracking in different concrete structures. It is suggested that significant cracking in HPC 

caused by temperature and shrinkage can be prevented if the probability of cracking is 

limited to less than 25%. This corresponds to a concrete tensile stress that is less than 

approximately 90% of the concrete tensile strength. Where no cracking due to temperature 

and shrinkage is acceptable, it is recommended that the probability of cracking be limited to 

less than 151,  which corresponds to a concrete tensile stress that is less than approximately 

80% of the concrete tensile strength. 

9.5 SUMMARY 

Chapter 9 uses the research presented in previous chapters to conduct thermal and 

stress analyses of high performance concrete structures. To accurately calculate the stress 

distribution as well as accurately predict the likelihood and location of cracking in HPC, the 

effects of basic shrinkage and creep must be considered in addition to temperature changes. 

The findings presented in this chapter indicate that existing guidelines for maximum 

recommended temperature change in NSC can also be applied to HPC if basic shrinkage is 



also considered as an effective temperature change. To predict cracking in HPC, guidelines 

are presented that can be used to estimate if cracking may be a concern in a given structure 

under particular curing conditions. Also, post-tensioning, and heating of mature concrete. 

are presented as options to overcome induced tensile stresses if undesirable geometry 

cannot be avoided. The following chapter summarizes all of the findings presented in this 

study and provides recommendations for future research in this field. 



10.0 CONCLUSIONS AND RECOMMENDATIONS 

10.1 SUMMARY 

This study focuses on the prediction of cracking in high performance concrete due 

to temperature and shrinkage during construction. The prediction of cracking in concrete 

structures involves the prediction of many time-dependent material properties as well as the 

use of time-dependent thermal and structural analysis techniques. A time-dependent 

hydration model for high performance concrete is proposed that considers the water-to- 

cementitious material ratio, the cement content, and the use of pozzolans in a concrete mix. 

This hydration model is incorporated into a three-dimensional, time-dependent, finite 

element computer model, called FETAB3DH, which is used to calculate the temperature 

history of concrete elements or structures. Other thermal properties, including conductivity, 

specific heat, and surface heat transfer coefficients are evaluated and integrated into the 

computer model. 

To calculate concrete stresses induced by temperature and shrinkage, many material 

properties must be considered. Strength and elasticity, and their development are studied 

extensively. Models for shrinkage and creep are also investigated in detail. Using these 

properties as input, the step-by-step method and finite element modeling are employed to 

calculate the time-dependent stresses induced in concrete by temperature and shrinkage. 

Two case studies are examined in this study: the Confederation Bridge and the Tsable River 

Bridge, both constructed using HPC. For both case studies, the results of field temperature 

monitoring programs are discussed and the results used as input to calculate induced 

stresses due to temperature and basic shrinkage. Based on the findings of these case studies. 

guidelines for predicting and preventing cracking in HPC structures are proposed. 

10.2 CONCLUSIONS 

In Chapter 4, a practical method of determining the thermal conductivity of concrete 



is presented. The test procedure requires only a few minutes to complete and can be used 

periodically while the concrete specimen is curing. 

The hydration model presented in Chapter 2 accurately accounts for the effects of 

silica fume, fly ash, and slag used in high performance concrete. Also, the influence of 

water-to-cementitious material ratio is considered. The three-dimensional, transient, finite 

element computer program, FETAB3DH, includes this hydration model and accurately 

predicts the temperature history of high performance concrete structures. In addition, 

FETAB3DH is capable of modeling custom solar radiation and air temperature conditions, 

variable thermal boundary conditions, and multi-lift construction procedures. 

Existing models for predicting concrete tensile stress over-estimate the tensile 

strength of low compressive strength concrete and concrete at early ages. The proposed 

tensile strength prediction equation in Chapter 3 accurately reflects a range of tensile 

strength data available in the literature. 

Creep and shrinkage behavior of high performance concrete is very different from 

that of normal strzngth concrete. Basic shrinkage is very significant in HPC while it can be 

neglected in NSC. At early ages, drying shrinkage and drylng creep can be neglected in 

HPC, whil. k i n g  is an important factor in NSC. Models to premct creep and shrinkage of 

HPC are presented in Chapter 3. 

From the thermal analysis calculations presented in Chapter 9 for the Confederation 

Bridge and the Tsable River Bridge, the variation in material properties, including strength 

and elastic modulus reduces as a function of time while the variation in maturity increases. 

The range of material properties in a given concrete pour is significant, however each pour 

can be modeled as a uniform material with uniform material properties without introducing 

excessive error in stress analyses. 

The probability of cracking can be used to estimate the time at which cracking may 

occur in a structure. It can also be used to compare the relative likelihood of cracking in 

different structures, or the same structure under different curing conditions. From the 

results of this study, the likelihood of cracking in high performance concrete due to 

temperature and basic shrinkage is not significant until after two to three days of curing. 



The thermal analyses conducted in this investigation accurately predict the 

temperature histories measured in HPC structures. The stress analyses conducted in this 

study accurately predict the time, location, and orientation of cracking observed in the 

Tsable River Bridge girder, and confirm the observation that no cracking occurred in the 

Confederation Bridge. 

Existing temperature guidelines for NSC can be applied to HPC by using the 

average effective temperature change of HPC rather than simply temperature change. For 

design purposes, the maximum, average effective temperature change in HPC during one 

day can be calculated as 50% of the total average effective temperature decrease after 

reaching the peak hydration temperature. The total average effective temperature change 

cw be calculated as the change in average temperature plus 30% of the total basic 

shrinkage expressed as a temperature change. 

10.3 RECOMMENDATIONS 

Cement and pozzolan hydration is a very complicated chemical reaction. Further 

research is required to understand cement hydration and the influence of wlcm on peak 

hydration rates, as well as the influence of pozzolan replacement on hydration reaction 

rates. Clarification of the influence of admixtures on cement hydration is also required. 

The time-dependent material properties of concrete, particularly tensile and 

compressive creep, are also very complicated variables that are not well understood. 

Further research into creep mechanisms and the differences between tensile and 

compressive creep could improve the accuracy of computed stresses and hence the accuracy 

of predicted cracking. 

The research presented in this investigation deals with uncracked concrete. It is 

known that cracking causes significant stress reduction in a concrete structure. Restraint is 

reduced and, as a result, the magnitude of tensile stresses is reduced. Research into post- 

cracking behavior is required to quantify this behavior. Also, research into the influence of 

reinforcement on tensile stress distribution and stress after crack formation is required. 

Post-tensioning and heating of mature concrete are proposed as techniques to reduce 



the restraint of adjacent hydrating concrete. Research into the magnitude and extent of post- 

tensioning as well as heating of mature concrete is necessary to establish the minimum 

effort required to reduce the level of concrete restraint to acceptable levels. 

The importance of temperature gradient in predicting concrete stresses is uncertain. 

A clear definition of temperature gradient is required so that comparison between structures 

is possible. Further study of this parameter is required before conclusions regarding its 

importance in concrete structures can be made. 
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APPENDIX A 

Appendix A consists of an input file for the computer program FETAB3DH, which 

was used to determine the temperature history of a new concrete segment in the 

Confederation Bridge main girder. The input file required for FETAB3DH is described by 

Elbadry and Ghali (1984) and generally consists of eight components that can be 

summarized as follows: 

1. Model control parameters: Defines the model extent including number of nodes, 

elements and element types, as well as if a custom air temperature file is used. 

2. Model geometry: Defines the nodes and geometry of the concrete structure. 

Individual nodes are defined which are then used to generate lines and surfaces of 

nodes to accelerate model definition. 

3. Element definition: Defines the elements, boundary and conduction, used in the 

model based on the nodes defined in (2). 

4. Conduction element properties: Definition of thermal material properties as well as 

concrete mix properties used by the hydration model. 

5. Boundary element properties: Definition of emissivitiy, absorptivity, and 

convection variables. 

6. Overhang definition: Used to define the shaded areas on the concrete structure. 

7. AnaIysis control parameters: Defines parameters including: time steps, default 

initial concrete temperature and maturity, a switch to indicate the presence of solar 

radiation, switches to indicate if concrete temperature and maturity information is to 

be read from an input file and sent to an output file, and a list of 10 nodes for which 

all calculated temperature and maturity data is sent to a separate output file. 

8. Meteorological data: Defines the default range in ambient air temperature as well as 

parameters required to calculate the quantity and orientation of solar radiation 

affecting the concrete structure. 



C** ** TITLE OF THE PROBLEM 
C**** 

TITLE: CONFEDERATION BRIDGE BOX-GIRDER ANALYSIS 

C**** CONTROL PARAMETERS c**** 
LOGIC= 1 1CELJ.s 0 NPOIN= 11790 NELEM= 3290 
NSUP= 0 NCTWE= 2 NBTYPE= 8 AlRFEE=O 

C**** NODAL COORDINATES 
C***+ 
NODAL COORDINATES 
C** J X O  Y(J) Z(J) 
c** = = = = 
C* * Left cantilever wing 
1 -5.820 -1.000 0.1 16 
11 -5.820 0.000 0.1 16 
86 -5.820 -1.000 0.366 
96 -5.820 0.000 0.366 
97 -5.715 -1.000 0.114 
102 -5.715 0.000 0.114 
127 -5.7 15 -1.000 0.364 
132 -5.715 0.000 0,364 
625 -4.880 -1.000 0.098 
630 -4.880 0.000 0.098 
655 4.880 -1.000 0.348 
660 -4.880 0.000 0.348 
66 1 -4.775 -1.000 0.096 
67 1 -4.775 0.000 0.096 
746 -4.775 -1.000 0.346 
756 -4.775 0.000 0.346 
C** Taper to left cantilever wing 
757 4.645 -1.000 0.093 
762 -4.645 0.000 0.093 
787 -4.645 -1.000 0.383 
792 -4.645 0.000 0.383 
1285 -3.610 -1.000 0.073 
1290 -3.610 0.000 0.073 
13 15 -3.610 -1.000 0.683 
1320 -3.610 0.000 0,683 
1321 -3.480 -1.000 0.070 
1331 -3.480 0.000 0.070 
1406 -3.480 -1.000 0.720 
1416 -3.480 0.000 0.720 
C** Top slab immediately over web wall 
1417 -3.439 -1.000 0.069 
1422 -3.439 0.000 0.069 ' 

1447 -3.439 - 1.000 0.720 
1452 -3.439 0.000 0.720 
1945 -3.116 -1.000 0.063 
1950 -3.116 0.000 0.063 
1975 -3.116 -1.000 0.720 



1980 -3.116 0.000 0.720 
198 1 -3.075 -1.000 0.062 
1991 -3.075 0.000 0.062 
2066 -3.075 -1.000 0.720 
2076 -3.075 0.000 0.720 
C** Top slab taper above cell of girder 
2077 -2.847 -1.000 0.057 
2082 -2.847 0.000 0.057 
2107 -2.847 - 1.000 0.674 
21 12 -2.847 0,000 0.674 
2605 -1.028 -1.000 0.021 
2610 -1.028 0.000 0.021 
2635 -1.028 -1.000 0.312 
2640 -1.028 0.000 0.312 
264 1 -0.800 -1.000 0.016 
265 1 -0.800 0.000 0.016 
2726 -0.800 -1.000 0.266 
2736 -0.800 0.000 0.266 
C** Top slab above cell of girder 
2737 -0.720 - 1.000 0.014 
2742 -0.720 0.000 0.014 
2767 -0.720 -1.000 0.264 
2772 -0.720 0.000 0.264 
3265 -0.080 -1.000 0.002 
3270 -0.080 0.000 0.002 
3295 -0.080 -1.000 0.252 
3300 -0.080 0.000 0.252 
330 1 0.000 -1.000 0.000 
3311 0.000 0.000 0.000 
3386 0.000 -1.000 0.250 
3396 0.000 0.000 0.250 
CS* W e b  wall 
C** Segment at top of web wall (only 2 elements in vertical direction) 
3397 -3.061 -1.000 0.845 
3402 -3.061 0.000 0.845 
3427 -3.466 -1.000 0.845 
3432 -3.466 0.000 0.845 
3433 -3.046 -1.000 0.970 
3443 -3.046 0.000 0.970 
35 18 -3.45 1 - 1.000 0.970 
3528 -3.451 0.000 0.970 
3529 -3.017 -1.000 1.220 
3534 -3.017 0.000 1.220 
3559 -3.422 -1.000 1.220 
3564 -3.422 0.000 1.220 
3565 -2.988 -1.000 1.470 
3575 -2.988 0.000 1.470 
3650 -3.393 -1.000 1.470 
3660 -3.393 0.000 1.470 
C** Main web wali 
366 1 -2.899 -1.000 2.181 
3666 -2.899 0.000 2.181 
369 1 -3.304 -1.000 2.181 



3696 -3.304 0.000 2.181 
4 189 -2.257 - 1.000 7.869 
4194 -2.257 0.000 7.869 
4219 -2.662 -1.000 7.869 
4224 -2.662 0.000 7.869 
4225 -2.168 -1.000 8.580 
4235 -2.168 0.000 8.580 
4310 -2.573 -1.000 8.580 
4320 -2.573 0.000 8.580 
C** Web-bottom slab comer 
432 1 -2.161 -1.000 8.644 
4326 -2.161 0.000 8.644 
435 1 -2566 -1.000 8.644 
4356 -2566 0.000 8.644 
4849 -2.102 -1.000 9.151 
4854 -2.102 0.000 9.151 
4879 -2.507 -1.000 9.151 
4884 -2.507 0.000 9.151 
4885 -2.095 -1.000 9.215 
4895 -2.095 0.000 9.215 
4970 -2.500 -1.000 9.215 
4980 -2.500 0.000 9.215 
C** Bottom slab taper 
498 1 -2.056 -1.000 8.580 
4986 -2.056 0.000 8.580 
501 1 -1.990 -1.000 9.215 
5016 -1.990 0.000 9.215 
SO17 -1.944 -1.000 8.580 
5027 -1.944 0.000 8.580 
5 102 -1.885 -1.000 9.215 
5112 -1.885 0.000 9.215 
5509 -1.162 -1.000 8.580 
5514 -1.162 0.000 8.580 
5539 -1.155 -1.000 9.215 
5544 -1.155 0.000 9.215 
5545 - 1.050 -1.000 8.580 
5555 -1.050 0.000 8.580 
5630 -1.050 -1.000 9.215 
5640 -1.050 0.000 9.215 
C** Middle of bottom slab 
564 1 -0.945 -1.000 8.580 
5646 -0.945 0.000 8.580 
567 1 -0.945 -1.000 9.215 
5676 -0.945 0.000 9.215 
6169 -0.105 -1.000 8.580 
6174 -0.105 0.000 8.580 
6 199 -0.105 -1.000 9.215 
6204 -0.105 0.000 9.215 
6205 0.000 -1.000 8.580 
62 15 0.000 0.000 8.580 
6290 0.000 -1.000 9.215 
6300 0.000 0.000 9.215 
C**** SECOND SEGMENT POINTS CALCULATED BASED ON FIRST SEGMENT 



C** Top slab 
C** First layer of nodes in top slab adjacent to old segment 
6301 -5.820 0.100 0.116 
6316 -5.820 0.100 0.166 
633 1 -5.820 0.100 0.216 
6346 -5.820 0.100 0.266 
636 1 -5.820 0.100 0.316 
6376 -5.820 0.100 0.366 
6876 -4.775 0.100 0.096 
689 1 -4.775 0.100 0.146 
6906 -4.775 0.100 0.196 
692 1 4.775 0.100 0.246 
6936 -4.775 0.100 0.296 
695 1 -4.775 0.100 0.346 
745 1 -3.480 0.100 0.070 
7466 -3.480 0.100 0.200 
748 1 -3.480 0.100 0.330 
7496 -3.480 0.100 0.460 
7511 -3.480 0.100 0.590 
7526 -3.480 0.100 0,720 
8026 -3.075 0.100 0.062 
8041 -3.075 0.100 0.194 
8056 -3.075 0.100 0.325 
807 1 -3.075 0.100 0.457 
8086 -3.075 0.100 0.588 
8101 -3.075 0.100 0.720 
8601 -0.800 0.100 0.016 
8616 -0.800 0.100 0.066 
863 1 -0,800 0.100 0.1 16 
8646 -0.800 0.100 0.166 
8661 -0.800 0.100 0.216 
8676 -0.800 0.100 0.266 
9176 0.000 0.100 0.000 
9191 0,000 0.100 0.050 
9206 0.000 0.10 0.100 
922 1 0.000 0.100 0.150 
9236 0.000 0.100 0.200 
925 1 0.000 0.100 0.250 
C*+ Left cantilever wing 
6302 -5.820 0.200 0.1 16 
6310 -5.820 1.000 0.116 
6377 -5.820 0.200 0.366 
6385 -5.820 1.000 0.366 
6386 -5.715 0.200 0.114 
6390 -5.715 1.000 0.114 
641 1 -5.715 0.200 0.364 
6415 -5.715 1.000 0.364 
6846 -4.880 0.200 0.098 
6850 -4.880 1.000 0+098 
687 1 4.880 0.200 0.348 
6875 -4.880 1.000 0.348 
6877 -4.775 0.200 0.096 
6885 4.775 1.000 0.096 



6952 -4.775 0.200 0.346 
6960 -4.775 1.000 0.346 
C** Taper to left cantilever wing 
696 1 -4.645 0.200 0.093 
6965 -4.645 1.000 0.093 
6986 -4.645 0.200 0.383 
6990 -4.645 1.000 0.383 
742 1 -3.610 0.200 0.073 
7425 -3.610 1.000 0.073 
7446 -3.610 0.200 0.683 
7450 -3.610 1.000 0.683 
7452 -3.480 0.200 0.070 
7460 -3.480 1.000 0.070 
7527 03.480 0.200 0.720 
7535 -3.480 1.000 0.720 
C** Top slab immediately over web wall 
7536 -3.439 0.200 0.069 
7540 -3.439 1.000 0.069 
7561 -3.439 0.200 0.720 
7565 -3.439 1.000 0.720 
7996 -3.1 16 0.200 0.063 
8000 -3.116 1.000 0.063 
802 1 -3.1 16 0.200 0.720 
8025 -3.1 16 1.000 0.720 
8027 -3.075 0.200 0.062 
8035 -3.075 1.000 0.062 
8102 -3.075 0.200 0.720 
81 10 -3.075 1.000 0.720 
C** Top slab taper above cell of girder 
8111 -2.847 0.200 0.057 
81 15 -2.847 1.000 0.057 
8136 -2.847 0.200 0.674 
8140 -2.847 1.000 0.674 
857 1 - 1.028 0.200 0.02 1 
8575 -1.028 1.000 0.021 
8596 -1.028 0.200 0.312 
8600 -1.028 1.000 0.312 
8602 -0.800 0.200 0.016 
8610 -0.800 1.000 0.016 
8677 -0.800 0.200 0.266 
8685 -0.800 1.000 0.266 
C** Top slab above cell of girder 
8686 -0.720 0.200 0.014 
8690 -0.720 1.000 0.014 
871 1 -0.720 0.200 0.264 
8715 -0.720 1.000 0.264 
9146 -0.080 0.200 0.002 
9150 -0.080 1.000 0.002 
9171 -0.080 0.200 0.252 
9175 -0.080 1.000 0.252 
9177 0.000 0.200 0.000 
9185 0.000 1.000 0.000 
9252 0.000 0.200 0.250 



9260 0.OOO 1.000 0.250 
C** W e b  Wall 
C** Layer of nodes joining the top slab to the web 
9261 -3.061 0.200 0.845 
9265 -3.061 1.000 0.845 
9286 -3.466 0.200 0.845 
9290 -3.466 1.000 0.845 
C** Fi t  layer of nodes in web adjacent to old segment - including web-b.slab corner 
929 1 -3.046 0.100 0.970 
9306 -3.127 0.100 0.970 
9321 -3.208 0.100 0.970 
9336 -3.289 0.100 0.970 
935 1 -3.370 0.100 0.970 
9366 -3.451 0.100 0.970 
9406 -2.988 0.100 1.147 
942 1 -3.069 0.100 1.147 
9436 -3.150 0.100 1.147 
945 1 -3.231 0.100 1.147 
9466 -3.312 0.100 1.147 
948 1 -3.393 0.100 1.147 
9981 -2.168 0.100 8580 
9996 -2.249 0.100 8580 
1001 1 -2.330 0.100 8.580 
10026 -2.41 1 0.100 8.580 
l W I  -2.492 0.100 8.580 
10056 -2.573 0.100 8.580 
10556 -2.095 0.100 9.215 
10571 -2.176 0.100 9.215 
10586 -2.257 0.100 9.215 
10601 -2.338 0.100 9.215 
10616 -2.419 0.100 9.215 
10631 -2.500 0.100 9.215 
C** Segment at top of web wall (only 2 elements in vertical direction) 
9292 -3.046 0.200 0.970 
9300 -3.046 1.000 0.970 
9367 -3.451 0.200 0.970 
9375 -3.451 1.000 0.970 
9376 -3.017 0.200 1.220 
9380 -3.017 1.000 1.220 
9401 -3.422 0.200 1.220 
9305 -3.422 1.000 1.220 
9407 -2.988 0.200 1.470 
9415 -2.988 1.000 1.470 
9482 -3.393 0.200 1.470 
9490 -3.393 1.000 1.470 
C** Main web wall 
949 1 -2.899 0.200 2.181 . 

9495 -2.899 1.000 2.181 
95 16 -3.304 0.200 2.181 
9520 -3.304 1.000 2.181 
9951 -2.257 0.200 7.869 
9955 -2.257 1.000 7.869 
9976 -2.662 0.200 7 369 



9980 -2.662 1.000 7.869 
9982 -2.168 0.200 8.580 
9990 -2.168 1.000 8580 
10057 -2.573 0.200 8.580 
10065 -2.573 1.000 8.580 
C** Web-bottom slab corner 
10066 -2.161 0.200 8.644 
10070 -2.161 1.000 8.644 
10091 -2566 0.200 8 . W  
10095 -2566 1.000 8.644 
10526 -2.102 0.200 9.151 
10530 -2.102 1.000 9.151 
10551 -2.507 0.200 9.151 
10555 -2.507 1.000 9.15 1 
10557 -2.095 0.200 9.215 
10565 -2.095 1.000 9.215 
10632 -2.500 0.200 9.215 
10640 -2.500 1.000 9.215 
C** Bottom slab 
C** First layer of nodes in bottom slab adjacent to old segment - excluding web-b.slab comer 
10671 -1.944 0.100 8,580 
10686 -1.938 0.100 8.707 
10701 -1.932 0.100 8.834 
10716 -1.926 0.100 8.961 
10731 -1.920 0.100 9.088 
10746 -1.915 0.100 9.215 
11131 -1.050 0.100 8.580 
11 146 -1.050 0.100 8.707 
11161 -1.050 0.100 8.834 
11176 -1.050 0.100 8.961 
11191 -1.050 0.100 9.080 
11206 -1.050 0.100 9.215 
11706 0.000 0.100 8.580 
11721 0.000 0.100 8.707 
11736 0.000 0.100 8.834 
11751 0.000 0.100 8.961 
11766 0.000 0.100 9.088 
11781 0.000 0.100 9.215 
Ct* Bottom slab taper 
10641 -2.056 0.200 8.580 
10645 -2.056 1.000 8.580 
10666 -1.990 0.200 9.215 
10670 -1.990 1.000 9.215 
10672 -1.944 0.200 8.580 
10680 -1.944 1.000 8.580 
10747 -1.885 0.200 9.215 
10755 -1.885 1.000 9.215 
11101 -1.162 0.200 8.580 
11105 -1.162 1.000 8.580 
11 I26 -1.155 0.200 9.21 5 
11130 -1.155 1.000 9.215 
11 132 -1.050 0.200 8.580 
11140 -1.050 1.000 8.580 



11207 -1.050 0.200 
11215 -1.050 1.000 
C** Middle of bottom slab 
11216 -0.945 0.200 
11220 -0.945 1.000 
1 I241 -0.945 0.200 
11245 -0.945 1.000 
11676 -0.105 0.200 
11680 -0.105 1.000 
1 1701 -0.105 0.200 
11705 -0.105 1.000 
1 1707 0.000 0.200 
11715 0.000 1.000 
11782 0.000 0.200 
11790 0.OOO 1.000 

c**** I 

GENLI 
GENLI 
GENLI 
GENLI 
GENLI 
GENLI 
GENLI 
GENLl 
GENLl 
GENLf 
GENLI 
GENLI 
GENLl 
GENLI 
GENLl 
GENLl 
GENLl 
GENLI 
GENLI 
GENLI 
G r n I  
GENLI 
GENLl 
GENLl 
GENLl 
GENLI 
GENLl 
GENLl 
GENLI 
GENLl 
GENLI 
GENLI 
GENLI 
GENLI 
GENLI 
GENLI 

3ENLIN statements for old segment 
H NP= 6 NNI= 132 
H NP= 6 NN?= 132 
N NP= 6 NNI= 132 
H NP= 6 NNI= 132 
Y NP= 5 NNI= 132 
N NP= 5 NNI= 132 
Y NP= 5 NM= 132 

NP= 5 NNI= 132 
N NP= 6 NNI= 132 
H hi= 6 NNI= 132 
N NP= 6 NNI= 132 
H NP= 6 NNI= 132 
N NP= 5 NNI= 132 
H NP= 5 NNI= 132 
N NP= 5 NNI= 132 

NP= 5 NNT= 132 
H '?= 6 NNI= 132 
H ST= 6 NNI= 132 
IJ NP= 6 NNI= 132 
Y NP= 6 NNI= 132 
H NP= 5 NM= 132 

NP= 5 NNI= 132 
V NP= 5 NM= 132 
U NP= 5 h N =  132 
U NP= 6 NNI= 132 
U NP= 6 NNI= 132 
U NP= 6 NM= 132 
U NP= 6 NNI= 132 

NP= 5 NNI= 132 
U NP= 5 NNI= 132 
U NP= 5 NNI= 132 

NP= 5 NNI= 132 
U NP= 6 NNI= 132 
U NP= 6 NNI= 132 
U N h  6 NNI= 132 

NP= 6 NNI= 132 



GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLW NP= 5 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 5 NN 
GENWN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLM NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 5 NN 
GENLIN NP= 5 NN 
GENUN NP= 5 NN 
GENLIN NP= 5 NN 
C1+** GENLIN statements for n 
C** Layer of nodes in top sbb, v 
GENLW NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
GENLIN NP= 6 NN 
G W I N  NP= 6 NN 

i= 132 ORDER= 
:= 132 ORDER= 
I= 132 ORDER= 
!= 132 OD== 
I= 132 ORDER= 
I= 132 ORDER= 
:= 132 ORDER= 
I= 132 ORDER= 
I= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
[= 132 ORDER= 
I= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
;= 132 ORDER= 
I= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
.= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:= 132 ORDER= 
:w segment 
eb, and bottom stab that 
:= 115 ORDER= 
:= 115 ORDER= 
'= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 
= 115 ORDER= 

is adja 
6301 
6316 
633 1 
6346 
636 1 
6376 
687 6 
689 1 
6906 
692 1 
6936 
695 1 
745 1 
7466 
748 1 

cent to old segment 
6876 
689 1 
6906 
692 1 
6936 
695 1 
745 1 
7466 
748 1 
7496 
751 1 
7526 
8026 
8041 
8056 



GENLIN NP= 6 NNI= 
G E U  NP= 6 NNI= 
GENLIN NF'= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN Nf= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NM= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GEN'L,IN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP- 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 5 NNI= 
GENLW NP= 5 NNI= 
GENLIN NP= 5 NNI= 
GENLIN NP= 5 NNI= 
GENLIN NP= 5 NNI= 
GENLIN NP= 5 NNI= 
GENLIN NP= 6 NNIr 
GENLIN NP= 6 NNT= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
C** Nodes for gensur commands 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 5 NNI= 
GENLIN NPt 5 NNI= 
GENLIN NP= 5 NNI= 
GENLIN NP= 5 NNI= 
GENLXN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 6 NNI= 
GENLIN NP= 5 NNI= 



GENLIN 
GENLIN 
GENLIU 
GENLIN 
GENLTN 
GENLIN 
GENLIN 
GENLJN 
GENLIN 
GENLLN 
GENLIN 
GENLIN 
G E W  
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLDJ 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENlLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLrN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 
GENLIN 



GENLIN NP= 6 NNI= 115 ORDER= 11207 11782 
GENLIN NP= 6 NNI= 115 ORDER= 11215 11790 
GENLIN Nf= 5 NNI= 115 ORDER= 11216 11676 
GENLIN NP= 5 NNI= 115 ORDER= 11220 11680 
GEMJN NP= 5 NNI= 115 ORDER= 11241 11701 
GENLIN NP= 5 NNI= 115 ORDER= 11245 11705 

C**** Old segment 
GENSUR NEXI= 
96 11 
GENSUR NEXT= 
218 228 143 
GENSUR NEXI= 
350 360 275 
GENSUR NEXI= 
482 492 407 
GENSUR NEXI= 
614 624 539 
GENSUR NEXI= 
746 756 671 
GENSUR NEXk 
132 102 
GENSUR NEXI= 
259 264 234 
GENSUR NEXT= 
391 396 366 
GENSUR NEXI= 
523 528 498 
GENSUR hXXI= 
655 660 630 
GENSUR NEXI= 
878 888 803 
GENSUR NEXI= 
1010 1020 935 
GENSUR NEXI= 
1142 1152 1067 
GENSUR NEXT= 
1274 1284 1199 
GENSUR NEXI= 
1406 1416 1331 
GENSUR NEXI= 
787 792 762 
GENSWR NEXI= 
919 924 894 
GENSUR NEXI= 
1051 1056 1026 
GENSUR E M =  
1183 1188 1158 
GENSUR NEx= 
1315 1320 1290 
GENSUR NEXS= 
1538 1548 1463 



GENSUR NEXI= 
1670 1680 1595 
GENSUR NEM= 
1802 1812 1727 
GENSUR =XI= 
1934 1944 1859 
GENSUR NEM= 
2066 2076 1991 
GENSUR NEXI= 
1447 1452 1422 
GENSUR NEXI= 
1579 1584 1554 
GENSUR NEXI= 
1 7 1  1716 1686 
GENSUR NEXI= 
1843 1848 1818 
GENSUR NEXI= 
1975 1980 1950 
GENSUR NEXI= 
2198 2208 2123 
GENSUR NEM= 
2330 2340 2255 
GENSUR NEXI= 
2462 2472 2387 
GENSUR NEXI= 
2594 2604 2519 
GENSUR NEXI= 
2726 2736 2651 
GENSUR NEXI= 
2107 2112 2082 
GENS'JR NEX= 
2239 2244 2214 
GENSUR NEXI= 
2371 2376 2346 
GENSUR NE?CI= 
2503 2508 2478 
GENSUR NEXI= 
2635 2640 2610 
GENSUR NEXI= 
2858 2868 2783 
GENSUR NEXI= 
2990 3000 2915 
GENSUR NEXI= 
3122 3132 3047 
GENSUR NEXI=: 
3254 3264 3179 
GENSUR NEXk 
3386 3396 3311 
GENSUR NEM= 
2767 2772 2742 
GENSUR NEXI= 
2899 2904 2874 



GENSUR NEXI= 
3031 3036 3006 
GENSUR NEXI= 
3163 3168 3138 
GENSUR NEXI= 
3295 3300 3270 
GENSUR NEXI= 
3518 3528 3443 
GENSUR NEXI= 
3650 3660 3575 
GENSUR NEXI= 
3427 3432 3402 
GENSUR NEXI= 
3559 3564 3534 
GENSUR NEXI= 
3782 3792 3707 
GENSUR NEXT= 
3914 3924 3839 
GENSUR NEX= 
4046 4056 3971 
GENSUR NEYU= 
4178 4188 4103 
GENSUR NEXI= 
4310 4320 4235 
GENSUR NEXI= 
3691 3696 3666 
GENSUR NEXI= 
3823 3828 3798 
GENSUR NEXI= 
3955 3960 3930 
GENSUR NEXI= 
4087 4092 4062 
GENSUR m= 
4219 4224 4194 
GENSUR NElCI= 
4442 4452 4367 
GENSUR NEm= 
4574 4584 4499 
GENSUR -XI= 
4706 4716 4631 
GENSUR NEXI= 
4838 4848 4763 
GENSWR NEXI= 
4970 4980 4895 
GENSUR NEXI= 
4351 4356 4326 
GENSUR NEXI= 
4483 4488 4458 
GENSUR NEXT= 
4615 4620 4590 
GENSUR NEXI= 
4747 4752 4722 



GENSUR NEXI= 
4879 4884 4854 
GENSUR NEXI= 
5102 5112 5027 
GENSUR NEX= 
5234 5244 5159 
GENSUR NEM= 
5366 5376 5291 
GENSUR NEM= 
5498 5508 5423 
GENSUR m= 
5630 5640 5555 
GENSUR NEXI= 
5011 5016 4986 
GENSUR NEXI= 
5143 5148 5118 
GENSUR NEXl= 
5275 5280 5250 
GENSUR NEX= 
5407 5412 5382 
GENSUR NEX= 
5539 5544 5514 
GENSUR NEM= 
5762 5772 5687 
GENSUR NEXI= 
5894 5904 5819 
GENSUR NEW= 
6026 6036 5951 
GENSUR NEXT= 
6158 6168 6083 
GENSUR NEX= 
6290 6300 6215 
GENSUR NEM= 
5671 5676 5646 
GENSUR NEXI= 
5803 5808 5778 
GENSUR NEXI= 
5935 5940 5910 
GENSUR NEXT= 
6067 6072 6042 
GENSUR NEXI= 
6199 6204 6174 
C*** New segment 
GENSUR NEN= 
6377 6385 6310 
GENSUR NEM= 
6492 6500 6425 
GENSUR m= 
6607 6615 6540 
GENSUR NEXI= 
6722 6730 6655 
GENSUR =XI= 
6837 6845 6770 



GENSUR NEXX= 
6952 6960 6885 
GENSUR NEXI= 
6411 6415 6390 
GENSUR NEXI= 
6526 6530 6505 
GENSUR NEXI= 
6641 6645 6620 
GENSUR NEXI= 
6756 6760 6735 
GENSUR NEXI= 
6871 6875 6850 
GENSUR NEXI= 
7067 7075 7000 
GENSUR NEXI= 
7182 7190 7115 
GENSUR NEX.I= 
7297 7305 7230 
GENSUR NEXI= 
7412 7420 7345 
GENSUR NEXI= 
7527 7535 7460 
GENSUR N J X =  
6986 6990 6965 
GENSUR NEXI= 
7101 7105 7080 
GENSUR NEXI= 
7216 7220 7195 
GENSUR NEXT= 
7331 7335 7310 
GENSUR =XI= 
7446 7450 7425 
GENSUR NEXI= 
7642 7650 7575 
GENSUR NEW= 
7757 7765 7690 
GENSUR NEXI= 
7872 7880 7805 
GENSUR NExr= 
7987 7995 7920 
GENSUR NEM= 
8102 8110 8035 
GENSUR NEXT= 
7561 7565 7540 
GENSUR NEXI= 
7676 7680 7655 
GENSUR NEXI= 
7791 7795 7770 
GENSUR NEXI= 
7906 7910 7885 
GENSUR m= 
8021 8025 8000 



GENSUR N 
8217 8225 1 
GENSUR N 
8332 8340 1 
GENSUR N 
8447 8455 1 
GENSUR N 
8562 8570 1 
GENSUR N 
8677 8685 1 
GENSUR N 
8136 8140 1 
GENSUR N 
8251 8255 1 
GENSUR N 
8366 8370 1 
GENSUR N 
8481 8485 1 
GENSUR N 
8596 8600 1 
GENSUR N 
8792 8800 1 
GENSUR N 
8907 89 15 1 
GENSUR N 
9022 9030 1 
GENSUR N 
9137 9145 ! 
GENSUR N 
9252 9260 ! 
GENSUR N 
8711 8715 1 
GENSUR N 
8826 8830 4 
GENSUR N 
8941 8945 1 
GENSUR N 
9056 9060 ! 
GENSUR N 
9171 9175 ! 
GENSUR N 
9286 9290 ! 
GENSUR N 
9367 9375 ! 
GENSUR N 
9401 9405 ! 
GENSUR N 
9482 9490 ! 
GENSUR N 
9597 9605 ! 
GENSUR N 
9712 9720 ! 



GENSUR NEX= 5 
9827 9635 9760 
GENSUR NEM= 5 
9942 9950 9875 
GENSUR NEXI= 5 
10057 10065 9990 
GENSUR NEXI= 5 
9516 9520 9495 
GENSUR NEXI= 5 
9631 9635 9610 
GENSUR NEm= 5 
9746 9750 9725 
GENSUR NEXI= 5 
9861 9865 9840 
GENSUR NEXI= 5 
9976 9980 5 55 
GENSUR m= 5 
10172 10180 10105 
GENSUR NEXI= 5 
10287 10295 10220 
GENSUR NEXI= 5 
10402 10410 10335 
GENSUR NEXI= 5 
10517 10525 10450 
GENSUR NEXI= 5 
10632 10640 10565 
G5NSUR NEXI= 5 
10091 10095 10070 
GENSUR NEXI= 5 
10206 10210 10185 
GENSUR NEM= 5 
10321 10325 10300 
GENSUR NExr= 5 
10436 10440 10415 
GENSUR NEXI= 5 
10551 10555 10530 
GENSUR m= 5 
10666 10670 10645 
GENSUR NEXI= 5 
10747 10755 I0680 
GENSUR NEXI= 5 
10862 10870 10795 
GENSUR NEXI= 5 
10977 10985 10910 
GENSUR NEYCI= 5 
11092 11100 11025 
GENSUR m= 5 
11207 11215 11140 
GENSUR NEX= 5 
10781 10785 10760 
GENSUR NEXI= 5 
10896 10900 10875 



GENSUR E M =  5 
11011 11015 10990 
GENSUR m= 5 
11126 11130 11105 
GENSUR NEXI= 5 
11322 11330 11255 
GENSUR NEXI= 5 
11437 11445 11370 
GENSUR NEXI= 5 
11552 11560 11485 
GENSUR NEXI= 5 
11667 11675 11600 
GENSUR NEXI= 5 
11782 11790 11715 
GENSUR NEXI= 5 
11241 11245 11220 
GENSUR NEX= 5 
11356 11360 11335 
GENSUR NEM= 5 
11471 11475 11450 
GENSUR NEXI= 5 
11586 11590 11565 
GENSUR NEXI= 5 
I1701 11705 11680 

C**** TOPOLOGY OF ELEMENTS 
c**** 
ELEMENT TOPOLOGY 
C4* ** Old segment 
C**** First laycr of top slab 
1 18 150 152 20 1 133 I35 3 103 97 98 104 151 134 
2 19 12 144 145 13 1 25 
25 3186 3318 3320 3188 3169 3301 3303 3171 3271 3265 3266 3272 
3319 3302 3170 3187 3180 3312 3313 3181 1 0 
26 20 152 154 22 3 135 137 5 104 98 99 105 153 136 
4 21 13 145 146 14 1 2 5  
50 3188 3320 3322 3190 3171 3303 3305 3173 3272 3266 3267 3273 
3321 3304 3172 3189 3181 3313 3314 3182 1 0 
51 22 154 156 24 5 137 139 7 105 99 100 106 155 138 
6 23 14 146 147 15 1 2 5  
75 3190 3322 3324 3192 3173 3305 3307 3175 3273 3267 3268 3274 
3323 3306 3174 3191 3182 3314 3315 3183 1 0 
76 24 156 158 26 7 139 141 9 106 100 101 107 157 140 
8 25 15 147 148 16 1 25 
100 3192 3324 3326 3194 3175 3307 3309 3177 3274 3268 3269 3275 
3325 3308 3176 3193 3183 3315 3316 3184 1 0  
101 26 158 160 28 9 141 143 11 107 101 102 108 159 
142 10 27 16 148 149 17 1 25 
125 3194 3326 3328 3196 3177 3309 331 1 3179 3275 3269 3270 3276 
3327 3310 3178 3195 3184 3316 3317 3185 1 0 
CS*** Second layer of top slab 
126 35 167 169 37 18 150 152 20 109 103 1 110 168 
151 19 36 29 161 162 30 1 2 5  



150 3203 3335 3337 3205 3186 3318 3320 3188 
3336 3319 3187 3204 3197 3329 3330 3198 1 0 
15 1 37 169 171 39 20 152 154 22 110 
153 21 38 30 162 163 31 1 25 
175 3205 3337 3339 3207 3188 3320 3322 3190 
3338 3321 3189 3206 3198 3330 3331 3199 1 0 
176 39 171 173 41 22 154 156 24 111 
155 23 40 31 163 164 32 1 25 
200 3207 3339 3341 3209 3190 3322 3324 3192 
3340 3323 3191 3208 3199 3331 3332 3200 1 0 
201 41 173 175 43 24 156 158 26 112 
157 25 42 32 164 165 33 1 2 5  
225 3209 3341 3343 321 1 3192 3324 3326 3194 
3342 3325 3193 3210 3200 3332 3333 3201 1 0 
226 43 175 177 45 26 158 I 6 0  28 113 
159 27 44 33 165 166 34 1 2 5  
250 3211 3343 3345 3213 3194 3326 3328 3196 
3344 3327 3195 3212 3201 3333 3334 3202 1 0 
C**** Third layer of top slab 
25 1 52 184 186 54 35 167 169 37 115 
168 36 53 46 178 179 47 1 25 
275 3220 3352 3354 3222 3203 3335 3337 3205 
3353 3336 3200 3221 3214 3346 3347 3215 1 0 
276 54 186 188 56 37 169 171 39 116 
170 38 55 47 179 180 48 1 25 
300 3222 3354 3356 3224 3205 3337 3339 3207 
3355 3338 3206 3223 3215 3347 3348 3216 1 0 
301 56 188 190 58 39 171 173 41 117 
172 40 57 48 180 181 49 1 2 5  
325 3224 3356 3358 3226 3207 3339 3341 3209 
3357 3340 3208 3225 3216 3348 3349 3217 1 0 
326 58 190 192 60 41 173 175 43 118 
174 42 59 49 181 182 50 1 2 5  
350 3226 3358 3360 3228 3209 3341 3343 3211 
3359 3342 3210 3227 3217 3349 3350 3218 1 0 
35 1 60 192 194 62 43 175 177 45 119 
176 44 61 50 182 183 51 1 25 
375 3228 3360 3362 3230 3211 3343 3345 3213 
3361 3344 3212 3229 3218 3350 3351 3219 1 0 
C**** Fourth layer of top slab 
376 69 201 203 71 52 184 186 54 121 
185 53 70 63 195 196 64 1 2 5  
400 3237 3369 3371 3239 3220 3352 3354 3222 
3370 3353 3221 3238 3231 3363 3364 3232 1 0 
401 71 203 205 73 54 186 188 56 122 
187 55 72 64 196 197 65 1 2 5  
425 3239 3371 3373 3241 3222 3354 3356 3224 
3372 3355 3223 3240 3232 3364 3365 3233 1 0 
426 73 205 207 75 56 188 190 58 123 
189 57 74 65 197 198 66 1 25 
450 3241 3373 3375 3243 3224 3356 3358 3226 
3374 3357 3225 3242 3233 3365 3366 3234 1 0 



45 1 75 207 209 77 58 190 192 60 124 
191 59 76 66 198 199 67 1 25 
475 3243 3375 3377 3245 3226 3358 3360 3228 
3376 3359 3227 3244 3234 3366 3367 3235 1 0 
476 77 209 211 79 60 192 194 62 125 
193 61 78 67 199 200 68 1 25 
500 3245 3377 3379 3247 3228 3360 3362 3230 
3378 3361 3229 3246 3235 3367 3368 3236 1 0 
C**** Fifth laycr of top slab 
501 86 218 220 88 69 201 203 71 127 
202 70 87 80 212 213 81 1 2 5  
525 3254 3386 3388 3256 3237 3369 3371 3239 
3387 3370 3238 3255 3248 3380 3381 3249 1 0 
526 88 220 222 90 71 203 205 73 128 
204 72 89 81 213 214 82 1 25 
550 3256 3388 3390 3258 3239 3371 3373 3241 
3389 3372 3240 3257 3249 3381 3382 3250 1 0 
55 1 90 222 224 92 73 205 207 75 129 
206 74 91 82 214 215 83 1 2 5  
575 3258 3390 3392 3260 3241 3373 3375 3243 
3391 3374 3242 3259 3250 3382 3383 3251 1 0 
576 92 224 226 94 75 207 209 77 130 
208 76 93 83 215 216 84 1 2 5  
600 3260 3392 3394 3262 3243 3375 3377 3245 
3393 3376 3244 3261 3251 3383 3384 3252 1 0 
601 94 226 228 96 77 209 211 79 131 
210 78 95 84 216 217 85 1 2 5  
625 3262 3394 3396 3263 3245 3377 3379 3247 
3395 3378 3246 3263 3252 3384 3385 3253 1 0 
C**** Web wall 
C** Inside layer ie. layer at surface, inside cell of girder 
626 3450 3433 3435 3452 1934 2066 2068 1936 
3434 2067 1935 3451 3403 3397 3398 3404 1 0 
627 3582 3565 3567 3584 3450 3433 3435 3452 
3566 3434 3451 3583 3535 3529 3530 3536 1 11 
637 4902 4885 4887 4904 4770 4753 4755 4772 
4886 4754 4771 4903 4855 4849 4850 4856 1 0 
638 3452 3435 3437 3454 1936 2068 2070 1938 
3436 2069 1937 3453 3404 3398 3399 3405 1 0 
639 3584 3567 3569 3586 3452 3435 3437 3454 
3568 3436 3453 3585 3536 3530 3531 3537 1 11 
649 4904 4887 4889 4906 4772 4755 4757 4774 
4888 4756 4773 4905 4856 4850 4851 4857 1 0 
650 3454 3437 3439 3456 1938 2070 2072 1940 
3438 2071 1939 3455 3405 3399 3400 3406 1 0 
65 1 3586 3569 3571 3588 3454 3437 3439 3456 
3570 3438 3455 3587 3537 3531 3532 3538 1 11 
661 4906 4889 4891 4908 4774 4757 4759 4776 
4890 4758 4775 4907 4857 4851 4852 4858 1 0 
662 3456 3439 3441 3458 1940 2072 2074 1942 
3440 2073 1941 3457 3406 3400 3401 3407 1 0 
663 3588 3571 3573 3590 3456 3439 3441 3458 
3572 3440 3457 3589 3538 3532 3533 3539 1 11 



673 4908 4891 4893 4910 4776 4759 4761 4778 
4892 4760 4777 4909 4858 4852 4853 4859 1 0 
674 3458 3441 3443 3460 1942 2074 2076 1944 
3442 2075 1943 3459 3407 3401 3402 3408 1 0 
675 3590 3573 3575 3592 3458 3441 3443 3460 
3574 3442 3459 3591 3539 3533 3534 3540 1 11 
685 4910 4893 4895 4912 4778 4761 4763 4780 
4894 4762 4779 4911 4859 4853 4854 4860 1 0 
C** Second from inside surface of web 
686 3467 3450 3452 3469 1802 1934 1936 1804 
3451 1935 1803 3468 3409 3403 3404 3410 1 0 
687 3599 3582 3584 3601 3467 3450 3452 3469 
3583 3451 3468 3600 3541 3535 3536 3542 1 11 
697 4919 4902 4904 4921 4787 4770 4772 4789 
4903 4771 4788 4920 4861 4855 4856 4862 1 0 
698 3469 3452 3454 3471 1804 1936 1938 1806 
3453 1937 1805 3470 3410 3404 3405 3411 1 0 
699 3601 3584 3586 3603 3469 3452 3454 3471 
3585 3453 3470 3602 3542 3536 3537 3543 1 11 
709 4921 4904 4906 4923 4789 4772 4774 4791 
4905 4773 4790 4922 4862 4856 4857 4863 1 0 
710 3471 3454 3456 3473 1806 1938 1940 1808 
3455 1939 1807 3472 341 1 3405 3406 3412 1 0 
71 1 3603 3586 3588 3605 3471 3454 3456 3473 
3587 3455 3472 3604 3543 3537 3538 3544 1 11 
72 1 4923 4906 4908 4925 4791 4774 4776 4793 
4907 4775 4792 4924 4863 4857 4858 4864 1 0 
722 3473 3456 3458 3475 1808 1940 1942 1810 
3457 1941 1809 3474 3412 3406 3407 3413 1 0 
723 3605 3588 3590 3607 3473 3456 3458 3475 
3589 3457 3474 3606 3544 3538 3539 3545 1 11 
733 4925 4908 4910 4927 4793 4776 4778 4795 
4909 4777 4794 4926 4864 4858 4859 4865 1 0 
734 3475 3458 3460 3477 1810 1942 1944 1812 
3459 1943 1811 3476 3413 3407 3408 3414 1 0 
735 3607 3590 3592 3609 3475 3458 3460 3477 
3591 3459 3476 3608 3545 3539 3540 3546 1 I 1  
745 4927 4910 4912 4929 4795 4778 4780 4797 
491 1 4779 4796 4928 4865 4859 4860 4866 1 0 
C+* Middle layer of web 
746 3484 3467 3469 3486 1670 1802 1804 1672 
3468 1803 1671 3485 3415 3409 3410 3416 1 0  
747 3616 3599 3601 3618 3484 3467 3469 3486 
3600 3468 3485 3617 3547 3541 3542 3548 1 1 1  
757 4936 4919 4921 4938 4804 4787 4789 4806 
4920 4788 4805 4937 4867 4861 4862 4868 1 0 
758 3486 3469 3471 3488 1672 1804 1806 1674 
3470 1805 1673 3487 3416 3410 3411 3417 1 0 
759 3618 3631 3603 3620 3486 3469 3471 3488 
3602 3470 3487 3619 3548 3542 3543 3549 1 11 
769 4938 4921 4923 4940 4806 4789 4791 4808 
4922 4330 4807 4939 4868 4862 4863 4869 1 0 



770 3488 3471 3473 3490 1674 1806 1808 1676 
3472 I807 1675 3489 3317 3411 3412 3418 ! 0 
77 1 3620 3603 3605 3622 3488 3471 3473 3490 
3604 3472 3489 3621 3549 3543 3544 3550 1 11 
781 4940 4923 4925 4942 4808 4791 4793 4810 
4924 4792 4809 4941 4869 4863 4864 4870 1 0 
782 3490 3473 3475 3492 1676 1808 1810 1678 
3474 1809 1677 3491 3418 3412 3413 3419 1 0 
783 3622 3605 3607 3624 3490 3473 3475 3492 
3606 3474 3491 3623 3550 3544 3545 3551 1 1 1  
793 4942 4925 4927 4944 4810 4793 4795 4812 
4926 4794 4811 4943 4870 4864 4865 4871 1 0 
794 3492 3475 3477 3494 1678 1810 1812 1680 
3476 1811 1679 3493 3419 3413 3414 3420 1 0  
795 3624 3607 3609 3626 3492 3475 3477 3494 
3608 3476 3493 3625 3551 3545 3546 3552 1 11 
805 4944 4927 4929 4946 4812 4795 4'- 37 4814 
4928 4796 4813 4945 4871 4865 4866 4872 1 0 
C** Second layer from outside surface of web 
806 3501 3484 3486 3503 1538 1670 1672 1540 
3485 1671 1539 3502 3421 3415 3416 3422 1 0  
807 3633 3616 3618 3635 3501 3484 3486 3503 
3617 3485 3502 3634 3553 3547 3548 3554 1 11 
8 17 4953 4936 4938 4955 4821 4804 4806 4823 
4937 4805 4822 4954 4873 4867 4868 4874 1 0 
818 3503 3486 3488 3505 1540 1672 1674 1542 
3487 1673 1541 3504 3422 3416 3417 3423 1 0  
8 19 3635 3618 3620 3637 3503 3486 3488 3505 
3619 3487 3504 3636 3554 3548 3549 3555 1 1 1  
829 4955 4938 4940 4957 4823 4806 4808 4825 
4939 4807 4824 4956 4874 4868 4869 4875 1 0 
830 3505 3488 3490 3507 1542 1674 1676 1544 
3489 1675 1543 3506 3423 3417 3418 3424 1 0 
83 1 3637 3620 3622 3639 3505 3488 3490 3507 
3621 3489 3506 3638 3555 3549 3550 3556 1 11 
841 4957 4940 4942 4959 4825 4808 4810 4827 
4941 4809 4826 4958 4875 4869 4870 4876 1 0 
842 3507 3490 3492 3509 1544 1676 1678 1546 
3491 1677 1545 3508 3424 3418 3419 3425 1 0 
843 3639 3622 3624 3641 3507 3490 3492 3509 
3623 3491 3508 3640 3556 3550 3551 3557 1 I1 
853 4959 4942 4944 4961 4827 4810 4812 4829 
4943 4811 4828 4960 4879 4870 4871 4877 1 0 
854 3509 3492 3494 3511 1546 1678 1680 1548 
3493 1679 1547 3510 3425 3419 3420 3426 1 0 
855 3641 3624 3626 3643 3509 3492 3494 3511 
3625 3493 3510 3642 3557 3551 3552 3558 1 11 
865 4961 4944 4946 4963 4829 4812 4814 4831 
4945 4813 4830 4962 4877 4871 4872 4878 1 0 
C** Outside surface layer of web 
866 3518 3501 3503 3520 1406 1538 1540 1408 
3502 1539 1407 3519 3427 3421 3422 3428 1 0 



867 3650 3633 3635 3652 3518 3501 3503 3520 
3634 3502 3519 3651 3559 3553 3554 3560 1 11 
877 4970 4953 4955 4972 4838 4821 4823 4840 
4954 4822 4839 4971 4879 4873 4874 4880 1 0 
878 3520 3503 3505 3522 1408 1540 1542 1410 
3504 1541 1409 3521 3428 3422 3423 3429 1 0 
879 3652 3635 3637 3654 3520 3503 3505 3522 
3636 3504 3521 3653 3560 3554 3555 3561 1 11 
889 4972 4955 4957 4974 4840 4823 4825 4842 
4956 4824 4841 4973 4880 4874 4875 4881 1 0 
890 3522 3505 3507 3524 1410 1542 1544 1412 
3506 1543 1411 3523 3429 3423 3424 3430 1 0 
89 1 3654 3637 3639 3656 3522 3505 3507 3524 
3638 3506 3523 3655 3561 3555 3556 3562 1 11 
90 1 4974 4957 4959 4976 4842 4825 4827 4844 
4958 4826 4843 4975 4881 4875 4876 4882 1 0 
902 3524 3507 3509 3526 1412 1544 1546 1414 
3508 1545 1413 3525 3430 3424 3425 3431 1 0 
903 3656 3639 3641 3658 3524 3507 3509 3526 
3640 3508 3525 3657 3562 3556 3557 3563 1 11 
9 13 4976 4959 4961 4978 4844 4827 4829 4846 
4960 4828 4845 4977 4882 4876 4877 4883 1 0 
9 14 3526 3509 3511 3528 1414 1546 1548 1416 
3510 1547 1415 3527 3431 3425 3426 3432 1 0 
9 15 3658 3641 3643 3660 3526 3509 3511 3528 
3642 3510 3527 3659 3563 3557 3558 3564 1 11 
925 4978 4961 4963 4980 4846 4829 4831 4848 
4962 4830 4847 4979 4863 4877 4878 4884 1 0 
C**** Bottom slab minus outer thickness that is accounted for in the web u 
C** First layer 
926 4357 5034 5036 4359 4225 5017 5019 4227 
5035 5018 4226 4358 4321 5028 5029 4322 1 0 
927 5034 5166 5168 5036 5017 5149 5151 5019 
5167 5150 5018 5035 5028 5160 5161 5029 1 9  
935 6090 6222 6224 6092 6073 6205 6207 6075 
6223 f206 6074 6091 6084 6216 6217 6085 1 0 
936 4359 5036 5038 4361 4227 5019 5021 4229 
5037 5020 4228 4360 4322 5029 5030 4323 1 0 
937 5036 5168 5170 5038 5019 5151 5153 5021 
5169 5152 5020 5037 SO29 5161 5162 5030 1 9  
945 6092 6224 6226 6094 6075 6207 6209 6077 
6225 6208 6076 6093 6085 6217 6218 6086 1 0 
946 4361 5038 5040 4363 4229 5021 5023 4231 
5039 5022 4230 4362 4323 5030 5031 4324 1 0 
917 5038 5170 5172 5040 5021 5153 5155 5023 
5171 5154 5022 5039 5030 5162 5163 5031 1 9  
955 6094 6226 6228 6096 6077 6209 621 1 6079 
6227 6210 6078 6095 6086 6218 6219 6087 1 0  
956 4363 5040 5042 4365 4231 5023 5025 4233 
5011 5024 4232 4364 4324 5031 5032 4325 1 0 
957 5040 5172 5174 5042 5023 5155 5157 5025 
5173 5156 5024 5041 5031 5163 5164 5032 1 9 



965 6096 6228 6230 6098 6079 621 1 6213 6081 
6229 6212 6080 6097 6087 6219 6220 6088 1 0 
966 4365 5042 5044 4367 4233 5025 5027 4235 
5043 5026 4234 4366 4325 5032 5033 4326 1 0 
967 5042 5174 5176 5044 5025 5157 5159 5027 
5175 5158 5026 5043 5032 5164 5165 5033 1 9 
975 6098 6230 6232 6100 6081 6213 6215 6083 
6231 6214 6082 6099 6088 6220 6221 6089 1 0 
C** Second layer 
976 4489 5051 5053 4491 4357 5034 5036 4359 
5052 5035 4358 4490 4453 5045 5046 4454 1 0 
977 SO51 5183 5185 5053 5034 5166 5168 5036 
5184 5167 5035 5052 5045 5177 5178 5046 1 9 
985 6107 6239 6241 6109 6090 6222 6224 6092 
6240 6223 6091 6108 6101 6233 6234 6102 1 0 
986 4491 5053 5055 4493 4359 5036 5038 4361 
5054 5037 4360 4492 4454 5046 5047 4455 1 0 
987 5053 5185 5187 5055 5036 5168 5170 5038 
5186 5169 5037 5054 5046 5178 5179 5047 1 9 
995 6109 6241 6243 61 11 6092 6224 6226 6093 
6242 6225 6093 6110 6102 6234 6235 6103 1 0  
996 4493 5055 5057 4495 4361 SO38 5040 4363 
5056 5039 4362 4494 4455 5047 5048 4456 1 0 
997 5055 5187 5189 5057 5038 5170 5172 5040 
5188 5171 5039 5056 5047 5179 5180 5048 1 9 
1005 61 11 6243 6245 61 13 6094 6226 6228 6096 
6244 6227 6095 6112 6103 6235 6236 6104 1 0 
1006 4495 5057 5059 4497 4363 5030 5632 4365 
5058 SO41 436l 4496 4456 5048 5049 4457 1 0 
1007 5057 5189 5191 5059 5040 5172 5174 5042 
5190 5173 5041 5058 5048 5180 5181 5049 1 9 
1015 61 13 6245 6247 6115 6096 6228 6230 6098 
6246 6229 6097 6114 6104 6236 6237 6105 1 0 
1016 4497 5059 5061 4499 4365 5042 5044 4367 
5060 5043 4366 4498 4457 5049 5050 4458 1 0 
1017 5059 5191 5193 5061 5042 5174 5176 5044 
5192 5175 5043 5060 5049 5181 5182 5050 1 9  
1025 6115 6247 6249 6117 6098 6230 6232 6100 
6248 6231 6099 6116 6105 6237 6238 6106 1 0 
C** Third layer 
1026 4621 5068 5070 4623 4489 5051 5053 4491 
5069 5052 4490 4622 4585 5062 5063 4586 1 0 
1027 5068 5200 5202 5070 5051 5183 5185 5053 
5201 5184 5052 5069 5062 5194 5195 5063 1 9 
1035 6124 6256 6258 6126 6107 6639 6241 6109 
6257 6240 6108 6125 6118 6250 6251 6119 1 0  
1036 4623 5070 5072 4625 4491 5053 5055 4493 
5071 5054 4492 4624 4586 5063 5064 4587 1 0 
1037 5070 5202 5204 5072 5053 5185 5187 5055 
5203 5186 5054 5071 5063 5195 5196 5064 1 9 
10.15 6126 6258 6260 6128 6109 6241 6243 6111 
6259 6242 6110 6127 6119 6251 6252 6120 1 0  



1046 4625 5072 5074 4627 4493 5055 5057 4495 
5073 5056 4494 4626 4587 5064 5065 4588 1 0 
1047 5072 5204 5206 5074 5055 5187 5189 5057 
5205 5188 5056 5073 5064 5196 5197 5065 1 9 
1055 6128 6260 6262 6130 6111 6243 6245 6113 
6261 6244 6112 6129 6120 6252 6253 6121 1 0 
1056 4627 5074 5076 4629 4495 5057 5059 4497 
5075 5058 4496 4628 4588 5065 5066 4589 1 0 
1057 5074 5206 5208 5076 5057 5189 5191 5059 
5207 5190 5058 5075 5065 5197 5198 5066 1 9 
1065 6130 6262 626t 6132 61 13 6245 6247 61 15 
6263 6246 6114 6131 6121 6253 6254 6122 1 0  
1066 4629 5076 5078 4631 4497 5059 5061 4499 
5077 5060 4498 4630 4589 5066 5067 4590 1 0 
1067 5076 5208 5210 5078 5059 5191 5193 5061 
5209 5192 5060 5077 5066 5198 5199 5067 1 9 
1075 6132 6264 6266 6134 6115 6247 6249 6117 
6265 6248 6116 6133 6122 6254 6255 6123 1 0  
Cr* Fourth layer 
1076 4753 5085 5087 4755 4621 5068 5070 4623 
5086 5069 4622 4754 4737 5079 5080 4718 I 0 
1077 5085 5217 5219 5087 5068 5200 5202 5070 
5218 5201 5069 5086 5079 5211 5212 5080 1 9 
1085 6141 6273 6275 6143 6124 6256 6258 6126 
6274 6257 6125 6142 6135 6267 6268 6136 1 0 
1086 4755 5087 5089 4757 4623 5070 5072 4625 
5088 5071 4624 4756 4718 5080 5081 4719 1 0 
1087 5087 5219 5221 5089 5070 5202 5204 5072 
5220 5203 5071 5088 5080 5212 5213 5081 1 9 
1095 6143 6275 6277 6145 6126 6258 6260 6128 
6276 6259 6127 6144 6136 6268 6269 6137 1 0 
1096 4757 5089 5091 4759 4625 5072 5074 4627 
5090 5073 4626 4758 4719 5081 5082 4720 1 0 
1097 5089 5221 5223 5091 5072 5204 5206 5074 
5222 5205 5073 5090 5081 5213 5214 5082 1 9 
1 105 6145 6277 6279 6147 6128 6260 6262 6130 
6278 6261 6129 6146 6137 6269 6270 6138 1 0 
1106 4759 5091 5093 4761 4627 5074 5076 4629 
5092 5075 4628 4760 4720 5082 5083 4721 1 0 
1107 5091 5223 5225 5093 5074 5206 5208 5076 
5224 5207 5075 5092 5082 5214 5215 5083 1 9 
1115 6147 6279 6281 6149 6130 6262 6264 6132 
6280 6263 6131 6148 6138 6270 6271 6139 1 0 
11 16 4761 5093 5095 4763 4629 5076 5078 4631 
5094 5077 4630 4762 4721 5083 5084 4722 1 0 
1117 5093 5225 5227 5095 5076 5208 5210 5078 
5226 5209 5077 5094 5083 5215 5216 5084 1 9 
1125 6149 6281 6283 6151 6132 6264 6266 6134 
6282 6265 6133 6150 6139 6271 6272 6140 1 0 
C** Fifth layer 
1126 4885 5102 5104 4857 4753 5085 5087 4755 
5103 5086 4754 4886 4849 5096 5097 4850 1 0 



1127 5102 5234 5236 510.1 5085 5217 5219 5087 5143 5137 5138 5144 
5235 5218 5086 5103 5096 5228 5229 5097 1 9 
1135 6158 6290 6292 6160 6141 6273 6275 6143 6199 6193 6194 6200 
6291 6274 6142 6159 6152 6284 6285 6153 1 0 
1136 4887 5104 5106 4889 4755 5087 5089 4757 5012 5006 5007 5013 
5105 5088 4756 4888 4850 5097 5098 4851 1 0 
1137 5104 5236 5238 5106 5087 5219 5221 5089 5144 5138 5139 5145 
5237 5220 5088 5105 5097 5229 5230 5098 1 9 
1145 6160 6292 6294 6162 6143 6275 6277 6145 6200 6194 6195 6201 
6293 6276 6144 6161 6153 6285 6286 6154 1 0  
1146 4889 5106 5108 4891 4757 5089 5091 4759 5013 5007 5008 5014 
5107 5090 4758 4890 4851 5098 5099 4852 1 0 
1147 5106 5238 5240 5108 5089 5221 5223 5091 5145 5139 5140 5146 
5239 5222 5090 5107 5098 5230 5231 5099 1 9 
1155 6162 6294 6296 6164 6145 6277 6279 6147 6201 6195 6196 6202 
6295 6278 6146 6163 6154 6286 6287 6155 1 0  
1156 4891 5108 5110 4893 4759 5091 5093 4761 5014 5008 5009 5015 
5109 5092 4760 4892 4852 5099 5100 4853 1 0 
1157 5108 5240 5242 5110 5091 5223 5225 5093 5146 5140 5141 5147 
5241 5224 5092 5109 5099 5231 5232 5100 1 9 
1165 6164 6296 6298 6166 6147 6279 6281 6149 6202 6196 6197 6203 
6297 6280 6148 6165 6155 6287 6288 6156 1 0 
1166 4893 5110 5112 4895 4761 5093 5095 4763 5015 5009 5010 5016 
5111 5094 4762 4894 4853 5100 5101 4854 1 0  
1167 51 10 5242 5244 5112 5093 5225 5227 5095 5147 5141 5142 5148 
5243 5226 5094 5111 5100 5232 5233 5101 1 9  
1175 6166 6298 6300 6168 6149 6281 6283 6151 6203 6197 6198 6204 
6299 6282 6150 6167 6156 6288 6289 6157 1 0 
C**** New segment 
C** Top layer of top slab 
1176 28 160 6432 6317 11 143 6417 6302 108 102 6386 6391 
6431 6416 6301 6316 17 149 6426 6311 2 25 
1200 3196 3328 9192 9077 3179 3311 9177 9062 3276 3270 9146 9151 
9191 9176 9061 9076 3185 3317 9186 9071 2 0 
1201 6317 6432 6434 6319 6302 6417 6419 6304 6391 6386 6387 6392 
6433 1 8  6303 6318 6311 6426 6427 6312 1 2 5  
1225 9077 9192 9194 9079 9062 9177 9179 9064 9151 9146 9147 9152 
9193 9178 9063 9078 9071 9186 9187 9072 1 0 
1226 6319 6434 6436 6321 6304 6419 6421 6306 6392 6387 6388 6393 
6435 6420 6305 6320 6312 6427 6428 6313 1 25 
1250 9079 9194 9196 9081 9064 9179 9181 9066 9152 9147 9148 9153 
9195 9180 9065 9080 9072 9187 9188 9073 1 0  
125 1 6321 6436 6438 6323 6306 6421 6423 6308 6393 6388 6389 6394 
6437 6422 6307 6322 6313 6428 6429 6314 1 25 
1275 9081 9196 9198 9083 9066 9181 9183 9068 9153 9148 9149 9154 
9197 9182 9067 9082 9073 9188 9189 9074 1 0 
1276 6323 6438 6440 6325 6308 6423 6425 6310 6394 6389 6390 6395 
6439 6424 6309 6324 6314 6429 6430 6315 1 25 
1300 9083 9198 9200 9085 9068 9183 9185 9070 9154 9149 9150 9155 
9199 9184 9069 9084 9074 9189 9190 9075 1 0 
C** 2nd layer of top slab 
1301 45 177 6447 6332 28 160 6432 6317 114 108 6391 6396 
6446 6431 6316 6331 34 166 6441 6326 2 25 



1325 3213 3345 9207 9092 3196 3328 9192 9077 3282 3276 9151 9156 
9206 9191 9076 9091 3202 3334 9201 9086 2 0 
1326 6332 6447 6449 6334 6317 6432 6434 6319 6396 6391 6392 6397 
6448 6433 6318 6333 6326 6441 6442 6327 1 25 
1350 9092 9207 9209 9094 9077 9192 9194 9079 9156 9151 9152 9157 
9208 9193 9078 9093 9086 9201 9202 9087 1 0 
135 1 6334 6449 6451 6336 6319 6434 6436 6321 6397 6392 6393 6398 
6450 6435 6320 6335 6327 6442 6443 6328 1 25 
1375 9094 9209 9211 9096 9079 9194 9196 9081 9157 9152 9153 9158 
9210 9195 9080 9095 9087 9202 9203 9088 1 0 
1376 6336 6451 6453 6338 6321 6436 6438 6323 6398 6393 6394 6399 
a 5 2  6437 6322 6337 6328 6443 6444 6329 1 25 
1400 9096 9211 9213 9048 9081 9196 9198 9083 9158 9153 9154 9159 
9212 9197 9082 9097 9088 9203 9204 9089 1 0 
1401 6338 6453 6455 6340 6323 6438 6440 6325 6399 6394 6395 6400 
6454 6439 6324 6329 6329 6444 6445 6330 1 25 
1425 9098 9213 9215 9100 9083 9198 9200 9085 9159 9154 9155 9160 
9214 9199 9084 9099 9089 9204 9205 -0 1 0 
C4* 3rd laycr of top slab 
1426 62 194 6462 6347 45 177 6447 6332 120 114 6396 6401 
6461 6446 6331 6346 51 183 6456 6341 2 25 
1450 3230 3362 9222 9107 3213 3345 9207 9092 3288 3282 9156 9161 
9221 9206 9091 9106 3219 3351 9216 9101 2 0 
145 1 6347 6462 6464 6349 6332 6447 6449 6334 6401 6396 6397 6402 
6463 6448 6333 6348 6341 6456 6457 6342 1 25 
1475 9107 9222 9224 9109 9092 9207 9209 9094 9161 9156 9157 9162 
9223 9208 9093 9108 9101 9216 9217 9102 1 0 
1476 6349 6464 6466 6351 6334 6449 6451 6336 6402 6397 6398 6403 
6465 6450 6335 6350 6342 6457 6458 6343 1 25 
1500 9109 9224 9226 9111 9094 9209 9211 9096 9162 9157 9158 9163 
9225 9210 9095 9110 9102 9217 9218 9103 1 0 
1501 6351 6466 (368 6353 6336 6451 6453 6338 6403 6398 6399 6404 
6467 6452 6337 6352 6343 6458 6459 6344 1 25 
1525 9111 9226 9228 9113 9096 9211 9213 9098 9163 9158 9159 9164 
9227 9212 9097 9112 9103 9218 9219 9104 1 0  
1526 6353 6468 6470 6355 6338 6453 6455 6340 6404 6399 6400 6405 
6469 6454 6339 6354 6344 6459 6460 6345 1 25 
1550 9113 9228 9230 9115 9098 9213 9215 9100 9164 9159 9160 9165 
9229 9214 9099 9114 9104 9219 9220 9105 1 0 
C** 4th layer of top stab 
155 L 79 211 6477 6362 62 194 6462 6347 126 120 6401 6406 
6476 6461 6346 6361 68 200 6471 6356 2 25 
1575 3247 3379 9237 9122 3230 3362 9222 9107 3294 3288 9161 9166 
9236 9221 9106 9121 3236 3368 9231 9116 2 0 
1576 6362 6477 6479 6364 6347 6462 63M 6349 6406 6401 6402 6407 
6478 6463 6348 6363 6356 6471 6472 6357 f 25 
1600 9122 9237 9239 9124 9107 9222 9224 9109 9166 9161 9162 9167 
9238 9223 9108 9123 9116 9231 9232 9117 1 0  
1601 6364 6479 6481 6366 6349 6464 6466 6351 6407 6402 6403 6408 
6480 6465 6350 6365 6357 6472 6473 6358 1 25 
1625 9124 9239 9241 9126 9109 9224 9226 9111 9167 9162 9163 9168 
9240 9225 9110 9125 9117 9232 9233 9118 1 0 



1626 6366 6481 6483 6368 6351 6466 6468 6353 6408 6403 6404 &I09 
6482 6467 6352 6367 6358 6473 6474 6359 1 25 
1650 9126 9241 9243 9128 9111 9226 9228 9113 9168 9163 9164 9169 
9242 9227 9112 9127 9118 9233 9234 9119 1 0  
165 I 6368 6483 6485 6370 6353 6468 6470 6355 6409 6404 6405 6410 
6484 6469 6354 6369 6359 6474 6475 6360 1 25 
1675 9128 9243 9245 9130 9113 9228 9230 9115 9169 9164 9165 9170 
9244 9229 9114 9129 9119 9234 9235 9120 1 0  
C** 5th layer of top slab 
1676 96 228 6492 6377 79 21 1 6477 6362 132 126 6406 U11 
6491 6476 6361 6376 85 217 6486 6371 2 25 
1700 3264 3396 9252 9137 3247 3379 9237 9122 3300 3294 9166 9171 
9251 9236 9121 9136 3253 3385 9246 9131 2 0 
1701 6377 6492 6494 6379 6362 6477 6479 6364 1 S 6406 6407 6412 
6493 6478 6363 6378 6371 6486 6487 6372 1 25 
1725 9137 9252 9254 9139 9122 9237 9239 9124 9171 9166 9167 9172 
9253 9238 9123 9138 9131 9246 9247 9132 i 0 
1726 6379 4494 6496 6381 6364 6479 6481 6366 6412 6407 a08 6413 
6495 6480 6365 6380 6372 6487 6488 6373 1 25 
1750 9139 9254 9256 9141 9124 9239 9241 9126 9172 9167 9168 9173 
9255 9240 9125 9140 9132 9247 9248 9133 1 0  
175 1 6381 6496 6498 6383 6366 6481 6483 6368 6413 6408 6409 6414 
6497 6482 6367 6382 6373 6488 6489 6374 1 25 
1775 9141 9256 9258 9143 9126 9241 9243 9128 9173 9168 9169 9174 
9257 9242 9127 9142 9133 9248 9249 9134 1 0 
1776 6383 6498 6500 6385 6368 6483 6485 6370 6414 6409 6410 6415 
6499 6484 6369 6384 6374 6489 6490 6375 1 25 
1800 9143 9258 9260 9145 9128 9243 9245 9130 9174 9169 9170 9175 
9259 9244 9129 9144 9134 9249 9250 9135 1 0 
C** W e b  wall 
C** Inside layer 
1801 3460 3443 9292 9307 1944 2076 8102 7987 3449 1980 8021 9301 
9291 8101 7986 9306 3408 3402 9261 9266 2 0 
1802 3592 3575 9407 9422 3460 3443 9292 9307 3581 3449 9301 9416 
9306 9291 9306 9421 3540 3534 9376 9381 2 11 
1812 4912 4895 10557 10572 4780 4763 10142 10457 4901 4769 10451 
10566 10556 10441 10456 10571 4860 4854 10526 10531 2 0 
1813 9307 9292 9294 9309 7987 8102 8101) 7989 9301 8021 8022 9302 
9293 8103 7988 9308 9266 9261 9262 9267 1 0 
1814 9422 9407 9409 9424 9307 9292 9294 9309 9416 9301 9302 9317 
9408 9293 9308 9423 9381 9376 9377 9382 1 1 I 
1824 10572 10557 10559 10574 10457 10442 10444 10459 10566 10451 10452 
10567 10558 10343 10358 10573 10531 10526 10527 10532 1 0 
1825 9309 9294 9296 931 1 7989 8104 8106 7991 9302 8022 8C23 9303 
9295 8105 7990 9310 9267 9262 9263 9268 1 0 
1826 9424 9409 9411 9426 9309 9294 9296 9311 9417 9302 9303 9418 
9410 9295 9310 9425 9382 9377 9378 9383 1 11 
1836 10574 10559 10561 10576 10459 10444 1 6  10461 10567 10452 10153 
10568 10560 10445 10360 10575 10532 10527 10528 10533 1 0 
1837 9311 9296 9298 9313 7991 8106 8108 7993 9303 8023 8024 9304 
9297 8107' 7992 9312 9268 9263 9264 9269 1 0 
1838 9426 9411 9413 9428 9311 9296 9298 9313 9418 9303 9301 9419 
9412 9297 9312 9427 9383 9378 9379 9384 1 1 1  



1848 10576 10561 10563 SO578 lW61 10446 10448 10463 10568 10453 10154 
10569 10562 10447 10462 10577 10533 10528 10529 10534 1 0 
1 849 9313 9298 9300 9315 7993 8108 81 10 7995 9304 8024 8025 9305 
9299 8109 7994 9314 9269 9264 9265 9270 1 0 
1850 9428 9413 9415 9430 9313 9298 9300 9315 9419 9304 9305 9420 
9414 9299 9314 9429 9384 9379 9380 9385 1 11 
1860 10578 10563 10565 10580 10463 10448 10450 10465 10569 10454 10155 
10570 10564 10449 10464 10579 10534 10529 10530 10535 1 0 
C** 2nd from inside surface 
1861 3477 3460 9307 9322 1812 1944 7987 7872 3466 1848 7906 9316 
9306 7986 7871 9321 3414 3408 9266 9271 2 0 
1862 3609 3592 9422 9437 3477 3460 9307 9322 3598 3466 9316 9431 
9421 9306 9321 9436 3546 3540 9381 9386 2 11 
1872 4929 4912 10572 10587 4797 4780 10457 10472 4918 4786 10166 
10581 10571 10456 10471 10586 4866 4860 10531 10536 2 0 
1873 9322 9307 9309 9324 7872 7987 7989 7874 9316 7906 7907 9317 
9308 7988 7873 9323 9271 9266 9267 9272 1 0 
1874 9437 9422 9424 9439 9322 9307 9309 9324 9431 9316 9317 9432 
9423 9308 9323 9438 9386 9381 9382 9387 1 11 
1884 10587 10572 10574 10589 10472 10457 10459 10474 10581 10466 10467 
10582 10573 1W58 10473 10588 10536 10531 10532 10537 1 0 
1885 9324 9309 931 1 9326 7874 7989 7991 7876 9317 7907 7908 9318 
9310 7990 7875 9325 9272 9267 9268 9273 1 0 
1886 9439 9424 9426 9441 9324 9309 9311 9326 9432 9317 9318 9433 
9425 9310 9325 9440 9387 9382 9383 9388 1 11 
1896 10589 I0574 10576 10591 10474 10459 10461 10476 10582 10467 10468 
10583 10575 10460 10475 10590 10537 10532 10533 10538 1 0 
1897 9326 9311 9313 9328 7876 7991 7993 7878 9318 7908 7909 9319 
9312 7992 7877 9327 9273 9268 9269 9274 1 0 
1898 9441 9426 9428 9443 9326 9311 9313 9328 9433 9318 9319 9434 
9427 9312 9327 9442 9388 9383 9384 9389 1 1 1  
1908 10591 10576 10578 10593 10476 10461 10463 10478 10583 10468 1M69 
10584 10577 10462 10477 10592 10538 10533 10534 10539 1 0 
1909 9328 9313 9315 9330 7878 7993 7995 7880 9319 7909 7910 9320 
9314 7994 7879 9329 9274 9269 9270 9275 1 0 
1910 9443 9428 9430 9445 9328 9313 9315 9330 9434 9319 9320 9435 
9429 9314 9329 9444 9389 9384 9385 9390 1 11 
1920 10593 10578 10580 10595 10478 10463 10465 10480 I0584 10469 10470 
10585 10579 10464 10479 10594 10539 10534 I0535 10540 1 0 
C** Middle layer 
192 1 3494 3477 9322 9337 1680 1812 7872 7757 3483 1716 7791 9331 
9321 7871 7756 9336 3420 3414 9271 9276 2 0 
1922 3626 3609 9437 9452 3494 3477 9322 9337 3615 3483 9331 9446 
9436 9321 9336 9451 3552 3546 9386 9391 2 11 
1932 4946 4929 10587 10602 4814 4797 10472 10487 4935 4803 10481 
10596 10586 10471 10486 10601 4872 4866 10536 10541 2 0 
1933 9337 9322 9324 9339 7757 7872 7874 7759 9331 7791 7792 9332 
9323 7873 7758 9338 9276 9271 9272 9277 1 0 
1934 9452 9437 9439 9454 9337 9322 9324 9339 9446 9331 9332 9447 
9438 9323 9338 9453 9391 9386 9387 9392 1 11 
1944 10602 10587 10589 10604 10187 10472 10474 10489 10596 10481 10182 
10597 10588 10173 10488 10603 10541 10536 10537 10542 1 0 



1945 9339 9324 9326 9341 7759 7874 7876 7761 9332 7792 7793 9333 
9325 7875 7760 9340 9277 9272 9273 9278 1 0 
1946 9454 9439 9441 9456 9339 9324 9326 9341 9447 9332 9333 9448 
9440 9325 9340 9455 9392 9387 9388 9393 1 I 1  
1956 10604 10589 10591 10606 10489 10474 10476 10491 10597 10.182 10483 
10598 10590 10475 10490 10605 10542 10537 10538 10543 1 0 
1957 9341 9326 9328 9343 7761 7876 7878 7763 9333 7793 7794 9334 
9327 7877 7762 9342 9278 9273 9274 9279 1 0 
1958 9456 9441 9443 9458 9341 9326 9328 9343 9448 9333 9334 9449 
9442 9327 9342 9457 9393 9388 9389 9394 1 1 1  
1968 10606 10591 10593 10608 10491 10476 10478 10493 10598 10483 1W84 
10599 10592 10477 10492 10607 10543 10538 10539 10544 1 0 
1969 9343 9328 9330 9345 7763 7878 7880 7765 9334 7794 7795 9335 
9329 7879 7764 9344 9279 9274 9275 9280 1 0 
1970 9458 9443 9445 9460 9343 9328 9330 9345 9449 9334 9335 9450 
9444 9329 9344 9459 9394 9389 9390 9395 1 1 1  
1980 10608 10593 10595 10610 10493 10478 10480 10495 10599 10484 10485 
10600 10594 10479 10494 10609 10544 10539 LO540 10545 1 0 
C** 2nd from outside surface 
198 1 3511 3494 9337 9352 1548 1680 7757 7642 3500 1584 7676 9346 
9336 7756 7641 9351 3426 3420 9276 9281 2 0 
1982 3643 3626 9452 9467 3511 3494 9337 9352 3632 3500 9346 9461 
9451 9336 9351 9466 3558 3552 9391 9396 2 1 1  
1992 4963 4946 10602 10617 4831 4814 10487 10502 4952 4820 10196 
10611 10601 10486 10501 10616 4878 4872 10541 I0546 2 0 
1993 9352 9337 9339 9354 7642 7757 7759 7644 9346 7676 7677 9347 
9338 7758 7643 9353 9281 9276 9277 9282 1 0 
1994 9467 9352 9454 9469 9352 9337 9339 9354 9461 9346 9347 9462 
9453 9338 9353 9468 9396 9391 9392 9397 1 11 
2004 10617 10602 10604 10619 10502 10487 10489 10503 10611 10496 lW97 
10612 10603 10488 10503 10618 10546 10541 10542 10547 1 0 
2005 9354 9339 9341 9356 7644 7759 7761 7646 9347 7677 7678 9348 
9340 7760 7645 9355 9282 9277 9278 9283 1 0 
2006 9469 9454 9456 9471 9354 9339 9341 9356 9462 9347 9348 9463 
9455 9340 9355 9470 9397 9392 9393 9398 1 11 
2016 10619 10604 10606 10621 10504 10489 10491 10506 10612 10497 10498 
10613 10605 10490 10505 10620 10547 10542 10543 10548 I 0 
2017 9356 9341 9343 9358 7646 7761 7763 7648 9348 7678 7679 9349 
9342 7762 7647 9357 9283 9278 9279 9284 1 0 
2018 9471 9456 9458 9473 9356 9341 9343 9358 9463 9348 9349 9464 
9457 9342 9357 9472 9398 9393 9394 9399 1 11 
2028 10621 10606 10608 10623 10506 10491 10493 10508 10613 10498 10199 
10614 10607 10492 10507 10622 10548 10543 10544 10549 1 0 
2029 9358 9343 9345 9360 ti38 7763 7765 7650 9349 7679 7680 9350 
9344 7764 7649 9359 9284 9279 9280 9285 1 0 
2030 9473 9458 9460 9475 9358 9343 9345 9360 9364 9349 9350 9365 
9459 9344 9359 9474 9399 9394 9395 9400 1 11 
2040 10623 10608 10610 10625 10508 10493 10495 10510 10614 10499 10500 
10615 10609 10494 10509 10624 10549 10544 10545 10550 1 0 
CS* Outside layer 
2041 3528 3511 9352 9367 1416 1548 7642 7527 3517 1452 7561 9361 
9351 7641 7526 9366 3432 3426 9281 9286 2 0 



2042 3660 3643 9467 9482 3528 3511 9352 9367 3649 3517 9361 9476 
9466 9351 9366 9481 3564 3558 9396 9401 2 11 
2052 4980 4963 10617 10632 4848 4831 10502 10517 4969 4837 10511 
10626 10616 10501 10516 10631 4884 4878 10546 10551 2 0 
2053 9367 9352 9354 9369 7527 7642 7644 7529 9361 7561 7562 9362 
9353 7643 7528 9368 9286 9281 9282 9287 1 0 
2054 9482 9467 9469 9484 9367 9352 9354 9369 9476 9361 9362 9477 
9468 9353 9368 9483 9401 9396 9397 9402 1 I1 
2064 10632 10617 10619 10634 10517 10502 10504 10519 10626 10511 10512 
10627 10618 10503 10518 10633 10551 10546 10547 10552 1 0 
2065 9369 9354 9356 9371 7529 7644 7646 7531 9362 7562 7563 9363 
9355 7645 7530 9370 9287 9282 9283 9288 1 0 
2066 9484 9469 9471 9486 9369 9354 9356 9371 9477 9362 9363 9478 
9470 9355 9370 9485 9402 9397 9398 9403 1 11 
2076 10634 10619 10621 10636 10519 10504 10506 10521 10627 10532 10513 
10628 10620 10505 10520 10635 10552 10547 10548 10553 1 0 
2077 9371 9356 9358 9373 7531 7646 7648 7533 9363 7563 7564 9364 
9357 7647 7532 9372 9288 9283 9284 9289 1 0 
2078 9486 9471 9473 9488 9371 9356 9358 9373 9478 9363 9364 9479 
9472 9357 9372 9487 9403 9398 9399 9404 1 11 
2088 10636 10621 10623 10638 10521 10506 10508 10523 10628 10513 10514 
10629 10622 10507 10522 10637 10553 10548 10549 10554 1 0 
2089 9373 9358 9360 9375 7533 7648 7650 7535 9364 7564 7565 9365 
9359 7649 7534 9374 9289 9284 9285 9290 1 0 
2090 9488 9473 9475 9490 9373 9358 9360 9375 9479 9364 9365 9480 
9474 9359 9374 9489 9404 9399 9400 9405 1 11 
2100 10638 10623 10625 10640 10523 10508 10510 10525 10629 10514 10515 
10630 I0624 10509 10523 10639 10554 10549 10550 10555 1 0 
C* * Bottom slab minus cornet that is accounted for in the web wall elements 
C* * Top layer of bottom slab 
2101 4367 5044 10687 10097 4235 5027 10672 9982 4992 4986 10641 
10646 10686 10671 9981 10096 4326 5038 10681 10066 2 0 
2102 5044 5176 10802 10687 5027 5159 10787 10672 5124 5118 10756 
10761 10801 10786 10671 10686 5038 5170 10796 10681 2 9 
2110 6100 6232 11722 11607 6083 6215 11707 11592 6180 6174 11676 
11681 11721 11706 11591 11606 6094 6226 11716 11601 2 0 
2111 10097 10687 10689 10099 9982 10672 10674 9984 10646 10641 1 W 2  
10647 10688 10673 9983 10098 10066 10681 10682 10067 1 0 
21 12 10687 10802 10804 10689 10672 10787 10789 10674 10761 10756 10757 
10762 10803 10788 10673 10688 10681 10796 10797 10682 1 9 
2120 11607 11722 11724 11609 11592 11707 11709 11594 11681 11676 11677 
11682 11723 11708 11593 11608 11601 11716 11717 11602 1 0 
2121 10099 10689 10691 10101 9984 10674 10676 9986 10647 10642 10643 
10648 10690 10675 9985 10100 10067 10682 10683 10068 1 0 
2122 10689 10804 10806 10691 10674 10789 10791 10676 10762 10757 10758 
10763 10805 10790 10675 10690 10682 10797 I0798 10683 1 9 
2130 11609 11724 11726 11611 11594 11709 11711 11596 11682 11677 11678 
11683 11725 11710 11595 11610 11602 11717 11718 11603 1 0 
2131 10101 10691 10693 10103 9986 10676 10678 9988 10648 10643 10644 
10649 10692 10677 9987 10102 10068 10683 10684 10069 1 0 
2132 10691 10806 10808 10693 10676 10791 10793 10678 10763 10758 10759 
10764 10807 10792 10677 10692 10683 10798 10799 10684 1 9 



2 140 11611 11726 11728 11613 11596 11711 11713 11598 11683 11678 11679 
11684 11727 11712 11597 11612 I1603 11718 11719 11604 1 0 
2141 10103 10693 10695 10105 9988 10678 10680 9990 10649 10644 10645 
10650 10694 10679 9989 101M 10069 10684 10685 10070 1 0 
2 142 10693 10808 10810 10695 10678 10793 10795 10680 10764 10759 10760 
10765 10809 10794 10679 10694 10684 10799 10800 10685 1 9 
2150 11613 11728 I1730 11615 11598 11713 11715 11600 11684 11679 11680 
11685 11729 11714 11599 11614 11604 11719 11720 11605 1 0 
C* * 2nd layer of slab 
215 1 4499 5061 10702 10212 4367 SO44 10687 10097 4998 4992 10646 
10651 10701 10686 10096 10211 4458 5055 10696 10181 2 0 
2152 5061 5193 10817 10702 5044 5176 10802 10687 5130 5124 10761 
10766 10816 10801 10686 10701 5055 5187 10811 10696 2 9 
2160 6117 6249 11737 11622 6100 6232 11722 11607 6186 6180 11681 
11686 11736 11721 11606 11621 6111 6243 11731 11616 2 0 
2161 10212 10702 10704 10214 10097 10687 10689 10099 10651 10646 10647 
10652 10703 10688 lOC)98 10213 10181 10696 10697 10182 1 0 
2162 10702 10817 10819 10704 10687 10802 10804 10689 10766 10761 10762 
10767 10818 10803 10688 10703 10696 10811 10812 10697 1 9 
2 170 11622 11737 11739 11624 11607 11722 11724 11609 I1686 11681 11682 
11687 11738 11723 11608 11623 11616 11731 11732 11617 1 0 
2171 10214 10704 10706 10216 10099 10689 10691 10101 10652 10647 10648 
10653 10705 10690 10100 10215 10182 10697 10698 I0183 1 0 
2172 10704 10819 10821 10706 10689 10804 10806 10691 10767 10762 10763 
10768 10820 10805 10690 10705 10697 10812 10813 10698 1 9 
2 180 11624 11739 11741 11626 11609 11724 11726 11611 11687 11682 11683 
11688 11740 11725 11610 11625 11617 11732 11733 11618 1 0 
2181 10216 10706 10708 10218 10101 10691 10693 10103 10653 10648 10649 
10654 10707 10692 10102 10217 10183 10698 10699 10184 1 0 
2 182 10706 10821 10823 10708 10691 10806 10808 10693 10768 10763 10764 
10769 10822 10807 10692 10707 10698 10813 10814 10699 1 9 
2190 11626 11741 11743 11628 11611 11726 11728 11613 11688 11683 11684 
11689 11742 11727 11612 11627 11618 11733 11734 11619 1 0 
2191 10218 10708 10710 10220 10103 10693 10695 10105 10654 10649 10650 
10655 10709 10694 10104 10219 10184 10699 10700 10185 1 0 
2192 10708 10823 10825 10710 10693 10808 10810 10695 10769 10764 10765 
10770 10824 10809 10694 10709 10699 10814 10815 10700 1 9 
2200 11628 11743 11745 11630 11613 11728 11730 11615 11689 11684 11685 
11690 11744 11729 11614 11629 11619 11734 11735 11620 1 0 
C** 3rd layer of slab 
2201 4631 5078 10717 10327 4499 5061 10702 10212 5004 4998 10651 
10656 10716 10701 10211 10326 4590 5072 10711 10296 2 0 
2202 5078 5210 10832 10717 5061 5193 10817 10702 5136 5130 10766 
10771 10831 10816 10701 10716 5072 5204 10826 10711 2 9 
2210 6134 6266 11752 11637 6117 6249 11737 11622 6192 6186 11686 
11691 11751 11736 11621 11636 6128 6260 11746 11631 2 0 
221 1 10327 10717 10719 10329 10212 10702 10704 10214 10656 10651 10652 
10657 10718 10703 10213 10328 10296 10711 10712 10297 1 0 
2212 10717 10832 10834 10719 10702 10817 10819 10704 10771 10766 10767 
10772 10833 10818 10703 10718 10711 10826 10827 10712 1 9 
2220 I1637 11752 11754 11639 11622 11737 11739 11624 11691 11686 11687 
11692 11753 11738 11623 11638 11631 11746 11747 11632 1 0 



2221 10329 10719 10721 10331 10214 10704 10706 10216 10657 10652 10653 
10658 10720 10705 10215 10330 10297 10712 10713 10298 1 0 
2222 10719 10834 10836 10721 10704 10819 10821 10706 10772 10767 10768 
10773 10835 10820 10705 10720 10712 10827 10828 10713 1 9 
2230 11639 11754 11756 11641 11624 11739 11741 11626 11692 11687 11688 
11693 11755 11740 11625 11640 11632 11747 11748 11633 1 0 
223 1 10331 10721 10723 10333 10216 10706 10708 10218 10658 10653 10654 
10659 10722 10707 10217 10332 10298 10713 10714 10299 1 0 
2232 10721 10836 10838 10723 10706 10821 10823 10708 10773 10768 10769 
10774 10837 10822 10707 10722 10713 10828 10829 10714 1 9 
2240 11641 11756 11758 11643 11626 11741 11743 11628 11693 11688 11689 
11694 11757 11742 11627 11642 11633 11748 11749 11634 1 0 
224 1 10333 10723 10725 10335 10218 10708 10710 10220 10659 10654 10655 
10660 10724 10709 10219 10334 10299 10714 10715 10300 1 0 
2242 10723 10838 10840 10725 10708 10823 10825 10710 10774 10769 10770 
10775 10839 10824 10709 10724 10714 10829 10830 10715 1 9 
2250 11643 11758 11760 11645 11628 11743 11745 11630 11694 11689 11690 
11695 11759 11744 11629 11644 11634 11749 11750 11635 1 0 
C** 4th layer of slab 
225 1 4763 5095 10732 10442 4631 5078 10717 10327 5010 5004 10656 
10661 10731 10716 10326 10441 4722 5089 10726 10411 2 0 
2252 5095 5227 10847 10732 5078 5210 10832 10717 5142 5136 10771 
10776 10846 10831 10716 10731 5089 5221 10841 10726 2 9 
2260 6151 6283 11767 11652 6134 6266 11752 11637 6198 6192 11691 
11696 11766 11751 11636 11651 6145 6277 11761 11646 2 0 
2261 10442 10732 10734 10444 10327 10717 10719 10329 10661 10656 10657 
10662 10733 10718 10328 10443 10411 10726 10727 10412 1 0 
2262 10732 10847 10849 10734 10717 10832 10834 10719 10776 10771 10772 
10777 10848 10833 10718 10733 10726 10841 10842 10727 I 9 
2270 11652 11767 11769 11654 11637 11752 11754 11639 11696 11691 11692 
11697 11768 11753 11638 11653 11646 11761 11762 11647 1 0  
227 1 10444 10734 10736 10446 10329 10719 10721 10331 10662 10657 10658 
10663 10735 10720 10330 10445 10412 10727 10728 10413 1 0 
2272 10734 10849 10851 10736 10719 10834 10836 10721 10777 10772 10773 
10778 10850 10835 10720 10735 10727 10842 10843 10728 1 9 
2280 11654 11769 11771 11656 11639 11754 11756 11641 11697 11692 11693 
11698 11770 11755 11640 11655 11647 11762 11763 11648 1 0 
228 1 10446 10736 10738 10448 10331 10721 10723 10333 10663 10658 10659 
10664 10737 10722 10332 10447 10413 10728 10729 10414 1 0 
2282 10736 I0851 10853 10738 10721 10836 10838 10723 10778 10773 10774 
10779 10852 10837 10722 10737 10728 10843 10844 10729 1 9 
2290 11656 11771 11773 11658 11641 11756 11758 11643 11698 11693 11694 
11699 11772 11757 11642 11657 11648 11763 11764 11649 1 0 
229 1 10448 10738 10740 10350 10333 10723 10725 10335 10664 10659 10660 
10665 10739 10724 10334 10449 10414 10729 10730 10415 1 0 
2292 10738 10853 10855 10740 10723 10838 10840 10725 10779 10774 10775 
10780 10854 10839 10724 10739 10729 10844 10845 10730 1 9 
2300 11658 11773 11775 11660 11643 11758 11760 11645 11699 11694 11695 
11700 11774 11759 11644 11659 11649 11764 11765 11650 1 0 
Cf* bottom layer of slab 
2301 4895 5112 10747 10557 4763 5095 10732 10442 5016 5010 10661 
10666 10746 I0731 10441 10556 4854 5106 10741 10526 2 0 



2302 5112 5244 10862 10747 5095 5227 10847 10732 5148 5142 10776 
10781 10861 10846 10731 10746 5106 5238 10856 10741 2 9 
2310 6168 6300 11782 11667 6151 6283 11767 11652 6204 6198 11696 
11701 11781 11766 11651 11666 6162 6294 11776 11661 2 0 
231 1 10557 10747 10749 10559 10442 10732 10734 10444 10666 10661 10662 
10667 10748 10733 10443 LO558 10526 10741 10742 10527 1 0 
23 12 10747 10862 10864 10749 10732 10847 10849 10734 10781 10776 10777 
10782 10863 10848 10733 10748 10741 10856 10857 10742 1 9 
2320 11667 11782 11784 11669 11652 1 1 7  11769 11654 11701 11696 11697 
11702 11783 11768 11653 11668 11661 11776 11777 11662 1 0 
232 1 10559 10749 10751 10561 10444 10734 10736 10146 10667 10662 10663 
10668 10750 10735 10445 10560 10527 10742 10743 10528 1 0 
2322 10749 10864 10866 10751 10734 10849 10851 10736 10782 10777 10778 
10783 10865 10850 10735 10750 10742 10857 10858 10743 1 9 
2330 11669 11784 11786 11671 11654 11769 11771 11656 11702 11697 11698 
11703 11785 11770 11655 11670 11662 11777 11778 11663 1 0 
233 1 10561 10751 10753 10563 10446 10736 10738 10448 10668 10663 10664 
10669 10752 10737 10447 10562 10528 10743 10744 10529 1 0 
2332 10751 10866 10868 10753 10736 10851 10853 10738 10783 10778 10779 
10784 10867 10852 10737 10752 10743 10858 10859 10744 1 9 
2340 11671 11786 11788 11673 11656 11771 11773 11658 11703 11698 11699 
11704 11787 11772 11657 11672 11663 11778 11779 11664 1 0 
234 1 10563 10753 10755 10565 10448 10738 10740 10450 10669 10664 10665 
10670 10754 10739 10449 10544 10529 10744 10745 10530 1 0 
2342 10753 10868 10870 10755 10738 10853 10855 10740 10784 10779 10780 
10785 10869 10854 10739 10754 10744 10859 10860 10745 1 9 
2350 11673 11788 11790 11675 11658 11773 11775 11660 11704 11699 11700 
11705 11789 11774 11659 11674 11664 11779 11780 11665 1 0 
Cf *** Boundary elements 
C**** Old segment 
CS*** Type 1 and 5 boundary elements - top of top slab 
235 1 1 133 135 3 97 134 98 2 0 0 0 0 0 0 0 
0 0 0 0 0 125 
2375 3169 3301 3303 3171 3265 3302 3266 3170 0 0 0 0 0 
0 0 0 0 0 0 0 1 0  
2376 3 135 137 5 98 136 99 4 0 0 0 0 0 0 0 
0 0 0 0 0 1 2 S  
2400 3171 3303 3305 3173 3266 3304 3267 3172 0 0 0 0 0 
0 0 0 0 0 0 0 1 0  
240 i 5 137 I39 7 99 138 100 6 0 0 0 0 0 0 0 
0 0 0 0 0 125 
2425 3173 3305 3307 3175 3267 3306 3268 3174 0 0 0 0 0 
0 0 0 0 0 0 0 1 0  
2426 7 139 141 9 100 140 101 8 0 0 0 0 0 0 0 
0 0 0 0 0 125 
2450 3175 3307 3309 3177 3268 3308 3269 3176 0 0 0 0 0 
0 0 0 0 0 0 0 1 0  
245 1 9 141 143 11 101 142 102 10 0 0 0 0 0 0 0 
0 0 0 0 0 1 2 5  
2475 3177 3309 3311 3179 3269 3310 3270 3178 0 0 0 0 0 
0 0 0 0 0 0 0 1 0  
C**** Type 2 and 6 boundary elements - bottom of cantilevers 



2476 86 218 220 88 127 219 128 87 0 0 0 0 0 0 0 
0 0 0 0 0 2 1 0  
2485 1274 1406 1408 1276 1315 1407 1316 1275 0 0 0 0 0 
0 0 0 0 0 0 0 2 0  
2486 88 220 222 90 128 221 129 89 0 0 0 0 0 0 0 
0 0 0 0 0 2 1 0  
2495 1276 1408 1410 1278 1316 1409 1317 1277 0 0 0 0 0 
0 0 0 0 0 0 0 2 0  
2496 90 222 224 92 129 223 130 91 0 0 0 0 0 0 0 
0 0 0 0 0 2 1 0  
2505 1278 1410 1412 1280 1317 1411 1318 1279 0 0 0 0 0 
0 0 0 0 0 0 0 2 0  
2506 92 224 226 94 130 225 131 93 0 0 0 0 0 0 0 
0 0 0 0 0 2 1 0  
25 15 1280 1412 1414 1282 1318 1413 1319 1281 0 0 0 0 0 
0 0 0 0 0 0 0 2 0  
2516 94 226 228 96 131 227 132 95 0 0 0 0 0 0 0 
0 0 0 0 0 2 1 0  
2525 1282 1414 1416 1284 1319 1415 1320 1283 0 0 0 0 0 
0 0 0 0 0 0 0 2 0  
C**** Boundary elements for sides of cantilevers and both sides of web 
C** Type 3 and 7 - side of cantilever 
2526 18 1 3  20 12 2 1 3 1 9 0  0 0 0 0 0 0  
0 0 0 0 0 3 5  
2530 26 9 11 28 16 10 17 27 0 0 0 0 0 0 0 
0 0 0 0 0 3 0  
253 1 35 18 20 37 29 19 30 36 0 0 0 0 0 0 0 
0 0 0 0 0 3 5  
2535 43 26 28 45 33 27 34 44 0 0 0 0 0 0 0 
0 0 0 0 0 3 0  
2536 52 35 37 54 46 36 47 53 0 0 0 0 0 0 0 
0 0 0 0 0 3 5  
2540 60 43 45 62 50 44 51 61 0 0 0 0 0 0 0 
0 0 0 0 0 3 0  
254 1 69 52 54 71 63 53 64 70 0 0 0 0 0 0 0 
0 0 0 0 0 3 5  
2545 77 60 62 79 67 61 68 78 0 0 0 0 0 0 0 
0 0 0 0 0 3 0  
2546 86 69 71 88 80 70 81 87 0 0 0 0 0 0 0 
0 0 0 0 0 3 5  
2550 94 77 79 96 84 78 85 95 0 0 0 0 0 0 0 
0 0 0 0 0 3 0  
C** Sides of web 
C** Type 3 and 7 - outside of web 
255 1 1406 1408 352C 3518 1407 3428 3519 3427 0 0 0 0 0 
0 0 0 0 0 0 0 3 0  
2552 3518 3520 3652 3650 3519 3560 3651 3559 0 0 0 0 0 
0 0 0 0 0 0 0 3 1 1  
2562 4838 4840 4972 4970 4839 4880 4971 4879 0 0 0 0 0 
0 0 0 0 0 0 0 3 0  
2563 1408 1410 3522 3520 1409 3429 3521 3428 0 0 0 0 0 
0 0 0 0 0 0 0 3 0  



2564 3520 3522 3654 
0 0 0 0 0 0  
2574 4840 4842 4974 
0 0 0 0 0 0  
2575 1410 1412 3524 
0 0 0 0 0 0  
2576 3522 3524 3656 
0 0 0 0 0 0  
2586 4842 4844 4976 
0 0 0 0 0 0  
2587 1412 1414 3526 
0 0 0 0 0 0  
2588 3524 3526 3658 
0 0 0 0 0 0  
2598 4844 4846 4978 
0 0 0 0 0 0  
2599 1414 1416 3528 
0 0 0 0 0 0  
2600 3526 3528 3660 
0 0 0 0 0 0  
2610 4846 4848 4980 
0 0 0 0 0 0  
C** Type 4 and 8 - inside of web 
261 1 2068 2066 3433 
0 0 0 0 0 0  
26 12 3435 3433 3565 
0 0 0 0 0 0  
26 17 4095 1093 4225 
0 0 0 0 0 0  
26 18 2070 2068 3435 
0 0 0 0 0 0  
26 19 3437 3435 3567 
0 0 0 0 0 0  
2624 4097 4095 4227 
0 0 0 0 0 0  
2625 2072 2070 3437 
0 0 0 0 0 0  
2626 3439 3437 3569 
0 0 0 0 0 0  
263 1  4099 4097 4229 
0 0 0 0 0 0  
2632 2074 2072 3439 
0 0 0 0 0 0  
2633 3441 3439 3571 
0 0 0 0 0 0  
2638 4101 4099 4231 
0 0 0 0 0 0  
2639 2076 2074 3441 
0 0 0 0 0 0  
2640 3443 3441 3573 
0 0 0 0 0 0  
2645 4103 4101 4233 
0 0 0 0 0 0  



C**** Type 4 and 8 boundary elemcnts - bottom surface of top slab 
2646 2066 2068 2200 2198 2067 2108 2199 2107 
0 0 0 0 0 0 0 4 1 0  
2655 3254 3256 3388 3386 3255 3296 3387 3295 
0 0 0 0 0 0 0 4 0  
2656 2068 2070 2202 2200 2069 2109 2201 2108 
0 0 0 0 0 0 0 4 1 0  
2665 3256 3258 3390 3388 3257 3297 3389 3296 
0 0 0 0 0 0 0 4 0  
2666 2070 2072 2204 2202 2071 21 10 2203 2109 
0 0 0 0 0 0 0 4 1 0  
2675 3258 3260 3392 3390 3259 3298 3391 3297 
0 0 0 0 0 0 0 4 0  
2676 2072 2074 2206 2204 2073 21 11 2205 2110 
0 0 0 0 0 0 0 4 1 0  
2685 3260 3262 3394 3392 3261 3299 3393 3298 
0 0 0 0 0 0 0 4 0  
2686 2074 2076 2208 2206 2075 21 12 2207 21 11 
0 0 0 0 0 0 0 4 1 0  
2695 3262 3264 33% 3394 3263 3300 3395 3299 
0 0 0 0 0 0 0 4 0  
C**** Type 4 and 8 boundary elements - top surface of bottom slab 
2696 4225 5017 5019 4227 4981 5018 4982 4226 
0 0 0 0 0 0 0 4 0  
2697 5017 5149 5151 5019 5113 5150 5114 5018 
0 0 0 0 0 0 0 4 9  
2705 6073 6205 6207 6075 6169 6206 6170 6074 
0 0 0 0 0 0 0 4 0  
2706 4227 5019 5021 4229 4982 5020 4983 4228 
0 0 0 0 0 0 0 4 0  
2707 5019 5151 5153 5021 5114 5152 5115 5020 
0 0 0 0 0 0 0 4 9  
2715 6075 6207 6209 6077 6170 6208 6171 6076 
0 0 0 0 0 0 0 4 0  
2716 4229 5021 SO23 4231 4983 5022 4984 4230 
0 0 0 0 0 0 0 4 0  
2717 5021 5153 5155 5023 5115 5154 5116 5022 
0 0 0 0 0 0 0 4 9  
2725 6077 6209 6211 6079 6171 6210 6172 6078 
0 0 0 0 0 0 0 4 0  
2726 4231 5023 5025 4233 4984 5024 4985 4232 
0 0 0 0 0 0 0 4 0  
2727 5023 5155 5157 5025 5116 5156 51 17 5024 
0 0 0 0 0 0 0 4 9  
2735 6079 6211 6213 6081 6172 6212 6173 6080 
0 0 0 0 0 0 0 4 0  
2736 4233 5025 5027 4235 4985 5026 4986 4234 
0 0 0 0 0 0 0 4 0  
2737 5025 5157 5159 5027 5117 5158 5118 5026 
0 0 0 0 0 0 0 4 9  
2745 6081 6213 6215 6083 6173 6214 6174 6082 
0 0 0 0 0 0 0 4 0  
C**** Type 2 and 6 boundary elements - bottom of bottom slab 



C** Bottom of web-bottom slab comer 
2746 4970 4953 4955 4972 4964 4954 4965 
0 0 0 0 0 0 0 2 5  
2750 4902 4885 4887 4904 4896 4886 4897 
0 0 0 0 0 0 0 2 0  
275 1 4972 4955 4957 4974 4965 4956 4966 
0 0 0 0 0 0 0 2 5  
2755 4904 4887 4889 4906 4897 4888 4898 
0 0 0 0 0 0 0 2 0  
2756 4974 4957 4959 4976 4966 4958 4967 
0 0 0 0 0 0 0 2 5  
2760 4906 4889 4891 4908 4898 4890 4899 
0 0 0 0 0 0 0 2 0  
276 1 4976 4959 4961 4978 4967 4960 4968 
0 0 0 0 0 0 0 2 5  
2765 4908 4891 4893 4910 4899 4892 4900 
0 0 0 0 0 0 0 2 0  
2766 4978 4961 4963 4980 4968 4962 4969 
0 0 0 0 0 0 0 2 5  
2770 4930 4893 4895 4912 4900 4894 4901 
0 0 0 0 0 0 0 2 0  
C** Bottom of bottom slab under slab taper and middle section 
277 1 4885 5102 5104 4887 5011 5103 5012 
0 0 0 0 0 0 0 2 0  
2772 5102 5234 5236 5104 5143 5235 5144 
0 0 0 0 0 0 0 2 9  
2780 6158 6290 6292 6160 6199 6291 6200 
0 0 0 0 0 0 0 2 0  
278 1 4887 5104 5106 4889 5012 5105 5013 
0 0 0 0 0 0 0 2 0  
2782 5104 5236 5238 5106 5144 5237 5145 
0 0 0 0 0 0 0 2 9  
2790 6160 6292 6294 6162 6200 6293 6201 
0 0 0 0 0 0 0 2 0  
279 1 4889 5106 5108 4891 5013 5107 5014 
0 0 0 0 0 0 0 2 0  
2792 5106 5238 5240 5108 5145 5239 5146 
0 0 0 0 0 0 0 2 9  
2800 6362 6294 6296 6164 6201 6295 6202 
0 0 0 0 0 0 0 2 0  
2801 4891 5108 5110 4893 5014 5109 5015 
0 0 0 0 0 0 0 2 0  
2802 5108 5240 5242 5110 5146 5241 5147 
0 0 0 0 0 0 0 2 9  
2810 6164 6296 6298 6166 6202 6297 6203 
0 0 0 0 0 0 0 2 0  
281 1 4893 5110 5112 4895 5015 5111 5016 
0 0 0 0 0 0 0 2 0  
2812 5110 5242 5244 5112 5147 5243 5148 
0 0 0 0 0 0 0 2 9  
2820 6166 6298 6300 6168 6203 6299 62W 
0 0 0 0 0 0 0 2 0  
C**** New segment 



C1*** Type 1 and 5 boundary elements - top of top slab 
282 1 11 143 6417 6302 102 6416 6386 6301 0 0 0 0 0 0 
0 0 0 0 0 0 5 2 5  
2845 3179 3311 9177 9062 3270 9176 9146 9061 0 0 0 0 0 
0 0 0 0 0 0 0 5 0  
2846 6302 6417 6419 6304 6386 6418 6387 6303 0 0 0 0 0 
0 0 0 0 0 0 0 5 2 5  
2870 9062 9177 9179 9064 9146 9178 9147 9063 0 0 0 0 0 
0 0 0 0 0 0 0 5 0  
287 1 6304 6419 6421 6306 6387 6420 6388 6305 0 0 0 0 0 
0 0 0 0 0 0 0 5 2 5  
2895 9064 9179 9181 9066 9147 9180 9148 9065 0 0 0 0 0 
0 0 0 0 0 0 0 5 0  
2896 6306 6421 6423 6308 6388 6422 6389 6307 0 0 0 0 0 
O O O O O O O S 2 5  
2920 9066 9183 9183 9068 9148 9182 9149 9067 0 0 0 0 0 
0 0 0 0 0 0 0 5 0  
292 1 6308 6423 6425 6310 6389 6424 6390 6309 0 0 0 0 0 
0 0 0 0 0 0 0 5 2 5  
2945 9068 9183 9185 9070 9149 9184 9150 9069 0 0 0 0 0 
0 0 0 0 0 0 0 5 0  
C**** Type 2 and 6 boundary elements - bottom of cantilevers 
2946 228 96 6377 6492 132 6376 6411 6491 0 0 0 0 0 0 
0 0 0 0 0 0 6 1 0  
2955 1416 1284 7412 7527 1320 7411 7446 7526 0 0 0 0 0 
0 0 0 0 0 0 0 6 0  
2956 6492 6377 6379 6494 6411 6378 6412 6493 0 0 0 0 0 
0 0 0 0 0 0 0 6 1 0  
2965 7527 7412 7414 7529 7446 7413 7447 7528 0 0 0 0 0 
0 0 0 0 0 0 0 6 0  
2966 6494 6379 6381 6496 6412 6380 6413 6495 0 0 0 0 0 
0 0 0 0 0 0 0 6 1 0  
2975 7529 7414 7416 7531 7447 7415 7448 7530 0 0 0 0 0 
0 0 0 0 0 0 0 6 0  
2976 6496 6381 6383 6498 6413 6382 6414 6497 0 0 0 0 0 
0 0 0 0 0 0 0 6 1 0  
2985 7531 7416 7418 7533 7448 7417 7449 7532 0 0 0 0 0 
0 0 0 0 0 0 0 6 0  
2986 6498 6383 6385 6500 6414 6384 6415 6499 0 0 0 0 0 
0 0 0 0 0 0 0 6 1 0  
2995 7533 7418 7420 7535 7449 7419 7450 7534 0 0 0 0 0 
O O O O O O O 6 0  
C**** Boundary elements for sides of cantilevers and both sides of  web 
C** Type 3 and 7 - side of cantilever 
2996 28 11 6302 6317 17 6301 6311 6316 0 0 0 0 0 0 
0 0 0 0 0 0 7 5  
3000 96 79 6362 6377 85 6361 6371 6376 0 0 0 0 0 0 
0 0 0 0 0 0 7 0  
3001 6317 6302 6304 6319 6311 6303 6312 6318 0 0 0 0 0 
0 0 0 0 0 0 0 7 5  
3005 6377 6362 6364 6379 6371 6363 6372 6378 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  



3006 6319 63M 6306 6321 6312 6305 6313 6320 0 0 0 0 0 
0 0 0 0 0 0 0 7 5  
3010 6379 6364 6366 6381 6372 6365 6373 6380 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
301 1 6321 6306 6308 6323 6313 6307 6314 6322 0 0 0 0 0 
0 0 0 0 0 0 0 7 5  
3015 6381 6366 6368 6383 6373 6367 6374 6382 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
3016 6323 6308 6310 6325 6314 6309 6315 6324 0 0 0 0 0 
0 0 0 0 0 0 0 7 5  
3020 6383 6368 6370 6385 6374 6369 6375 6384 0 3 0 0 0 
0 0 0 0 0 0 0 7 0  
C** Sides of web 
C** Type 3 and 7 - outside of web 
302 1 3528 1416 7527 9367 3432 7526 9286 9366 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
3022 3660 3528 9367 9482 3564 9366 9401 9481 0 0 0 0 0 
0 0 0 0 0 0 0 7 1 1  
3032 4980 4848 10517 10632 4884 10516 10551 10631 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
3033 9367 7527 7529 9369 9286 7528 9287 9368 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
3034 9482 9367 9369 9484 9401 9368 9402 9483 0 0 0 0 0 
0 0 0 0 0 0 0 7 1 1  
3044 10632 10517 10519 10634 10551 10518 10552 10633 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
3045 9369 7529 7531 9371 9287 7530 9288 9370 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
3046 9484 9369 9371 9486 9402 9370 9403 9485 0 0 0 0 0 
0 0 0 0 0 0 0 7 1 1  
3056 10634 10519 10521 10636 10552 10520 10553 10635 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
3057 9371 7531 7533 9373 9288 7532 9289 9372 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
3358 9486 9371 9373 9488 9403 9372 9404 9487 0 0 0 0 0 
0 0 0 0 0 0 0 7 1 1  
3068 10636 10521 10523 10638 10553 10522 10554 10637 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
3069 9373 7533 7535 9375 9289 7534 9290 9374 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
3070 9488 9373 9375 9490 9404 9374 9405 9489 0 0 0 0 0 
0 0 0 0 0 0 0 7 1 1  
3080 10638 10523 10525 10640 10554 10524 10S55 10639 0 0 0 0 0 
0 0 0 0 0 0 0 7 0  
CS* Type 4 and 8 - inside of web 
308 1 9292 8102 2076 3443 9261 8101 3402 9291 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3082 9407 9292 3443 3575 9376 9291 3534 9406 0 0 0 0 0 
0 0 0 0 0 0 0 8 6  
3087 9982 9867 4103 4235 9951 9866 4194 9981 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3088 9294 8101 8102 9292 9262 8103 9261 9293 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  



3089 9409 9294 9292 9407 9377 9293 9376 9408 0 0 0 0 0 
0 0 0 0 0 0 0 8 6  
3094 9984 9869 9867 9982 9952 9868 9951 9983 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3095 9296 8106 8104 9294 9263 8105 9262 9295 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3096 9411 9296 9294 9409 9378 9295 9377 9410 0 0 0 0 0 
0 0 0 0 0 0 0 8 6  
3101 9986 9871 9869 9984 9953 9870 9952 9985 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3102 9298 8108 8106 9296 9264 8107 9263 9297 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3 103 9413 9298 9296 9411 9379 9297 9378 9412 0 0 0 0 0 
0 0 0 0 0 0 0 8 6  
3108 9988 9873 9871 9986 9954 9872 9953 9987 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3109 9300 8110 8108 9298 9265 8109 926c1 9299 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3110 9415 9300 9298 9413 9380 9299 9379 9414 0 0 0 0 0 
0 0 0 0 0 0 0 8 6  
31 15 9990 9875 9873 9988 9955 9874 9954 9989 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
C* *** Type 4 and 8 boundary elements - bottom surface of top slab 
31 16 2208 2076 8102 8217 2112 8101 8136 8216 0 0 0 0 0 
0 0 0 0 0 0 0 8 1 0  
3 125 3396 3264 9137 9252 3300 9136 9171 9251 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3126 8217 8102 8104 8219 8136 8103 8137 8218 0 0 0 0 0 
0 0 0 0 0 0 0 8 1 0  
3135 9252 9137 9139 9254 9171 9138 9172 9253 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3136 8219 81M 8106 8221 8137 8105 8138 8220 0 0 0 0 0 
0 0 0 0 0 0 0 8 1 0  
3145 9254 9139 9141 9256 9172 9140 9173 9255 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3146 8221 8106 8108 8223 8138 8107 8139 8222 0 0 0 0 0 
0 0 0 0 0 0 0 8 1 0  
3 155 9256 9141 9143 9258 9173 9142 9174 9257 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3 156 8223 8108 8110 8225 8139 8109 8140 8224 0 0 0 0 0 
0 0 0 0 0 0 0 8 1 0  
3 165 9258 9143 9145 9260 9174 9144 9175 9259 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
C4*** Type 4 and 8 boundary elements - top surf'acc of bottom slab 
3166 10672 9982 4235 5027 10641 9981 4986 10671 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3 167 10787 10672 5027 5159 10756 10671 5118 10786 0 0 0 0 0 
0 0 0 0 0 0 0 8 9  
3 175 11707 11592 6083 6215 11676 11591 6174 11706 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  
3 176 10674 9984 9982 10672 10642 9983 10641 10673 0 0 0 0 0 
0 0 0 0 0 0 0 8 0  



3 177 10789 10674 10672 10787 10757 10673 10756 10788 0 
0 0 0 0 0 0 0 8 9  
3 185 11709 11594 11592 11707 11677 11593 11676 11708 0 
0 0 0 0 0 0 0 8 0  
3186 10676 9986 9984 10674 10643 9985 10642 10675 0 
0 0 0 0 0 0 0 8 0  
3187 10791 10676 10674 10789 10758 10675 10757 10790 0 
0 0 0 0 0 0 0 8 9  
3195 11711 11596 11594 11709 11678 11595 11677 11710 0 
0 0 0 0 0 0 0 8 0  
3 196 10678 9988 9986 10676 10644 9987 10643 10677 0 
0 0 0 0 0 0 0 8 0  
3197 10793 10678 10676 10791 10759 10677 10758 10792 0 
0 0 0 0 0 0 0 8 9  
3205 11713 11598 11596 11711 11679 11597 11678 11712 0 
0 0 0 0 0 0 0 8 0  
3206 10480 9990 9988 LO678 10645 9989 10644 10679 0 
0 0 0 0 0 0 0 8 0  
3207 10795 10680 10678 10793 10760 10679 10759 10794 0 
0 0 0 0 0 0 0 8 9  
3215 11715 11600 11598 11713 11680 11599 11679 11714 0 
0 0 0 0 0 0 0 8 0  
C**** Type 2 and 6 boundary elements - bottom of bottom slab 
C** Bottom of web-bottom slab comer 
3216 4963 4980 10632 10617 4969 10631 10626 10616 0 
0 0 0 0 0 0 0 6 5  
3220 4695 4912 10572 10557 4901 10571 10566 10556 0 
0 0 0 0 0 0 0 6 0  
322 1 10617 10632 10634 10619 10626 10633 10627 10618 0 
0 0 0 0 0 0 0 6 5  
3225 10557 10572 10574 10559 10566 10573 10567 10558 0 
0 0 0 0 0 0 0 6 0  
3226 10619 10634 10636 10621 10627 10635 10628 10620 0 
0 0 0 0 0 0 0 6 5  
32.0 10559 LO574 10576 10561 10567 10575 10568 10560 0 
0 0 0 0 0 0 0 6 0  
323 1 10621 10636 10638 10623 10628 10637 10629 10622 0 
0 0 0 0 0 0 0 6 5  
3235 10561 10576 10578 10563 10568 10577 10569 10562 0 
0 0 0 0 0 0 0 6 0  
3236 10623 10638 10640 10625 10629 10639 10630 10624 0 
0 0 0 0 0 0 0 6 5  
3240 10563 10578 10580 10565 10569 10579 10570 10564 0 
0 0 0 0 0 0 0 6 0  
C** Bottom of bottom slab under slab taper and middle section 
3241 5112 4895 10557 10747 5016 10556 10666 10746 0 
0 0 0 0 0 0 0 4 0  
3242 5244 5112 10747 10862 5148 10746 10781 10861 0 
0 0 0 0 0 0 0 6 9  
3250 6300 6168 11667 11782 6204 11666 11701 11781 0 
0 0 0 0 0 0 0 6 0  
325 1 10747 10557 10559 10749 10666 10558 10667 10748 0 
0 0 0 0 0 0 0 6 0  



C**** CONDUCTION OF ELEMENT PROPERTIES c**** 
1 2.0 2.0 2.0 2400.0 1000.0 1.0 1.0 1.0 

0.30 430.0 1.00 45.0 0.3 
2 2.0 2.0 2.0 2400.0 1000.0 1.0 1.0 1.0 

0.30 215.0 1 @ 45.0 0.3 

C * *** PROPERTIES OF BOUNDARY CONDITIONS 
C**** 
1 3.50 0.65 0.00 
2 3.00 0.65 0.00 
3 3.00 0.65 0.00 
4 3.50 0.65 0.00 
5 3.50 0.65 0.00 
6 3.00 0.65 0.00 
7 3.00 0.65 0.00 
8 3.50 0.65 0.00 

C**** ORTHOTROPIC ORIENTATIONS 
C**** 
C** ARE OMITTED BECAUSE NANG = 0. 

C**** COORDINATES OF POINTS OF START OF OVERHANG 
c**** 
NORTH= 1.0 1.0 1.0 
XRC= 0.0 DRC= 0.0 XLC= 0.0 DLC= 0.0 VOL= 0.0 

CS*** TYPE OF ANALYSIS 
c**** 
ANALYSIS: second 12hrs after pouring second segment 



C**** CONTROL PARAMETERS c**** 
NDT = 12 IDT = 0 EQDT = 1 .O TT = 0.0 TEMPO = 16.0 
INOUTDOOR = 1 TMO = 12.0 RLIFT = 1 WLIFT = i WMCR = 12 
SPNODES = 5591 5592 5593 5594 5595 11171 11172 11 173 11174 11175 

C**** METEOROLOGICAL DATA - March and April, enclosed construction 
c**** 
YDAY= 74 TMAX= 18.0 TMIN= 16.0 TU= 2.5 ALBEDO=0.2 
ALTD = 20 PHI = 46.5 LONG= 63.5 MERD= 60.0 

C** K AND DTK ARE OMfITED BECAUSE IDT = 0.0 




