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Abstract 

All form of activity in a building is in need for a sound platform to be able to operate. The 

performance of concrete floor in industrial spaces is of importance because there are greater 

demands on industrial concrete floor.  By making sure that the necessary recommendation 

regarding casting an industrial concrete floor is followed, the risk for failure is reduced. The 

Swedish Concrete Association (2008) recommends a w/c ratio of approximately 0.55 for 

industrial floors. This would result in a concrete strength class of C30/37 with an abrasive 

resistance adequate for most industrial floors. 

From an economical perspective an approach for concrete rehabilitation is the bonded 

overlay, which has been used for many years and has the intension to extend the life of 

structural concrete slabs. For concrete overlay having a matching material to the substrate is 

the main recommendation, in addition in a fully bonded overlay to the substrate there is less 

risk for cracking and edge lifting. 

From a mechanical perspective a crack develops when the stresses in concrete exceeds the 

tensile strength. Shrinkage and creep of concrete in both overlays and industrial floors are 

important factors that contribute in development of cracks which have considerable effect on 

failure of the structure; therefore it is useful to find an accurate prediction model to predict 

shrinkage and creep.  

The literature study that has been carried out in this thesis is mainly about shrinkage, creep, 

industrial floor, overlays and tensile stress prediction. In addition the following calculation 

models for prediction of creep and shrinkage of concrete have been reviewed in this paper: 

Eurocode 2, fib Model Code 2010, ACI 209R-92, Swedish code BBK04 and Swedish 

concrete manual Material. In order to study the differences between the mentioned models 

two example cases for calculation of shrinkage and creep in industrial floor and  bonded 

overlay with the mentioned methods have been carried out, also the tensile stress development 

in bonded overlay has been calculated according to a method proposed by Prof. Silfwerbrand 

(1997). Since it was not possible to consider all types of concrete and conditions which will 

affect the outcome, only one type of concrete C30/37 with w/c ratio of 0.55 for industrial 

floor and w/c ratio of 0.40 for overlay is taken as an example in this thesis. 

Some of these methods take only a few factors into consideration; however the others are 

more detailed and treat numerous factors. The simple methods such as BBK04 or the graph in 

Eurocode 2 for calculating the creep coefficient can be used in the lack of existence of 

sufficient input parameters to be able to roughly estimate the final value. The predicted 

shrinkage did differ by using different models, however the final value of the creep coefficient 

was quiet similar regardless of the used model. 

There are some important parameters such as ambient relative humidity, age at loading, 

duration of drying and duration of loading which should be included in predicting models 

since these parameters affect shrinkage and creep considerably. Also aggregate type has an 

important role in both creep and shrinkage; however aggregate type (modulus of elasticity of 

aggregate) was not included in any of the studied models. Choosing a factor according to the 

type of aggregate might be helpful for better prediction. 
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Sammanfattning 
All form av aktivitet i en byggnad är i behov av en bra plattform för att kunna fungera. 

Utförandet av betonggolv i industriutrymmen är av betydelse eftersom det ställs större krav på 

industriella betonggolv. Genom att följa tillgängliga rekommendationer angående gjutning av 

industriell betonggolv, minskar risken för misslyckande. Svenska Betongföreningen (2008) 

rekommenderar ett v/c på cirka 0,55 för industrigolv. Detta skulle resultera i en betong med 

hållfasthetsklass C30/37 och en slitstyrka tillräcklig för de flesta industrigolv. Ur ett 

ekonomiskt perspektiv är en strategi för betong-rehabilitering vidhäftande pågjutningar. De 

har använts i många år och avsikten har varit att förlänga livslängden på strukturella 

betongplattor, t.ex på broar. Huvudrekommendationen för pågjutningen är att ha ett 

matchande material som underbetongens. Också när pågjutning är helt bunden till 

underbetongen, finns det mindre risk för sprickbildning och kantlyftning. 

Ur ett mekaniskt perspektiv utvecklas en spricka när spänningarna i betong överstiger 

draghållfastheten. Krympning och krypning av betong i både pågutning och industrigolv är 

viktiga faktorer som bidrar till utvecklingen av sprickor som har avsevärd effekt på brott i 

konstruktionen. Det är därför lämpligt att finna en korrekt prognosmodell för att förutsäga 

krympning och krypningen av betong.  

Litteraturstudien som har genomförts i denna avhandling handlar huvudsakligen om 

krympning, krypning, industrigolv, pågjutning och prediktion av dragspänning. Dessutom har 

följande beräkningsmodeller för prediktion av krypning och krympning av betong granskats i 

detta arbete: Eurokod 2, fib Model Code 2010, ACI 209R-92, BBK04 och svenska betong- 

handboken Material. För att studera skillnaderna mellan de nämnda modellerna har två 

exempelfall för beräkning av krympning och krypning i industrigolv och vidhäftande 

pågjutning med nämnda metoder utförts, även dragspänningens utveckling i vidhäftande 

pågjutning har beräknats enligt en metod som föreslagits av Silfwerbrand (1997). Eftersom 

det inte var möjligt att beakta alla typer av betong och villkor som kommer att påverka 

resultatet, har endast en typ av betong C30/37 med v/c på 0,55 för industrigolv och v/c  på 

0,40 för pågjutningen tagits som exempel i denna avhandling. 

Vissa av dessa metoder tar bara några faktorer i beaktande; medans andra är mer detaljerade 

och behandlar ett stort antal faktorer. De enkla metoder såsom BBK04 eller diagrammet i 

Eurokod 2 för beräkning av krypkoefficienten kan användas i brist på förekomsten av 

tillräckliga parametrar för att grovt kunna uppskatta det slutliga värdet. Den förutsagda 

slutliga krympningen skiljde sig mellan olika modeller, dock var det slutliga värdet på 

krypkoefficienten ganska likartat oavsett den använda modellen. 

Det finns några viktiga parametrar såsom omgivningens relativa fuktighet, ålder vid 

pålastning, belastningens och uttorkingens varaktighet som bör ingå i modellerna eftersom 

dessa parametrar påverkar krymping och krypning av betong avsevärt. Också typ av ballast 

har en viktig roll i både krypning och krympning av betong; men typ av ballast (ballastens 

elasticitetsmodul) ingick inte i någon av de studerade modellerna. Att välja en faktor beroende 

på typ av ballast kan vara till hjälp för en bättre förutsägelse. 
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Chapter 1 Introduction 

1.1 Background 

The performance of concrete floor in commercial and industrial spaces such as storage areas, 

laboratories, shops, factories and car parks in terms of flatness, minimum surface cracks and 

resistance to wheel wear is of importance. There are a lot of requirements from an industrial 

floor, which makes it even more important to follow necessary recommendation before, 

during and after the casting of an industrial floor to ensure that the risk of failure remains 

minimal. An approach for concrete rehabilitation from an economical perspective can be the 

bonded overlays, which are suitable for large surface areas. In order to ensure that the overlay 

is long lasting and functions fully during the intended service life it is of significant 

importance to limit cracks and have an effective bond between overlay and substrate to 

prevent edge lifting. 

Shrinkage and creep of concrete in both overlays and industrial floors are important factors 

that contribute in development of cracks which have considerable effect on failure, durability, 

serviceability and reliability of the structure. Therefore it is of importance to be able to find an 

accurate prediction model to predict shrinkage and creep. 

1.2 Aim 
The aim of this paper is to study some of the known models to predict potential shrinkage and 

creep in concrete. The models namely are Eurocode 2, fib Model Code 2010, ACI 209R-92, 

Swedish code BBK04 and Swedish concrete manual Material. Some of these methods take 

only a few factors into consideration; however the others are more detailed and treat 

numerous factors. Therefore the predicted shrinkage and creep values by each individual 

model will be compared to each other to show the influence of the inclusion of the detailed 

factors.  

1.3 Limitation 
There are several methods to predict the shrinkage and creep of concrete; in this thesis only 

the five above mentioned methods are involved. Also since it is not possible to consider all 

types of concrete and conditions which will affect the outcome, only one type of concrete 

C30/37 with w/c ratio of 0.55 for industrial floor and w/c ratio of 0.40 for overlay is taken as 

an example in this paper. The example for industrial floor is focused on slabs-on-ground, 

where a slab thickness of 250 mm is chosen, which is the range that is most likely to occur in 

practice. Regarding overlay one design method for bonded overlay has been studied and as for 

the geometry a common thickness for bonded overlay within the range 50-150 mm has been 

chosen.    

1.4 Methodology 
The method contains literature studies which is mostly about shrinkage, creep, industrial floor 

and overlays, reviewing calculation models for shrinkage and creep in Eurocode 2, fib Model 

Code 2010, ACI 209R-92, Swedish code BBK04 and Swedish concrete manual Material, 

example cases for calculation of shrinkage and creep of industrial floor and overlay with the 

mentioned models, report writing and oral presentation.   
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Chapter 2 Literature review 

2.1 Concrete industrial floor 

2.1.1 Introduction 

All form of activity in a building is in need for a sound platform to be able to operate. 

Concrete floor can be seen as the base for most industrial enterprises where manufacturing, 

storage and distribution take place. In these facilities heavy goods are stored on the floor, also 

heavy equipment such as fork-lift trucks to transfer loads are being used, which places even 

greater demand on concrete floors. Industrial concrete floors have to fulfill a number of 

requirements such as sufficient load capacity, chemical resistance, slip resistance, flat surface, 

limited crazing and cracking. [Concrete society technical report, no. 34, 2003]. 

 

 

Figure 2.1 A typical situation where concrete floor has to meet the needs of users by solid, long-term performance.   

[Photo: Industrial floor paints, 2012] 

2.1.2 Concrete floor structure 

Structure of a concrete floor is made up of layers of materials and components as illustrated in 

Figure 2.2.  Depending on soil properties these components are designed differently regarding 

implementation and material. Normally excavation and refilling is performed partially or 

completely. Then a base course is applied which can have both waterproofing and draining 

properties depending on thickness and composition. By adding the slide member of plastic 

wrap directly connected to the ground, the friction against the ground can be reduced.  

[Concrete report no. 13, 2008]. 

However friction is not detrimental at all time. Depending on the context, friction can be 

beneficial, which is the case in RC slabs, where friction contributes to crack control. However 

in the case of plain concrete slab and fibre concrete slab, friction should be avoided.  

Other solutions to reduce friction between the concrete slab and subgrade is e.g. through a 

thin layer of sand, waxed cardboard or fabrics of geotextile. Usually a vapor barrier is also 

placed under concrete slab to prevent moisture migration through the floor. The vapor barrier 

is advantageously placed between or under a layer of cellular plastic to avoid damage during 

construction. [Concrete report no.13, 2008]. 
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Figure 2.2 Structure of concrete floor underground [Concrete report, no.13 2008] 

2.2 Cracking 

Because failure of concrete is the consequence of cracking, it is useful to consider this topic in 

some detail. From a mechanical perspective a crack occurs when the stresses in concrete 

exceeds the tensile strength. The most common cause for crack is shrinkage cracks. When 

concrete shrinks, it desires to contract. If the natural desire is prevented by some form of 

restraint, tensile stress occurs in concrete (Figure 2.3), which exceeds tensile strength, and 

leads to cracking. Since the shrinkage of concrete is relative large and the tensile strength is 

relative small, the risks for cracking is large if the restraint is significant. If the concrete floor 

is cast against foundations, columns, beams or other construction elements, the complete 

restraint and the appearance of crack is almost unavoidable.  Even if rigid fastening is avoided 

the restraint will be reduced, however it will not completely disappear, since the base course 

or the layer on the concrete will provide some resistance against the contraction of concrete as 

well. The extent of this restraint depends on the friction between the floor and the foundation; 

however the extent might depend on other causes such as the distance between joints, the 

thickness of concrete or possibly distributed load on the floor. [Concrete report no 13, 2008]. 

 

Figure 2.3 The principles for restraint and shrinkage stress. (a)Without restraint a concrete construction can move freely, 

the construction length decreases proportionally to shrinkage and the tensile stress is zero. (b) by limited restrain (as for a 

slab on the ground)  concrete can be shortened to some degree, however less than what it endeavors. At the same time 

tensile stress is built up in concrete. (c) By complete restrain concrete element cannot move at all which leads to formation 

of large tensile stress, also the risk for crack is imminent. [Concrete report, no. 13, 2008]. 
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Cracks may compromise the resistance in an otherwise dense floor. This is primary accurate 

for reinforced concrete floor in alternating humid environment or in premises handling 

chemicals, presence of de-icing salt or other aggressive substances. Even surface cracks 

below 0.5 mm can give rise to damage on reinforcement which can split the surface layer of 

the concrete. 

 Cracks can appear because of plastic shrinkage, prevented temperature movement, prevented 

drying shrinkage, mechanical loads, sag of soil or concrete and alkali silica reaction or 

reinforcement corrosion. [Concrete report, no. 13, 2008]. 

2.2.1 Effect of cracks on industrial floor 

Cracks should be avoided in industrial floors since they can become a problem in 

functionality for example heavy machines passing over the cracks, can lead to further 

damages to the surface next to the cracks or  chemicals might gather in cracks which are also 

unwanted. Also from the esthetical point of view, cracks can give an impression of a 

hazardous structure.  

Another problem with cracks is the risk with corrosion of the steel which is embedded in 

concrete. Cracks in concrete could expose the embedded steel to outside environment, 

allowing water to reach the steel, since steel increases in volume when corroding, this will 

lead to further cracks. For these reason it is of importance to limit the appearance of cracks. 

[Concrete society technical report, no. 34, 2003]. 

2.3 Overlays  

Bonded concrete overlays have been used for many years. In 1932, and again in 1956 and 

1964, Portland Cement Association (PCA) engineers prepared reports documenting the 

performance of concrete overlays throughout the United States. These reports cover overlay 

projects dating back to 1909. The very early concrete resurfacings (placed before 1912) 

consisted of 1 to 2 inches of concrete placed directly on the existing pavement. While some of 

these overlays gave very good service, few details of the condition of the existing pavements 

prior to overlay placement is available. [Lundy et al. 1991]. 

Overlays on existing concretes have many purposes Overlay has been used to extend the life 

of a concrete slab, pavement, bridge deck or other structural slab. The additional thickness of 

the bonded overlay can provide a significant increase in stiffness that will reduce the flexural 

stresses. Other reasons for using bonded overlays include: 

1. Increasing the frictional resistance or providing a smooth surface,  

2. Increasing the elevation to match an adjacent slab, 

3. Provide a more durable wearing surface or to repair a damaged slab and 

4. Provide architectural features such as colour or texture. [Bissonnette et al. 2013]. 

2.3.1 Different bond situations 

For the concrete overlay to be effective, the way overlay and substrate are bonded is of 

significant importance.  Overlays are divided into three categories depending on the grade of 
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bonding: I) Fully bonded, where a fine crack distribution leads to lesser risk for edge lifting. 

II) Partly bonded, where there are a couple of coarse cracks and edge lifting might happen in 

areas with less bonding. III) Un- bonded overlay, where there is a separating layer of for 

instance slippery membrane between the overlay and substructure. In this case cracks are 

usually not a problem if all forces from the adjacent structure are eliminated, however edge 

lifting often causes problem.  

 

Figure 2.4  I) Fully bonded overlay   II) Partially bonded overlay   III) Un- bonded overlay[Concrete report, no 13 2008] 

2.3.2 Factors influencing the bond between overlay and substrate 

The adhesion between concrete overlay and concrete sub- base is influenced by several 

factors.  The following parameters have been identified based on research, tests and follow 

ups as the most important ones: 

 Cleanliness of substrate 

 Absence of micro-cracks 

 Absence of laitance 

 Overlay curing 

 Overlay vibration and compacting 

[Concrete report no. 13, 2008]. 

2.3.3 Overlay shrinkage 

Shrinkage in the newly cast overlay causes normal tensile stresses to develop as the 

contracting movement to some extent is restrained by the substrate. If the stresses reach the 

strength of the overlay material cracks will start to propagate through the overlay, see Figure 

2.5.  The restrained shrinkage also induces a stress field near free edges that tends to lift the 

edge vertically, so called curling or edge lifting as shown in the figure. [Carlswärd, 2006]. 

 

Figure 2.5 Cracking and edge lifting of a bonded overlay exposed to shrinkage [Carlswärd, 2006]. 
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By minimizing the shrinkage, the risk for occurrence of cracks is reduced. To minimize the 

shrinkage, the concrete`s composition might be optimized by keeping a low w/c ratio and low 

cement paste volume. This can be reached by maximizing the amount of coarse aggregate; 

however this might be difficult for thin layers for reasons like workability and production. 

Instead shrinkage reducing admixtures can be used. [Concrete report, no 13, 2008]. 

2.4 Shrinkage  
Shrinkage is the dimensional variation in time generated by different driving mechanisms, 

mainly chemical reactions during hydration, variation of water content in the cement paste, 

but also temperature variation. These variations can be due to the hydration reaction, or due to 

climatic or manufacturing (removing formwork, thermal treatment) factors. [Torrenti, 2013]. 

 
 Different type of shrinkage 

2.4.1 Plastic shrinkage 

Chronologically, plastic shrinkage occurs first and develops in concretes that lose water when 

in the plastic state. In general, this water loss takes place through evaporation, but can also 

result from the adsorption by an adjacent concrete or by dry ground. Plastic shrinkage 

develops before and during the concrete’s setting process. [Torrenti, 2013]. 

 

When water is removed from concrete paste while still in the plastic state, a series of menisci 

are formed which generate negative capillary pressures that cause volume contraction of the 

paste. These pressures will continue to rise until enough pressure is reached that the water will 

begin to rearrange within the paste such that it pools and forms voids. This process can be 

attributed to the loss of water from the surface or subgrade of concrete. Often, the surface of 

the concrete will begin to dry and attain some initial rigidity before any other portion of the 

concrete structure and will no longer undergo plastic flow. This proves to be problematic, 

because it leads to the formation of plastic shrinkage cracking, which typically act as 

pathways for moisture to exit the concrete system. Figure 2.6 demonstrates the mechanisms 

driving the formation of plastic shrinkage cracks. [Clark, 2009]. 

 

 
Figure 2.6 Plastic shrinkage crack formation (Soroushian and Ravanabakhsh, 1998) 

 

Plastic shrinkage cracking, which occurs during the first several hours after casting of the 

concrete, is of considerable economic significance in the concrete construction industry. 

Plastic shrinkage cracking can effectively be prevented by keeping down the rate of 

evaporation of water from the surface of concrete: It should be remembered that evaporation 

is increased when the temperature of the concrete is much higher than the ambient 

temperature; under such circumstances, plastic shrinkage can occur even if the relative 

humidity of the air is high. It is, therefore, best to protect the concrete from sun and wind, to 
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place and finish fast, and to start curing very soon thereafter. Placing concrete on a dry 

subgrade should be avoided. [Dao et al., 2010; Lerch, 1957]. 

2.4.2 Drying shrinkage 

Drying shrinkage is the response to relative humidity change in the concrete. The volume 

reduces due to the moisture loss after concrete has set. Effectively, this is the drying of the 

moisture found in the pores on the surface of the exposed concrete. Clearly, this means that 

concrete dimensions can play a large role in the degree of drying shrinkage that occurs; more 

exposed surface area will lead to a greater amount of shrinkage. [Clarke, 2009]. 

In cement-based materials, drying shrinkage of the hardened cement paste matrix leads to 

stresses and can lead to cracking if the shrinkage is restrained.  

 

Figure 2.7 Drying shrinkage cracking (R. Loser, 2008) 

2.4.2.1 Factors affecting drying shrinkage 

Some factors affecting drying shrinkage, which can be used as bases for methods to reduce 

drying shrinkage, are:  

 Quantity of aggregate: The most important factor in affecting the potential shrinkage 

of concrete is the total volume of aggregate in a mixture, as the aggregate does not 

shrink but restrains shrinkage of the cement paste. [ACI Committee 209 Report, 

2005]. 

 Size and grading of aggregate: In general, an increase in the maximum aggregate 

size, and concurrent decrease in paste content, will decrease drying shrinkage. [ACI 

Committee 209 Report, 2005]. 

 Water content, cement content, and slump: Increasing the total water content will 

increase shrinkage because the additional water or cement will decrease the aggregate 

content in a mixture. Increasing the slump of concrete by adding water will tend to 

increase drying shrinkage. Increased slump is typically obtained through increasing 

the w/c or total paste content of the concrete. These actions will both result in the 

decrease of aggregate volume within a concrete. Increase of cement content would 

typically result in an increase of shrinkage. 

 [ACI Committee 209 Report, 2005]. 

 Elastic properties of aggregate: The modulus of elasticity of the aggregate helps 

determine the degree of restraint it will provide against shrinkage (Neville 1996). 

Aggregates with high absorption, and thus high porosity, are usually associated with a 

low modulus of elasticity (Carlson 1938), which will result in less restraint against 
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shrinkage in concrete. [West, 2010]. As generally recognized the larger elastic 

modulus of aggregates, the smaller drying shrinkage of concrete. [Hyodo, 2013]. 

 Air content: When the total air content of the concrete is less than 8%, there is 

generally no effect on the magnitude of drying shrinkage (Davis and Troxell 1954). 

[ACI Committee 209 Report, 2005]. 

 Cement characteristics: The chemistry of the cement plays a significant role in the 

shrinkage of cement paste and concrete. Roper (1974) conducted extensive work on 

the effects of various cement compositions on the shrinkage of mortar specimens. He 

found that cements with low quantities of sulfate may exhibit increased shrinkage. The 

shrinkage of concrete made with high alumina content occurs more rapidly. Finely 

ground cements, as typically found in ASTM C 150 Type III cements, result in greater 

shrinkage than coarser ground cements. [ACI Committee 209 Report, 2005]. 

 Admixtures: Both chemical admixtures and supplementary cementitious materials 

affect measured drying shrinkage. The effect of admixtures on drying shrinkage is 

discussed by Brooks (1989, 1999) where extensive discussions are made relating to 

other changes that are commonly made when using these admixtures such as changes 

in cement content or water use. Compared with concrete having the same mixture 

proportions, the effect of various ingredients on the shrinkage of concrete determined 

by Brooks is shown as follows: 

 

Ingredient Shrinkage 

Water-reducing and high-range 

water-reducing admixtures 

May increase by 20% at the same water 

content depending on composition 

Ground slag May increase shrinkage with increase in 

replacement 

Fly ash No change 

Silica fume (less than 7.5% 

replacement) 

Decrease 

 

 Relative humidity: Shrinkage is primarily affected by the relative humidity of the air 

surrounding the concrete. Unrestrained concrete stored in water will tend to swell. 

[ACI Committee 209 Report, 2005]. 

The environmental conditions will define the severity of the drying process, being 

more detrimental when there is a combination of dry conditions (low RH), elevated 

temperatures and a high wind velocity. A low ambient RH will produce strong 

gradients near the drying surface, thus increasing the drying rate. [Idiart, 2009]. 

 Temperature:  Drying shrinkage is very sensitive to elevated temperature at early 

stages of drying, which can be much greater than drying shrinkage at normal 

temperature. However, sensitivity reduces with age. [Brooks, 2015]. 

 Period of curing: Extended periods of moist curing will usually reduce the amount of 

drying shrinkage occurring in a concrete mixture by 10 to 20%. This effect varies for 

concrete with different w/c. [ACI Committee 209 Report, 2005]. However, the effect 

of the length of the curing period as a factor to decrease overall shrinkage of concrete 

has been debatable. Some authors feel that prolonged moist curing delays the advent 

of shrinkage but ultimately has little effect on the magnitude of shrinkage (Neville 

1996). Powers (1959) theorized that prolonged moist curing in cement paste should 
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theoretically increase drying shrinkage because more of the cement particles are 

allowed to hydrate, thus decreasing the portion of the cement particles that have a 

restraining effect against shrinkage. Powers stated that prolonged curing also increases 

the strength and modulus of elasticity and reduces the rate of creep, thus making the 

concrete more susceptible to cracking around aggregate particles when restrained. This 

internal cracking, however, could relieve stress around particles and overall shrinkage 

might be diminished. He concluded that the length of curing ultimately has little effect 

on shrinkage. Carlson (1938) stated that the effect of prolonged curing could have two 

contradictory effects, and whichever was dominate would determine if the prolonged 

curing would increase or decrease shrinkage. The first effect is that prolonged moist 

curing would harden the cement paste and thus improve its restraining effect against 

shrinkage. The second effect is that prolonged moist curing would produce more 

hydrated cement and this gelatinous material is the portion of the paste that shrinks, 

thus producing more shrinkage.[West, 2010] 

 Heat and steam curing: Heat and steam curing can significantly reduce drying 

shrinkage of concrete by as much as 30% (Klieger, 1960). 

 [ACI Committee 209 Report, 2005]. 

2.4.3 Autogenous shrinkage 

According to Tazawa, autogenous shrinkage is a consequence of chemical shrinkage, which 

arises from the reduction in absolute volumes of the solid and liquid phases of the products of 

hydration compared with absolute volumes of original unhydrated cement and combined 

water. Since the volume reduction is restrained by a rigid skeleton of hydrating cement paste, 

a residual space within the gross volume of the paste is created in the form of voids. When 

there is no external water supply, the net effect of restrained chemical shrinkage of hydrating 

cement paste is an apparent volume reduction, which is termed autogenous volume change or 

autogenous shrinkage. [Brooks, 2015]. 

Figure 2.8 is a representation of the volume contractions of the constituents of cement paste at 

mixing, at initial set, and after significant hydration. At the time of initial set, the hydrated 

cement (solid products plus gel water) forms only a small proportion of the total volume, the 

rest being water-filled capillaries and unhydrated cement. The volume contraction at this stage 

is due to chemical shrinkage. It is from this stage onward that a rigid skeleton microstructure 

is formed that restrains contraction due to continuing chemical shrinkage, leading to the 

formation of voids. As hydration proceeds, the volume of solid products and gel water 

increases at the expense of unhydrated cement and capillary water. In a sealed system, 

capillary pores can be empty or full of water depending on the original mix water/binder ratio 

(water/cementitious materials ratio). In totality, therefore, the hydrated cement paste can be 

described as a rigid skeleton of solid products of hydration and gel water pores, encompassing 

voids, water-filled and empty capillaries, and unhydrated cement. In the presence of coarse 

and fine aggregate, chemical shrinkage is further restrained so that autogenous shrinkage of 

concrete is less than that of hardened cement paste. [Brooks, 2015]. 
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Figure 2.8 Diagrammatic representation of autogenous and chemical shrinkage of hydrating cement paste. 

[Brooks, 2015]. 

 

Traditionally, autogenous shrinkage has been neglected from consideration in measurements 

of total shrinkage. This is because at normal range water-to-cement ratios, the magnitude of 

autogenous shrinkage is very small in comparison to drying shrinkage measurements. 

However, with the advent of high-performance concrete (HPC), which has low water-to-

cement ratios, autogenous shrinkage strains are as or more significant than drying shrinkage 

strains (Aiticin 1999). It has been shown that water-to-cement ratios below 0.33 typically will 

produce significant amounts of autogenous shrinkage strains. [Clarke, 2009]. 

 

Since autogenous shrinkage is caused by self-desiccation, autogenous shrinkage increases 

with increase in the amount of finer pore gels and with decrease in water cement ratio when 

the amount of water is decreased to make a low water cement ratio, the water in pores are 

quickly consumed by hydration reaction. Therefore it is not an effective way to reduce 

autogenous shrinkage to prevent water diffusion into the outer environment. In order to 

reduce autogenous shrinkage it is necessary to reduce the fine micro-pores or to reduce the 

surface tension of water in the pores of hardened samples. The addition of drying shrinkage 

reducing agent can reduce the surface tension of capillary pores water and hence can reduce 

autogenous shrinkage without changing the other properties of hardened concrete. The 

combination of expansive additive and drying shrinkage reducing agent could be highly 

effective to reduce autogenous shrinkage. It is confirmed that powder treated by water 

repellent and fiber of high elastics modulus are also effective to reduce the autogenous 

shrinkage. [Tazawa, 1999]. 
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2.4.3.1 Factors influencing autogenous shrinkage 

Autogenous shrinkage of cement is influenced by mineral compositions of cement and their 

hydration ratio. Autogenous shrinkage of concrete occurs even with expansive additives; 

however the final shrinkage of concrete is remarkably reduced compared with that of concrete 

without additives. [Tazawa, 1999].  

Autogenous shrinkage is influenced by mix proportions, it increases with a decrease in water 

to cement ratio or with an increase in the amount of cement paste. This means that autogenous 

shrinkage is increased with unit content of binder increases or when the volume concentration 

of aggregate decreases. Probably the influence of air content on autogenous shrinkage is the 

same as that of the volume of cement paste, but the detailed effects of air content on 

autogenous shrinkage has not been made clear. It is reported that autogenous shrinkage is 

nearly constant under an air content from 0.1 to 0.3.  The relationship between autogenous 

shrinkage and unit content of powder or replacement ratio of admixture is influenced largely 

by types and combinations of powder or binder.  [Tazawa, 1999]. 

Curing conditions influence autogenous shrinkage such that initial shrinkage becomes higher, 

latter shrinkage becomes lower at high temperature. The influence of curing temperature on 

autogenous shrinkage of concrete can be estimated by maturity of curing conditions. And the 

effect of manufacturing process or compaction etc. on autogenous shrinkage is hardly studied. 

[Tazawa, 1999]. 

 

Figure. 2.9 Reducing methods of autogenous shrinkage [Tazawa, 1999]. 

2.4.4 Carbonation shrinkage 

Another form of shrinkage is carbonation shrinkage.  Carbonation means the reaction of CO2 

with the hydrated cement. The gas CO2 is presented in the atmosphere. In the presence of the 

moisture, CO2 forms carbonic acid, which reacts with Ca(OH)2  to form CaCO3; other 

concrete compounds are also decomposed. Carbonation proceeds from the surface of the 
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concrete inwards but does extremely slowly. The actual rate of carbonation depends on the 

permeability of the concrete, its moisture content, on the CO2 content and relative humidity of 

the ambient medium. Since the permeability of the concrete is governed by the water/cement 

ratio and the effectiveness of the curing, concrete with a high water/cement ratio and 

inadequately cured will be more prone to carbonation i.e. there will be a greater depth of 

carbonation. [Neville & Brooks, 2010]. 

 Carbonation of concrete results in a slightly increased strength and a reduced permeability, 

possibly because water which is released by the decomposition of the Ca(OH)2 on 

carbonation, helps the process of hydration and CaCO3 is deposited in the voids within the 

cement paste. Furthermore more essentially, carbonation neutralizes the alkaline nature of the 

hydrated cement paste and therefore the protection of the steel from corrosion is vitiated. If 

the full depth of cover to reinforcement is carbonated and moisture and oxygen can be 

accessed, it could result in corrosion of steel and possibly cracking. [Neville & Brooks, 2010]. 

The carbonation increases shrinkage at intermediate humidities, while its amount is negligible 

at relative humidity below 25 percent or above 100 percent. In the case of 25 percent, there is 

insufficient water in the pores within the cement paste for CO2 to form carbonic acid. On the 

other hand when the pores are full of water the diffusion of CO2 into the paste is very slow. A 

practical consequence of this is that carbonation is greater in concrete protected from direct 

rain, but exposed to moist rain, than in concrete periodically washed down by rain. 

[Neville &Brooks, 2010]. 

2.5 Creep of concrete 

Creep is the increase in strain with time due to sustained load. Initial deformation due to the 

load is the elastic strain, while the additional strain or time-dependent deformation due to the 

same sustained load is the creep strain. [Nawy, 2008]. 

 Creep is classified into basic creep and drying creep. Basic creep occurs under conditions 

without moisture movement between the specimen and the environment. It represents the 

creep at constant moisture content with no moisture movement through the material, and is 

consequently independent of the specimen size and shape. To determine basic creep, it is 

necessary to measure the deformations of a set of sealed specimens under constant load and to 

determine the total strain; and, if autogenous shrinkage cannot be neglected, deformations of 

companion sealed, load-free specimens should be measured. It has not been determined 

whether basic creep approaches a final value, even after 30 years of measurement of sealed 

specimens. [ACI Committee 209 Report, 2005]. 

 

Drying creep is the additional creep due to the moisture movement between the specimen and 

the environment. As it is caused by the drying process, drying creep depends on the size and 

shape of the specimen and maybe expected to show a limiting value at long term. 

 [ACI Committee 209 Report, 2005]. 

 

 

 

 Figure 2.10 shows the relation of deformation of concrete after loading application with time. 
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Fig. 2.10 relationship of deformation after loading application versus time 

 

The early cracking of concrete is strongly affected by the creep behaviour of concrete.  

2.5.1 Factors affecting the creep of concrete 

Creep of concrete is influenced by several factors. Some of these factors are described below:  

 Quantity of aggregate: An increase in aggregate volume can decrease creep. Figure 

2.11 shows relationship between basic creep and aggregate content (Gvozdev, 1966) 

 

 
Fig. 2.11 Relationship between basic creep and aggregate content, where g is the aggregate content 

(Gvozdev,1966) 

 Size and grading of aggregate: It was previously believed that the grading, size, and 

shape of the aggregate were factors affecting basic and drying creep, however, it is 

now believed that their effects are primarily related to changes in the overall aggregate 

volume. Aggregate size affects the bond between the paste and the aggregate, and also 

affects stress concentrations and micro cracking. [ACI Committee 209 Report, 2005]. 

 Properties of aggregate: The elastic properties of the aggregate significantly influence 

basic and drying creep. Dimensional changes in the cement paste can deform softer 

aggregates easier than stiffer aggregates. For this reason concrete with low elastic 

modulus aggregates tends to have higher creep; however, this is not always the case. 

Aggregates with higher porosity also tend to have higher creep than materials with 

lower porosity. [ACI Committee 209 Report, 2005]. 
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 Lightweight aggregate: Lightweight aggregate concrete tends to have a greater basic 

and drying creep than concrete made with normal weight aggregate. This is primarily 

due to the lower modulus of elasticity of these aggregates. [ACI Committee 209 

Report, 2005]. 

 Water content, cement content, and slump: Generally, for the same cement content, 

concrete with high water content will have greater basic and drying creep than those 

with low water content. Direct comparison of concrete containing different cement 

contents is difficult, because creep is largely dependent on the applied stress level 

relative to the concrete strength at the time of loading. Increasing either the water 

alone or the water and cement content of a mixture will increase the slump. Therefore, 

it is difficult to determine whether an increase in slump will increase or decrease the 

creep of a concrete. For this reason, slump alone is not an indicator of creep. Typically 

creep increases with an increase of water to cementitious (w/c) ratio (Neville A.M., 

1970). [ACI Committee 209 Report, 2005]. 

 Air content: Increasing the air content will increase basic and drying creep; however, 

quantification of the effects are complicated by the effect of air content on strength 

and elastic properties of the resulting concrete. [ACI Committee 209 Report, 2005]. 

 

 Admixtures: The effect of mineral and supplementary cementitious materials is 

complex; however, Brooks(1989) developed Table 2.2 

 

 

Ingredient 

Creep at constant stress-strength ratio 

Basic Total
* 

Water-reducing and high-range 

water-reducing admixtures 

Increase by 20% at 

same w/c 

Increase by 20% at same 

w/c 

Ground slag Decrease with increase 

of replacement 

No change 

Fly ash Decrease with increase 

of replacement 

Decrease for replacement 

levels greater than 10% 

Silica fume (less than 7.5% 

replacement) 

Increase Increase 

 
Table 2.2 

*
 Total creep= basic creep + drying creep 

 

 Relative humidity: One of the most external factors influencing creep is the relative 

humidity of the air surrounding the concrete. Generally for a given concrete creep is 

higher the lower relative humidity is. (Neville A. M., 2010).  

In the study by Troxell (1958), 4 by 14 in cylindrical specimens were prepared and 

after 28-day moist-curing loaded at relative humidity of 50%, 70% and 100%. It was 

observed that the creep of concrete specimens at 50% relative humidity was 2 to 3 

times higher than that of concretes at a relative humidity of 100% after 25 years. 

Concrete at 70% relative humidity had the moderate creep. Concrete at 50% relative 

humidity had the highest rate of creep during the first 2 years, and the rate of creep 

decreased with an increase in relative humidity. However, after 2 years, concretes with 

three levels of relative humidity had comparable rate of creep. The effect of relative 

humidity on creep is shown in Fig. 2.12. [ACI Committee 209 Report, 2005]. 
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Fig. 2.12 Effect of relative humidity on creep (Troxell, Raphael, and Davis 1958). 

 

 Temperature: The effect of temperature on basic and drying creep of concrete should 

be examined based on two general categories: first for those structures designed to 

continually operate at elevated temperatures, and second for the prediction and 

analysis of structures accidentally exposed to transient high temperatures. Generally 

the higher temperature results in higher creep during the certain temperature range 

(Neville, 1970). Nasser and Neville (1965) took another study to investigate the 

influence of temperature on creep of concrete and found that the rate of creep 

increases up to approximately 70 °C for a concrete with a w/c of 0.6, and is 

approximately 3.5 times higher than at 23 °C.  Figure 2.13 shows the relationship 

between creep and time under load for concretes stored at various temperatures. 

(Arthananari & Yu 1967).   [ACI Committee 209 Report, 2005]. 

 

Fig. 2.13 Influence of temperature on the specific creep of concrete under biaxial compression 

(Arthananari & Yu 1967). 

Creep plays an important role in the response of loaded structures to the effects of high 

temperature from fire. Cruz (1968) investigated the elastic and inelastic properties of 

concrete exposed to high temperature for 5 h. Concrete exposed to temperatures 
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representative of those developed in building fires experience considerable increase in 

elastic and inelastic deformations. [ACI Committee 209 Rapport, 2005]. 

 Load: Basic and drying creep are generally assumed to be linearly related to the 

applied load for stresses up to 0.4 fc′ (compressive strength of concrete); however, 

Freudenthal and Roff (1958) suggested that basic and drying creep values are linearly 

related to the applied load for stresses ranging from 0.3  fc′ to 0.6 fc′, dependent on the 

particular concrete. [ACI Committee 209 Report, 2005]. 

The creep coefficient provided by Eurocode 2 assumes that the concrete is not 

subjected to a compressive stress greater than 0.45 fck (t0) at an age t0, the age of 

concrete at the time of loading when great accuracy is not needed.  

 Curing: Curing is a procedure used to promote the hydration of cement, and thus, the 

development of the strength of concrete, the curing procedure being controlled of the 

temperature and moisture movement from and into the concrete. The influence of 

curing conditions on strength is lower in the case of air- entrained concrete than non-

air-entrained concrete. Curing condition has a great effect on creep of concrete. Creep 

is smaller when concrete is cured at a high temperature because strength is higher than 

when concrete is cured at normal temperature before heating and loading. [Neville & 

Brooks, 2010]. 

 Low-pressure steam curing is frequently used for the construction of pre stressed 

concrete with the consideration of efficiency and economy. Generally low-pressure 

steam curing results in lower creep of concrete than moist curing, which is due to the 

accelerated hydration of cement causing higher strength of concrete at the age of 

loading.  

Heat or steam curing significantly reduces the basic and drying creep of concrete as 

this type of curing increases the strength of the concrete at early ages. This reduction 

may be as much as 30%. [ACI Committee 209 Report, 2005]. 

The period of time that concrete should be protected from freezing, abnormally high 

temperatures and against loss of moisture depends upon a number of factors; the type 

of cementing materials used, mixture properties, required strength, size and shape of 

the concrete member, ambient weather and future exposure conditions. The curing 

period may be 3 weeks or longer for lean concrete mixture used in massive structures 

such as dams. For concrete slabs on ground such as floors, pavements, driveways and 

for structural concrete such as slabs, beams and bridge decks, the length of the curing 

of the curing period for ambient temperature above 5°C should be a minimum of 7 

days.  Additional time may be needed to attain 70 % of the specified compressive or 

flexural strength. [Wilson & Kosmatka, 2011]. 

 Size and shape: Basic creep (creep without drying) is not affected by member size; 

however, the rate of creep with drying is significantly affected by the thickness of a 

concrete member. Thicker concrete members have a lower rate of creep than thin 

concrete members. This is due to the slower rate of drying of the larger members. The 

rate of creep is generally considered to be inversely proportional to the thickness of 

the member squared, and the rate decreases with increasing volume-surface area ratio.  

[ACI Committee 209 Report, 2005]. 
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 Loading age: The age at loading significantly affects the amount of basic and drying 

creep, with concrete loaded at later ages having lower creep. [ACI Committee 209 

Report, 2005]. 

Results from L’Hermite (1959) are shown in Figure 2.14.  

 

 
Fig 2.14 Effect of loading age on creep relative to creep at loading of 7 days (L’Hermite 1959). 
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Chapter 3 Prediction of creep and shrinkage of concrete 
Various models for prediction of creep have been developed. In this study predictions based 

on Eurocode 2, fib Model Code 2010, ACI 209R-92, Swedish code BBK04 and Swedish 

manual for concrete Material, are considered.  

3.1 Prediction of Creep 

3.1.1 Eurocode 2 

 Creep is usually considered in the design by modifying the elastic modulus using a creep 

coefficient, φ, which depends on the age at loading, size of the member and ambient 

conditions, in particular relative humidity. Eurocode 2 gives advice on the calculation of creep 

coefficients in detail and also on appropriate relative humidity to use.  

Creep function 

Creep is calculated by using a creep coefficient ϕ(t,t0), which is related to tangent stiffness 

modulus Ec of the concrete and may be taken as 1,05 Ecm.  

Also the value found from Figure 3.1 in Eurocode 2 may be considered as the creep 

coefficient, provided that the concrete is not subjected to a compressive stress greater than 

0,45 fck (t0)  at an age t0, the age of concrete at the time of loading, when great accuracy is not 

needed.  

The creep deformation of concrete, εcc (∞,t0), at an age t= ∞, under a constant  compressive 

stress σc , implied at an age of t0, is obtained from: 

εcc (∞,t0) = ϕ(∞,t0). (σc/ Ec)                                                                                               (Eq 3-1) 

When the compressive stress of the concrete at an age of t0 exceeds the value 0,45 fck(t0), the 

creep`s  non- linearity should be considered.  Such a high stress can occur as a result of pre-

tensioning e.g. in precast concrete members at tendon level. In such cases the nominal non- 

linear creep coefficient should be obtained as following: 

 ϕnl(∞,t0 ) = ϕ(∞,t0 ) exp (1,5(kσ – 0,45))                                                                          (Eq 3-2) 

where   

ϕnl(∞,t0 )  is the nominal non-linear  creep coefficient  which replaces  ϕ(∞,t0 ) 

kσ             is the stress-strength ratio σc/ fck(t0) where σc is the compressive stress and fck(t0) is               

the mean concrete compressive strength at the time of loading. 

 



20 
 

 

   Figure 3.1 Method for determining the creep coefficient for concrete under normal environmental conditions 

The values given in Figure 3.1 are valid for ambient temperatures between −40°C and +40°C 

and a mean relative humidity between RH = 40% and RH = 100%. The following symbols are 

used:  

φ(∞,t0) is the final creep coefficient 

t0 is the age of the concrete at time of loading in days 

h0 is the notional size = 2Ac/u, where Ac is the concrete cross-sectional area and u is the 

perimeter of that part which is exposed to drying 

S is Class S (slow hardening cement) (cement of strength Classes CEM 32,5 N) 

N is Class N (Normal hardening cement) (cement of strength Classes CEM 32,5 R, 

CEM 42,5 N) 
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R is Class R (Rapid hardening cement) (cement of strength Classes CEM 42,5 R, CEM 

52,5 N and CEM 52,5 R) 

Creep function according to Euro code 2 is presented as following: 

ANNEX B 

Annex B is informative according to Eurocode 2 and introducing concrete creep using basic 

equations. The equations are shown below: 
 

Creep and shrinkage strain 

The creep coefficient after time t for a load applied at time t0 is: 

φ(t,t0) = φ0 . βc(t,t0)                                                                                                      (Eq 3-3) 

         ϕ0    is the notional creep coefficient and may be estimated from: 

φ0 = φRH · β(fcm) · β(t0)                                                                                          (Eq 3-4)   

φRH  is a factor which takes the relative humidity into consideration 

φRH= 1+ 
1−𝑅𝐻/100

0,1. √ℎ0
3       for  fcm ≤ 35 MPa                                                                  (Eq 3-5) 

φRH= [1 +
1−𝑅𝐻/100

0,1. √ℎ0
3 . 𝛼1].𝛼2          for fcm >35 MPa                                                                          (Eq 3-6) 

Where: 

RH  is the relative humidity of the ambient environment in % 

β(fcm)  is a factor to allow for the effect of concrete strength on the notional creep 

coefficient: 

β(fcm)  = 
16,8

√𝑓𝑐𝑚
                                                                                                         (Eq 3-7) 

Where: 

fcm is the mean compressive strength of concrete in MPa at the age of 28 days 

β(t0)  is a factor to allow for the effect of concrete age at loading on the notional creep 

coefficient: 

β(t0) = 
1

(0,1+𝑡0
0,20)

                                                                                                   (Eq 3-8) 

 

     

h0 is the notional size of the member in mm where: 
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h0= 
2𝐴𝑐

𝑢
                                                                                                                                                                                               (Eq 3-9) 

Ac      is the cross-sectional area 

u    is the perimeter of the member in contact with the atmosphere 

 

βc(t,t0) is a coefficient to describe the development of creep with time after loading, and may 

be estimated using the following Expression: 

 

βc(t,t0) = [
(𝑡−𝑡0)

(𝛽𝐻+𝑡−𝑡0)
]

0,3

                                                                                                   (Eq 3-10) 

t       is the age of concrete in days at the moment considered 

t0        is the age of concrete at loading in days 

t-t0   is the non-adjusted duration of loading in days 

βH      is a coefficient depending on the relative humidity (RH in %) and the notional member     

size (h0 in mm). It may be estimated from: 

βH = 1,5[1 + (0,012 RH)
18

] h0 + 250 ≤ 1500 for fcm ≤ 35                                             (Eq 3-11) 

 

βH = 1,5[1 + (0,012 RH)
18

] h0 + 250 α3 ≤ 1500 α3 for fcm ≥ 35                                    (Eq 3-12) 
 

α1/2/3  are coefficients to consider the influence of the concrete strength: 

 

α1= [
35

𝑓𝑐𝑚
]

0,7

       α2= [
35

𝑓𝑐𝑚
]

0,2

         α3= [
35

𝑓𝑐𝑚
]

0,5

                                                                                                          (Eq 3-13) 

 

 

The effect of type of cement on the creep coefficient of concrete may be taken into account by 

modifying the age of loading t0 in Eq (2.10) according to the following expression: 

 

t0 = t0,T. (
9

2+𝑡0,𝑇1,2
+ 1)

𝛼

≥ 0,5                                                                                         (Eq 3-14) 

Where: 

t0,T  is the temperature adjusted age of concrete at loading in days adjusted according to        

Eq (3-14) 

α             is a power which depends on type of cement 

              = -1 for cement Class S 

              = 0 for cement Class N 

              = 1 for cement Class R 
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The effect of elevated or reduced temperatures within the range 0 – 80°C on the maturity of 

concrete may be taken into account by adjusting the concrete age according to the following 

equation:  

tT=  ∑ 𝑒−(4000/[273+𝑇(∆𝑡𝑖)]−13,65𝑛
𝑖=1 . ∆𝑡𝑖                                                                         (Eq 3-15) 

Where: 

tT           is the temperature adjusted concrete age which replaces t in the corresponding   

equations 

T(Δti) is the temperature in °C during the time period Δti 

Δti        is the number of days where a temperature T prevails 

The mean coefficient of variation of the above predicted creep data, deduced from a 

computerised data bank of laboratory test results, is of the order of 20%. 

The values of φ (t,t0) given above should be associated with the tangent modulus Ec. When a 

less accurate estimate is considered satisfactory, the values given in Figure 3.1 of 3.1.4 in 

Eurocode 2 may be adopted for creep of concrete at 70 years. 

Eurocode 2 also suggests the following equations for compressive strength fck(t), for the time          

3 < t < 28 days and t ≥ 28 days, where fcm(t) is the mean compressive strength in MPa at the 

age of t , βcc(t) is the coefficient which depends on the age of the concrete and  s is a factor to 

consider the type of cement used. A value of 0,20 can be adopted in case of rapidly hardening 

high strength cement, 0,25 for normal or rapidly hardening cement and 0,38 for 

slowly hardening cement. 

 

fck(t) = fcm(t)-8 (MPa)               for   3 < t < 28 days                                                      (Eq 3-16) 

 

fck(t) = fck                                  for  t ≥ 28 days                                                              (Eq 3-17) 

 

fcm(t) = βcc(t) ∙ fcm                                                                                                                                                               (Eq 3-18) 

 

βcc(t)= 𝑒𝑠∙(1−(
28

𝑡
)

0.5
)
                                                                                                        (Eq 3-19) 

 

3.1.2  fib Model code 2010 

The creep coefficient may be calculated from: 

 

φ (t,t0 ) =φ0,bc (t,t0 ).βbc (t,t0) +φ0,dc.βdc (t,t0 )                                                                   (Eq 3-20) 

 

where: 

 

φ0,bc (t,t0) is the basic creep coefficient according to (Eq 3-17); 
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φ0,dc (t,t0)  is the drying creep coefficient according to  (Eq 3-24); 

 

βbc(t,t0)   is the coefficient to describe the development of basic creep with time after loading 

 

βdc(t,t0) is the coefficient to describe the development  of drying creep with time after loading 

        

t                      is the age of concrete in days at the moment considered; 

 

t0                               is the age of concrete at loading in days  

 

The basic creep coefficient φ0,bc (t,t0 ) may be estimated from: 

 

φ0,bc (t,t0 ) = βbc ( fcm )∙ βbc (t0 )                                                                                       (Eq 3-21) 

Where:   
 

 βbc ( fcm ) = 
34,2

(𝑓𝑐𝑚)0,7                                                                                                        (Eq 3-22)    

 βbc (t0 ) = 
1

0,1+(𝑡0)0.2                                                                                                        (Eq 3-23)    

Where : 

fcm           is the mean compressive strength at an age of 28 days in MPa  

 

fcm = fck +Δf 

 

Where: 

fck : is the specific characteristic compressive strength in MPa, shown in Table 5.1.3 in fib 

Model Code 2010. 

 

Δf = 8 MPa 

 

The development of basic creep with time is described by: 

 

βbc (t,t0) = [
(𝑡−𝑡0)

𝐴+(𝑡−𝑡0)
]

𝛾(𝑡0)

                                                                                                (Eq 3-24) 

 

Where: 

 

A= 
750

α∙𝑓𝑐𝑚
                                                                                                                          (Eq 3-25) 

 

γt0 = 
1

2,3+3,5/√𝑡0
                                                                                                                (Eq 3-26) 

 

𝛼𝑓𝑐𝑚= [
3

𝑓𝑐𝑚
]

0,5

                                                                                                                (Eq 3-27) 

 

 

The drying creep coefficient φdc (t,t0 ) may be estimated from: 
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φ0,dc =  β (RH). βdc (fcm). βdc (t0 )                                                                                    (Eq 3-28) 

Where: 

 βdc (fcm) = 
412

(𝑓𝑐𝑚)1,4
                                                                                                              (Eq 3-29) 

 β(RH) = 
1−𝑅𝐻

100

√0,1. ℎ
100

3
                                                                                                               (Eq 3-30) 

βdc (t0) = βbc(t0)                                                                                                                (Eq 3-27) 

Where: 

RH  the relative humidity of the ambient environment in [%] 

h   notional size of  member in [mm] 

h= 2Ac/u, where Ac is the cross section in [mm
2
] and u is the perimeter of the member in 

contact with the atmosphere in [mm] 

The development of drying creep with time is described by: 

βdc (t,t0) = [
(𝑡−𝑡0)

𝛽𝐻+(𝑡−𝑡0)
]

𝛾(𝑡0)

                                                                                              (Eq 3-28) 

Where: 

βH  = 1,5 h+ 250αfcm  ≤  1500 αfcm                                                                                   (Eq 3-29) 

 

𝛼𝑓𝑐𝑚  according to Eq (3-23) 

 

Table 3.1Characteristic strength values of normal weight concrete [MPa] 

Concrete 

grade 

C12 C16 C20 C25 C30 C35 C40 C45 C50 

fck 12 16 20 25 30 35 40 45 50 

fck,cube 15 20 25 30 37 45 50 55 60 

 

Concrete 

grade 

C55 C60 C70 C80 C90 C100 C110 C120 

fck 55 60 70 80 90 100 110 120 

fck,cube 67 75 85 95 105 115 130 140 
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3.1.3 ACI-209R-92 

A recommended creep equation for standard conditions according to ACI-209-92 is: 

νt = 
𝑡0,60

10+𝑡0,60
 νu                                                                                                                   (Eq 3.30) 

This creep coefficient equation is applicable for a loading age of 7 days, for moist cured 

concrete and for 1-3 days steam cured concrete. 

Where:  

t      is days after loading  

νt     is the creep coefficient t days after loading 

νu      is the ultimate creep coefficient, and the value suggested is νu = 2,35 γc 

γc    is the correction factors other than standard concrete composition, which is defined as: 

γc= γla∙ γλ∙γνs∙ γs∙γψ∙ γα                                                                                                     (Eq 3-31) 

In which  

γla   is the correction factor for loading age, which is defined as: 

γla =  1,25 t
-0,118

    for loading ages later than 7 days for moist cured concrete               (Eq 3-32) 

γla  = 1,13 t
-0,094 

 for loading ages later than 1-3 days for steam cured concrete             (Eq 3-33) 

γλ  is the correction factor for ambient relative humidity, which is defined as:   

γλ = 1,27- 0,0067λ, for λ > 40                                                                                         (Eq 3.34) 

where λ is relative humidity in percent, representative values are shown in Table 3-7. 

γνs   is the correction factor for average thickness of member or volume-to surface ratio. When 

average thickness of member is other than 6 in. (150 mm) or volume to-surface ratio is other 

than 1,5in. (38 mm), two methods are offered. 

(a) Average thickness method 

For average thickness of member less than 6 in. (150 mm), the factors are given in Table 

2.5.5.1 in ACI 209R-92. For average thickness of members greater than 6in. (150 mm) and up 

to about 12 to 15 in. (300 to 380 mm) the following equations are given: 

γh = 1,14-0,00092 h,                     during the first year after loading                             (Eq 3-35) 

γh =  1,10-0,00067 h,                     for ultimate values                                                   (Eq 3-36) 

Where h is the average thickness of the member in mm. 

γh = 1,14-0,023 h,                     during the first year after loading                                 (Eq 3-37) 
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γh =  1.10-0,017 h,                     for ultimate values                                                       (Eq 3-38) 

Where h is the average thickness of the member in in. 

(b) Volume-surface ratio method   

For members with volume to-surface ratio other than 1,5 in. (38 mm), the equations are given 

as following: 

γνs  = 2

3
[1 + 1,13e−0,0213(ν

s
)]                                                                               (Eq 3-39) 

where ν/s is the volume-surface ratio of the member in mm. 

γs  is the correction factor for slump, and the equation is given as: 

γs = 0.82+ 0.00264s                                                                                                      (Eq 3-40) 

where s is the observed slump in mm.  

γψ  is the correction factor for fine aggregate percentage, which is defined as: 

γψ = 0,88+ 0,0024 ψ                                                                                                      (Eq 3-41) 

where ψ is the ratio of the fine aggregate to total aggregate by weight expressed as percentage. 

γα  is the correction factor for air content, which is defined as: 

γα = 0,46+ 0,09 α ≥ 1,0    where α is the air content in percent.                                   (Eq 3-42) 

 

3.1.4 Swedish code BBK 2004 

The Swedish code BBK 04, (Boverket 2004), has simplified the estimation of creep. The 

creep coefficient φ values can be found in Table 3.2 

Table 3.2 Creep coefficient for different environments according to Swedish handbook BBK04 

Environment RH % φ 

Indoor heated premises 55 3 

Normal outdoor and indoor 

in non-heated premises 
75 2 

Very  moist environment ≥ 95 1 
 

If the first loading occurs in lower age, when the concrete has reached a compressive strength 

which is α % of required value, the creep coefficient φ will be multiplied by a factor 

according to Table 3.3 
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Table 3.3 Factors for adjustment of creep coefficient φ 

α % Factor 

40 1,4 

70 1,3 

85 1,1 

  

3.1.5 Betonghandboken-Material (Swedish concrete manual- Material) 

The following expression is presented in Swedish concrete manual (1997) for calculation of 

creep coefficient: 

φ = φ0 ∙ψh∙ψj∙ψt                                                                                                                                                                       (Eq 3-43) 

Where: 

φ0  is the basic creep coefficient at relative humidity of 100% and loading at the age of 28 

days. φ0 depends on the strength of the concrete according to Figure 3.1 

ψh  is a coefficient depending on  the notional size of member hm, and ambient relative 

humidity according to Figure 3.2 

ψj  is a coefficient depending on the age of  concrete at the time of applied load according to 

Figure 3.3 

ψt   is a coefficient depending on the age of concrete calculated in days after loading according 

to Figure 3.4 

The parameter hm is defined as:   

hm= 
2∙𝐴𝑐

𝑢
                                                                                                                          (Eq 3-44) 

Where: 

Ac     is the cross section area of the concrete 

u     is the perimeter of the member in contact with the atmosphere that is exposed to  drying 
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Figure 3.2 φ0 as a function of the compressive strength of the concrete (Hillerborg 1997) 

 

 

Figure 3.3 Coefficent ψh as a function of hm  for different values on relative humidity. a) is accurate for 

Anläggningscement (cement for civil engineering structures). b) is accurate for normal standard cement 

(Hillerborg 1997) 

 

Figure 3.4 Coefficient ψj as a function of concrete’s age at loading in days. (Hillerborg 1997)  

 

Figure 3.5 Coefficient ψj  as a function of time in days after loading (Hillerborg 1997) 
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3.2 Prediction of shrinkage 

3.2.1 Eurocode 2  

The shrinkage strain εcs is composed of two components: 

εcs= εcd + εca                                                                                                                                                                              (Eq 3-45) 

where εcd is drying shrinkage strain. The drying shrinkage’s increase over time is obtained 

from the formula below:   

εcd(t) = βds(t, ts)⋅kh⋅εcd,0                                                                                                                                                     (Eq 3-46) 

 where εcd,0 is the basic unrestricted drying shrinkage, which can be calculated according to 

the  following  expression: 

εcd,0 = 0.85[(220+110∙αds1)∙exp (-α ds2 ∙fcm/fcm0)]∙10
-6∙ β RH                                                                   (Eq 3-47) 

β RH = 1.55[1-(RH/RH0)
3
]                                                                                               (Eq 3-48) 

where 

fcm  is the mean compressive strength value in MPa 

fcm0 =  10 MPa 

αds1  is a coefficient which depends on cement type 

       = 3 for cement class S 

      = 4 for cement class N 

      = 6 for cement class R 

α ds2   is a coefficient which depends on cement type 

= 0,13 for cement class S 

= 0,12 for cement class N 

= 0,11 for cement class R 

RH  is the relative humidity of the surrounding [%] 

RH0  = 100 % 

The value for unstrained shrinkage εcd,0 can be found in Table 3.4  (or Table 3.2 in      

Eurocode 2). 
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Table 3.4: The value for εcd,0  for different strength of CEM Class N and ambient relative humidity 

fck/fck,kub 

(MPa) 

Relative Humidity (%) 

20 40 60 80 90 100 

20/25 0.62 0.58 0.49 0.30 0.17 0.00 

40/50 0.48 0.46 0.38 0.24 0.13 0.00 

60/75 0.38 0.36 0.30 0.19 0.10 0.00 

80/95 0.30 0.28 0.24 0.15 0.08 0.00 

90/105 0.27 0.25 0.21 0.13 0.07 0.00 

 

kh  is  a coefficient which depends on the fictive thickness h0 according to table 3.5 (Table 3.3 

in Eurocode 2). 

Table 3.5 Values of kh 

h0  (mm) kh 

100 1,0 

200 0,85 

300 0,75 

≥ 500 0,70 

 

βds (t,ts) = 
(𝑡−𝑡𝑠)

(𝑡−𝑡𝑠)+0,04 √ℎ0
3
                                                                                               (Eq 3-49)  

which takes the age of the observed specimen into consideration. 

Where   

t   is age of concrete at time considered 

ts   is age of concrete at beginning of drying shrinkage (mostly end of curing) 

h0  is the notional thickness  of cross section (mm) = 2Ac/ u 

Where  

Ac     is the cross section area of the concrete 

u     is the perimeter of the member in contact with the atmosphere that is exposed to  drying 

The autogenous shrinkage is obtained from: 

εca(t) = βas(t, ts) εca (∞)                                                                                                    (Eq 3-50) 

where 

εca (∞) = 2,5(fck - 10).10
-6                                                                                                                                               

(Eq 3-51) 

and 
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βas (t) = 1-exp (-0,2t
0,5

)                                                                                                  (Eq 3-52) 

where t is given in days 

 

3.2.2 fib Model code 2010 

The total shrinkage or swelling strains εcs (t,ts) may be calculated as : 

 

εcs (t,ts) =  εcαs (t) + εcds (t,ts)                                                                                            (Eq 3-53) 

 

Where shrinkage is subdivided into the autogenous shrinkage εcαs (t): 

εcαs (t) = εcαs0 (fcm)∙βαs (t)                                                                                                 (Eq 3-54) 

 

and the drying shrinkage εcds (t,ts): 

 

εcds (t,ts) =  εds0 (fcm)∙ βRH(t)∙βds(t-ts)                                                                                (Eq 3-55) 

 

 Where: 

t          is the concrete age in days 

ts             is the concrete age at the beginning of drying in days 

(t-ts)    is the duration of drying in days 

 

The autogenous shrinkage component εcαs (t) may be estimated by means of the notional 

autogenous shrinkage coefficient εcbs0 (fcm) and the time function βαs(t): 

 

εcbs0 (fcm) = -ααs (
𝑓𝑐𝑚/10

6+𝑓𝑐𝑚/10
)

2,5

.10
-6                                                                                                                           

(Eq 3-56) 

 

βαs (t) = 1-exp (-0.2.√t)                                                                                                  (Eq. 3-57) 

 

Where: 

ααs is a coefficient, dependent on the type of the cement (fib MC2010 Table 5.1-13) 

The drying shrinkage εcds(t,ts) is calculated by means of the notional drying shrinkage 

coefficient εcds0(fcm), the coefficient βRH(RH), taking into account the effect of the ambient 

relative humidity, and the function βds(t-ts) describing the time development: 

 

εcds0(fcm)= [ (220+ 110.αds1). exp (-αds2.  fcm) ]. 10
-6 

                                                      (Eq 3-58) 

 

βRH = -1,55 . [1-(
𝑅𝐻

100
)

3

]      for 40 ≤ RH < 90 %. βs1                                                     (Eq 3-59) 

 

βRH 0,25  for  RH ≥ 99% . βs1                                                                                                                                      (Eq 3-60) 

 

βds(t-ts) = (
(𝑡−𝑡𝑠)

0,035.ℎ2+(𝑡−𝑡𝑠)
)

0,5

                                                                                          (Eq 3-61) 
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βs1 = (
35

𝑓𝑐𝑚
)

0,1 

≤ 1,0                                                                                                         (Eq 3-62)     

 

Where: 

αds1, αds2 are coefficients, dependent on the type of the cement (fib MC 2010 Table 5.1-13) 

 
Table 3.6: Coefficients αi 

Strength class of cement ααs αds1 αds2 

32.5 N 800 3 0.013 

32.5 R, 42.5 N 700 4 0.012 

42.5 R, 52.5 N, 52.5 R 600 6 0.012 

 

3.2.3 ACI209R-92 

The following equations are recommended for an unrestrained shrinkage strain at any time. 

They apply to normal weight, sand lightweight, and all lightweight concrete (using both moist 

and steam curing, and Types I and III cement) under the standard conditions summarized in 

ACI 209R-92 Table 2.2.2. 

    Shrinkage after 7 days for moist cured concrete: 

(ϵsh)t  = 
𝑡

35+𝑡
 (ϵsh)u                                                                                                            (Eq 3-62) 

Shrinkage after 1-3 days for steam cured concrete: 

(ϵsh)t  = 
𝑡

55+𝑡
 (ϵsh)u                                                                                                            (Eq 3-63) 

Where: 

t  Days after initial wet curing 

(ϵsh)t   Shrinkage strain after t days 

(ϵsh)u  Ultimate shrinkage strain, and the average value suggested for (ϵsh)u  is: 

(ϵsh)u = 780 γsh  × 10
-6   

in./in., (mm/mm)                                                                        (Eq 3-64) 

γsh  Correction factors for conditions other than the standard concrete composition, which is 

defined as: 

γsh= γλ∙ γνs∙ γs∙γψ∙γα                                                                                                           (Eq 3-65) 

γλ  Correction factor for ambient relative humidity, which is defined as: 

γλ = 1,40 - 0,0102 λ, for  40 ≤ λ ≤ 80                                                                              (Eq 3-66) 

γλ = 3,00 – 0,030 λ, for 80 > λ ≤ 100                                                                              (Eq 3-67) 
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where λ is relative humidity in percent. Representative values are shown in ACI 209-R-92 

Table 2.5.4  

γνs   is the correction factor for average thickness of member or volume-to surface ratio. When 

average thickness of member is other than 6 in.(150 mm) or volume to-surface ratio is other 

than 1,5in.( 38 mm), two methods are offered. 

(a) Average thickness method 

For average thickness of member less than 6 in. (150 mm), the factors are given in Table  

2.5.5.1 in ACI 209R-92. For average thickness of members greater than 6in. (150 mm) and up 

to about 12 to 15 in. (300 to 380 mm) the following equations are given: 

γh = 1,23-0,00015 h,                     during the first year after loading                             (Eq 3-68) 

γh =  1,17-0,00114 h,                     for ultimate values                                                   (Eq 3-69) 

where h is the average thickness of the member in mm. 

 

γh = 1,23-0,038 h,                     during the first year after loading                                 (Eq 3-70) 

γh =  1,17-0,029 h,                     for ultimate values                                                       (Eq 3-71) 

where h is the average thickness of the member in in. 

 

(b) Volume-surface ratio method   

for members with volume to-surface ratio other than 1,5 in. (38 mm), the equations are given 

as following: 

γνs  = 1,2e−0,00472(𝜈
𝑠

)                                                                                           (Eq 3-72) 

where ν/s is the volume-surface ratio of the member in mm. 

γs  is the correction factor for slump, and the equation is given as: 

γs = 0.89+ 0.00161s                                                                                                      (Eq 3-73) 

where s is the observed slump in mm.  

γψ  is the correction factor for fine aggregate percentage, which is defined as: 

For ψ   ≤ 50 percent 

γψ = 0,30 + 0,014ψ                                                                                                         (Eq 3-74) 

For ψ > 50 percent 
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γψ = 0,90 + 0,002ψ                                                                                                         (Eq 3-75) 

where ψ is the ratio of the fine aggregate to total aggregate by weight expressed as percentage. 

γc : Correction factor for cement content, which is defined as: 

γc = 0,75+ 0,00061c, where c is cement content in kg/m
3                                                                   

(Eq 3-76) 

γα  is the correction factor for air content, which is defined as: 

γα = 0,95+ 0,0008 α  where α is the air content in percent.                                          (Eq 3-77) 

Table 3.7 Correction factors for Relative Humidity   

Relative humidity (%) Creep γλ Shrinkage γγ 

< 40 1.00 >1.00 

40 1.00 1.00 

50 0.94 0.90 

60 0.87 0.80 

70 0.80 0.70 

80 0.73 0.60 

90 0.67 0.30 

100 0.60 0.00 

 

3.2.4 Swedish code BBK 2004 

The Swedish code BBK 04, (Boverket 2004), has also simplified the estimation of final 

shrinkage. The final shrinkage strain εcs can be found in Table 3.8. 

Table 3.8 Final shrinkage strain εcs for different environments according to Swedish handbook BBK04 

Environment RH % εcs 

Indoor heated premises 55 0,40. 10
-3 

Normal outdoor and indoor 

in non-heated premises 

75 0,25.10
-3 

Very  moist environment ≥ 95 0,10.10
-3 

 

3.2.5 Betonghandboken- Material (Swedish concrete manual –Material) 

Betonghandboken deals with shrinkage with two values, the material`s final unrestrained 

shrinkage and the exterior free shrinkage. The shrinkage model is based on reference 

shrinkage as material parameter, and the final value is corrected depending on ambient 

humidity and is analyzed according to time course diffusion theory for drying 

(Betonghandboken- Material 1997). 

The Swedish concrete manual recommends the following expression for calculation of 

shrinkage: 

εcs = γt ∙γRH ∙ εs0                                                                                                               (Eq 3-78) 
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εcs   is the exterior unrestrained shrinkage [‰] 

γt   is a correction factor which indicates the relative time course, with the final value of 1 after  

infinite time 

γRH  is a  correction factor which depends on ambient relative humidity, normalized to 1 for 

 50 % relative humidity 

εs0   is the material`s final unrestrained shrinkage, reference shrinkage [‰] 

εs0 = (
𝑊

215
)

3

. 10−3                                                                                                          (Eq 3-79)  

Where: 

W is the water content of concrete [kg/m
3
] 

γRH = 1,14. [1 − (
𝑅𝐻

100
)

3

]                                                                                                (Eq 3-80) 

Where: 

RH is the ambient relative humidity [%] 

γt = √
𝑡−𝑡𝑠

(𝑡−𝑡𝑠)+3∙𝑡50
                                                                                                             (Eq 3-81) 

Where: 

t is the age of concrete at the considered time [days]  

ts is the age at the start of drying [days] 

t50  is the  drying time [days] when concrete has attained 50 % of  its final shrinkage 

t50 = tref (
𝐾S.ℎm

0,15
)

2
.

𝛾T

γs
                                                                                                                                      (Eq 3-82) 

Where: 

hm  is notional size of member [m] 

tref is the drying time that concrete needs to reach to the half of its final shrinkage, in an ideal 

reference situation 

ks  is a dimensionless parameter which is dependent on drying conditions. 

γs  is a parameter which varies moisture retention duration and is expressed as following: 

γs  = 0,6 + 0,4√
28

𝑡𝑠
                   for ts ≥  3 days                                                                (Eq 3-83) 
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γs  = 1,82                                for  ts <  3 days                                                                (Eq 3-84) 

γT  is a parameter which depends on the effect of temperature on drying rate and is expressed 

as following: 

γT = 
293

𝑇+273
. 𝑒5000[

1

𝑇+273
−

1

293
]
                                                                                            (Eq 3-85) 

Where T is the ambient temperature in ℃  

 

Figure 3.6 Reference shrinkage based on w/c ratio and cement content (concrete handbook 1997) 
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Chapter 4 Design method 

4.1 Industrial floor, slab-on-ground 

 Slab-on-ground foundations refer to ground supported floor slabs used to transfer loads safely 

to the subgrade without undergoing distress themselves. These foundations have been used in 

residential, light commercial and industrial buildings for many years. The loading conditions 

in industrial floors differ from residential and light commercial buildings; therefore their 

design should be approached differently. Plain concrete slabs have the advantages of economy 

and ease of construction; however it has become a practice to provide a minimal percentage of 

reinforcement in all plain concrete slabs to compensate for shrinking effects. [Gunalan et al., 

1986]. Figure 4.1 illustrates a typical section of a pile-supported slab. 

 

Figure 4.1 Typical section of a slab on ground without pile support [Narin&Wiklund 2012] 

If the external slab thickening, the edge beam can be removed the design can instead be 

according to Figure 4.2.  This design is beneficial with regard to shrinkage effects, since the 

external restraint of the edge beam is removed by isolating the slab on ground. This leads to 

slab being more free to move, which reduces the restraint forces. [Narin &Wilund, 2012] 

 

Figure 4.2 Typical section of a slab on ground without pile support and edge beam  [Narin&Wilund, 2012] 
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4.1.1 During construction process  

The following parameters according to recommendations from Swedish Concrete Association 

(2008) should be checked during construction process. The parameters are not directly 

associated with the shrinkage behaviour and resulting shrinkage cracking, however they 

should still not be neglected in the construction process. 

 

Figure 4.3 Recommended parameters before the construction process of an industrial floor according to 

Swedish Concrete Association (2008) 

 

Figure 4.4 Recommended parameters during the casting of an industrial floor according to Swedish Concrete 

Association (2008)  
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Figure 4.4 Recommended parameters after the casting of an industrial floor according to Swedish Concrete 

Association (2008)  

The current relative humidity, wind, sun and temperature at casting will influence the 

mitigation of moisture from the slab. Therefore it is of importance to prevent a fast mitigation 

of moisture from the slab and its surface. Whether the casting takes place in an inside or 

outside environment or if it is summer or winter, the drying of the concrete surface must be 

controlled. It should always be sought for having an even moisture and temperature gradient 

so the surface does not dry out and the hardening process will be uniform throughout the 

concrete section (Swedish Concrete Association, 2008). Sufficient weather covering and 

curing under moist conditions will prevent the concrete from drying out too quickly. 

4.1.2 Selecting Concrete class 

The choice of w/c ratio has several aspects that affect each other. As shown in Figure 4.5, 

there is a strong link between w/c ratio and compressive strength; the lower the w/c ratio of 

the concrete, the higher the compressive strength. 

As a result, when a low w/c ratio is chosen, more reinforcement will be needed to compensate 

for the increased tensile strength of the concrete to prevent single large cracks. In addition to 

this, high strength concrete is also more expensive. 

However, a reduced w/c ratio can also be beneficial, since a lower amount of water in the 

hardened cement paste leads to a reduced drying shrinkage. In addition to this a low w/c ratio 

leads to an increased abrasive resistance, which is important for industrial floors. A low w/c 

ratio also leads to a concrete with increased density which is beneficial regarding durability. 

However, on the other hand, a lowering of w/c ratio also leads to a fast hardening and a more 

brittle concrete, which is why very low numbers of w/c ratio should be avoided. 

Determining the best suited w/c ratio is therefore not obvious and depends on each project´s 

specific demands. The Swedish Concrete Association (2008) recommends a w/c ratio of 

approximately 0.55 for industrial floors. This would result in a concrete strength class of 

C30/37 and would result in an abrasive resistance adequate for most industrial floors. The 

abrasive resistance is of high importance, since this, to a great extent, determines the service 

life of a floor. If a higher abrasive resistance is required, they recommend that this is reached 
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through surface treatment instead of reducing the w/c ratio. They further claim that research 

has shown that a w/c ratio of 0.55 is optimal with regard to reducing plastic shrinkage 

cracking. [Swedish Concrete Association, 2008]. 

 

 
Figure 4.5 Relationship between w/c ratio, concrete age and compressive strength for a Portland cement paste 

sample stored in water at 20℃ (Domone& Illston, 2010) 

 

4.1.3 Slab thickness 

Slab thickness contributes to the stiffness of the system and is therefore an important 

parameter in the design of floor slabs. Generally, the preliminary design involves 

determination of the optimum uniform thickness of the slab on ground for a specific loading 

condition. [Gunalan et al, 1986]. 

 

A minimum thickness of 6 in. (150 mm) has been recommended for plain concrete floor slabs 

on ground in industrial warehouses, slab thicknesses of 4 in. (100 mm) have also been found 

in the literature. [Gunalan et al., 1986]. 

4.1.4 Example: Industrial floor 

In this paper an example which is focused on slabs on ground is presented. In order to cover 

the ranges most likely to occur in practice, slab thicknesses of 250 mm (about 10 in.) is 

selected for this example. To illustrate shrinkage strain and creep over time an example for 

slab on ground is presented below with the following assumptions: cement class N, ambient 

relative humidity 40%, water content 180 kg/m
3
, slump 63 mm, 60 percent fine aggregate, 7 

percent air content, slab thickness 250 mm and moist curing during seven days. 
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Figure 4.6 Final shrinkage calculated according to according to Eurocode 2 (EC2), Swedish concrete manual 

(Sw), Fib model code 2010 (fib), ACI209R-92, BBK04 and Swedish concrete manual reference shrinkage 

(ref). 

 

 

Figure 4.6 illustrates how the final shrinkage after 50 years, which is an acceptable service life 

for a building, varies depending on the method of calculation. It can be seen that the shrinkage 

is the lowest according to EC2, 0.402 mm/m and BBK04, 0400 mm/m. Also the highest 

shrinkage is calculated according to ACI209R-93, 0.660 mm/m.  

 

Also the shrinkage development over time is illustrated in Figure 4.7 and the shrinkage 

development with time in log scale is illustrated in Figure 4.8. The shrinkage development is 

compared with the above mentioned different methods in both figures.  
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Figure 4.7 The shrinkage development over the time period of 50 years (18250 days), according to Eurocode 2 

(EC2), Swedish concrete manual (Sw), Fib model code 2010 (fib), ACI209R-92, BBK04 and Swedish concrete 

manual reference shrinkage (ref ). 

 

 
Figure 4.8 The shrinkage development over the time period of 50 years (18250 days), with time in log scale 

according to Eurocode 2 (EC2), Swedish concrete manual (Sw), Fib model code 2010 (fib), ACI209R-92, 

BBK04 and Swedish concrete manual reference shrinkage (ref ). 
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Figure 4.9 illustrates the creep coefficient after 50 years, which varies depending on the 

method of calculation. Age of concrete at loading is 7 days. It can be seen that the lowest 

creep coefficient is calculated to 2.33 according to ACI209R-92 and the highest creep 

coefficient is 3 according to BBK04 and 2.989 according to Eurocode 2. Eurocode 2 offered 

two methods to predict the creep coefficient, which are mentioned in Section 3.1.1. The result 

can be seen in Figure 4.8. 

 

 
Figure 4.9 Predicted creep coefficient according to Eurocode 2 (EC2), Eurocode 2 Graph (EC2graph), 

Swedish concrete manual (Sw), Fib model code 2010 (fib), ACI209R-92 and BBK04 
 

Also the creep coefficient over time was calculated with the above methods mentioned above, 

which are shown in Figure 4.10 and the development of creep coefficient with time in log 

scale is illustrated in Figure 4.11. 

 

 
Figure 4.10 The development of the creep coefficient  over the time period of 50 years (18250 days) according 

to Eurocode 2 (EC2), Eurocode 2 graph (EC2 graph ), Swedish concrete manual (Sw), Fib model code 2010 

(fib), ACI209R-92 and BBK04. 
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Figure 4.11 The development of the creep coefficient  over the time period of 50 years (18250 days) with time 

in log scale according  to Eurocode 2 (EC2), Eurocode 2 graph (EC2 graph ), Swedish concrete manual (Sw), 

Fib model code 2010 (fib), ACI209R-92 and BBK04 

4.2 Overlays 

4.2.1 Bonded overlays 

Bonded concrete overlays over existing concrete, asphalt, and composite pavements are used 

to restore the structural capacity and/or to correct surface defects of existing pavements that 

are in fair to good condition. These overlays commonly range between 2 and 6 in.              

(50-150 mm) in thickness (Figure 4.12) and rely on the assumption of a long-term physical 

bond between the overlay and the existing surface to create a monolithic pavement layer. 

Bonded overlays are not feasible if the existing pavement requires significant removal and 

replacement, if durability problems are present. [Guide to the design of concrete overlays, 

2012]. 

 

Figure 4.12 Bonded concrete overlay 4.5 in. (110 mm) thick [Guide to the design of concrete overlays, 2012] 
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4.2.2 Unbonded concrete overlays 

 Unbonded concrete overlays over existing concrete, asphalt, and composite pavements are 

commonly used to address moderately to severely distressed pavements. In this case, the 

existing pavement provides a foundation for the unbonded overlay that, in turn, serves as a 

new pavement with increased structural capacity. Unbonded overlays over existing concrete 

pavements require a separation layer to prevent reflective cracking by providing a shear plane 

for differential movements and to prevent bonding between the concrete layers. Figure 4.13 

shows the application of an asphalt separation layer to an existing concrete pavement. 

Unbonded overlays over existing asphalt or composite pavements require little or no surface 

preparation and typically do not require an additional separation layer. These unbonded 

overlays typically range between 4 and 11 in. (100-280 mm) in thickness. [Guide to the 

design of concrete overlays, 2012]. 

 

Figure 4.13 Application of asphalt separation layer to existing concrete pavement for unbonded concrete 

overlay [Guide to the design of concrete overlays, 2012] 

4.2.3 Concrete overlay material properties 

The main recommendation is to select a material that matches the material of the substrate as 

closely as possible. Since the existing structure is almost always cast in Portland cement 

concrete, the first choice is just Portland cement concrete. If possible, the concrete aggregate 

of the overlay should be selected so that it results in a concrete that has a coefficient of 

thermal expansion similar to that of the existing concrete. For patch repairs, ultra-thin 

overlays, and other specific cases, materials other than Portland cement concrete may be 

considered [Silfwerbrand, 2009]. 

 

Some specifications mandate minimum cement content, e.g. 390 kg/m
3
 for normal overlay 

concrete and 490 kg/m
3
 for dense overlay concrete. Lower levels of cement are desirable to 

reduce cost, reduce heat of hydration and reduce shrinkage. Reduced cost and reduced heat of 

hydration may also be accomplished by using fly ash as cement replacement; the addition of 

fly ash also has the advantages of improving durability and, in many cases, ultimate strength. 

The water-cement ratio is determined by strength and durability (permeability) requirements. 

Generally, a water-cement ratio of 0.40 will provide good durability and strength. One 

specification requires a water-cement ratio of 0.40 for normal overlay concrete and 0.32 for 

dense overlay concrete. [Fowler & Treviño, 2011]. 

4.2.3 Design of bonded concrete overlay 

Designing either bonded or unbonded concrete overlays is a process that begins with 

characterizing the existing pavement, defining critical design variables, and then calculating 
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the required overlay thickness [Guide to the design of concrete overlays, 2012]. This section 

presents one of the design methodologies. 

1993 AASHTO Guide Method 

The 1993 AASHTO Guide addresses the thickness design of bonded overlays over existing 

concrete pavements. The guide is based on mathematical models derived from empirical data 

collected during the American Association of State Highway Officials (AASHO) Road Test 

carried out in the late 1950s. Even though no overlay sections were evaluated during the 

AASHO Road Test, experience has shown that, when used properly, this procedure provides 

suitable bonded and unbonded concrete overlay designs. The 1993 AASHTO Guide uses the 

concepts of structural deficiency and effective structural capacity for evaluating and 

characterizing the existing pavement to be overlaid. [Guide to the design of concrete overlays, 

2012]. 

4.2.4 Bonded Overlays of Concrete Pavements, 1993 AASHTO Guide 

The design process is based on 1993 AASHTO Guide according to the following equation: 

Dol = Df - Deff                                                                                                                    (Eq 4-1) 

where Dol is required concrete overlay thickness (in.), Df   is slab thickness required to carry 

the future traffic (in.), and  Deff  is effective thickness of the existing concrete slab (in.). 

 

Figure 4.14  Illustration of bonded overlay of existing concrete pavement [Guide to the design of concrete 

overlays, 2012]. 

The first part of the design process involves determining the required thickness for a new 

pavement (Df) to carry the predicted future traffic.  Table 4.1 lists the inputs required to 

determine Df and the corresponding typical ranges. It should be noted that a number of inputs 

used when determining Df for a bonded overlay correspond to the existing pavement materials 

and conditions and not to the proposed overlay. Specifically, the elastic modulus, modulus of 

rupture, load transfer coefficient, and drainage coefficient are representative of the existing 

pavement.  
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Table 4.1 1993 AASHTO Guide inputs to determine Df for bonded overlays [Guide to the design of concrete 

overlays, 2012], (1Psi = 0.00689MPa, 1Psi/in= 271417 N/m
3
) 

The effective slab thickness of the existing pavement (Deff) must then be determined with 

either the Condition Survey or Remaining Life methods. Table 4.2 summarizes the Condition 

Survey procedure to estimate Deff  when designing a bonded concrete overlay over an existing 

concrete pavement. 

 

Table 4.2 Summary of 1993 AASHTO Guide for condition survey method, adjustment factors and remaining 

life method [Guide to the design of concrete overlays, 2012]. 
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Since bonded overlays are not recommended when durability problems are present, Table 4.2 

indicates that the adjustment factors Fjc and Fdur for the Condition Survey equation are 

typically 1.0 or close to 1.0.  [Guide to the design of concrete overlays, 2012]. 

4.2.5 Overlay design example 

Bonded overlay over existing concrete pavement: 

Scenario from overlay design guide: In order to design the bonded overlay effectively, the 

following design information has been gathered. The existing pavement is 8 in. (200 mm) 

thick over 6 in. (150 mm) of subgrade.  Figure 4.15 illustrates a summary of the existing 

pavement cross section, more details about the scenario can be found in Appendix D. 

 

Figure 4.15 Summary of existing pavement cross section, where E= 320000 MPa for existing PCC, S`c= 5.10 

MPa, CTE=8.1∙ 10
-6

/℃, E= 400 MPa for subgrade and Mr= 140 MPa
 
[Guide to the design of concrete 

overlays, 2012]. 

Df  is determined by using the monograph in Figure 3.7 in part II of the  1993 AASHTO 

Guide, which can also be found in Appendix D. Table 4.4 summarizes the inputs used to 

determine Df. By using the nomograph the required slab thickness Df  is 11.3 in.  

Input (Units) Calculations/Estimates Value Value          

(SI units) 

Effective static k-value, 

psi/in. 

Effective dynamic k-value (from deflection 

testing)/2=1000/2 

275 74∙ 106N/m
3 

E, Concrete elastic 

modulus, psi 

For proposed overlay: estimated from  project 

mixed designs and specifications 
47∙ 106 32∙ 104 MPa 

S`c, Concrete modulus 

of rupture, psi 

For proposed overlay: estimated from  project 

mixed designs and specifications 

740 5 MPa 

J, Load transfer factor From section 5.8 of the 1993 AASHTO Guide 3.2 3.2 

Cd, Drainage coefficient Typically 1.0 for poor sub drainage conditions 1.0 1.0 

∆p, Design 

serviceability loss  

(Initial serviceability: 4.5)- (Terminal 

serviceability: 2.5) 

2.0 2.0 

R, Reliability (%) Typical value for high-traffic concrete overlay 95 95 

Sd, Standard deviation Typical value for high traffic concrete overlay 0.39 0.39 

W18, Future traffic, 

(ESALs) 

ESAL calculations according to local/regional 

load equivalency factors 
2,478∙ 107 2,478∙ 107 

 

Table 4.4 Summary of design inputs for Df. [Guide to the design of concrete overlays, 2012]. 

To determine Deff  either the  Condition Survey (see Table 4.2) or Remaining Life method are 

used.  
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Conditional Survey method: 

 Deff = Fjc ∙Fdur ∙Ffat ∙D                                                                                                      (Eq 4-2) 

where, D which is the existing slab thickness (in.), 8 in. (200 mm) Fjc is joint and cracks 

adjustment factor, 0.94 which has been determined using Figure 5.12 in Part III of 1993 

AASHTO Guide (see Figure 4.16) and the total number of unrepaired spalling areas and 

deteriorated joints and cracks per mile, which in this case is 20, (12 per km). 

 

Figure 4.16  Fjc adjustment factor, (1 mile= 1609 m) 

Fdur  is the durability adjustment factor, 1.0. Since no signs of durability problems or material-

related distresses were identified. Ffat is the fatigue damage adjustment factor, 0.99, since Ffat 

ranges from 0.97 to 1.0, and in this case very few slabs are cracked. The effective thickness of 

the existing concrete slab calculated with this method is calculated to 7.44 in., (188 mm).  

Deff = Fjc ∙Fdur ∙Ffat ∙D                                                                                                     

 Deff = 0.94∙1.0∙0.99∙8 = 7.44 in. (188 mm). 

Remaining Life Method 

Based on past traffic, the existing pavement remaining fatigue life is determined using the 

equation below: 

RL (%) = 100∙[1-(Np/ N1.5)]                                                                                             (Eq 4-3) 

where, Np is the total traffic to date (ESALs), 10 million, and N1.5 is the total traffic to failure 

(ESALs), 25 million. Taking into account these traffic inputs, the remaining life can be 

calculated to 60 %. 

RL (%) = 100∙[1-(Np/ N1.5)] = 100∙[1-(10/25)] = 60%    

 Using the calculated RL (60%) and Figure 5.2 in Part III of the 1993 AASHTO Guide (see 

Figure 4.17), determine the CF. 
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Figure 4.17 Relationship between remaining life and condition factor 

As shown in Figure 4.17, the CF can be approximated to be 0.92. The effective thickness of 

the existing concrete slab calculated with the RL method is as follows: 

Deff = CF∙D                                                                                                                      (Eq 4-4) 

Deff = (0.92) ∙(8) = 7.36 in (185 mm).            

Although the Condition Survey and the Remaining Life methods yield in slightly different 

estimates, the designers should select the most reasonable method based on the available 

information [Guide to the design of concrete overlays, 2012].                                              

Finally the required overlay thickness is calculated from Eq 4-1 as shown below. 

Deff calculated with the Condition Survey Method: 

Dol = Df - Deff = 11.30 – 7.44 = 3.86 in. (96.5 mm). 

 
 Deff calculated with the Remaining Method: 

Dol = Df - Deff = 11.30 – 7.36 = 3.94 in. (98.5 mm) 

Rounding to the nearest 0.5 inch, an overlay thickness of 4.0 in. (100 mm) may be used for 

this example. 

4.2.6 Example: Overlay 

In order to demonstrate and compare the methods mentioned in Chapter 3 regarding shrinkage 

and creep, an overlay depth of 100 mm is taken as an example. For the sake of simplicity it 

was further assumed that the shrinkage and creep of the substrate were negligible. For the 

overlay material the following assumptions were made: Cement class N, Concrete strength 

class C30/37, water-cement  ratio 0.40, cement content 390 kg/m
3
, ambient relative humidity 

80 percent, slump 63 mm, 60 percent fine aggregate, 7 percent air content and 7 days of moist 

curing.  
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Figure 4.18 illustrates the final shrinkage after 20 years, varying depending on the method of 

calculation. It can be seen that the shrinkage strain is the lowest according to Eurocode 2 

which is 0.225mm/m. The highest final shrinkage is calculated according to ACI209R-93 

which is 0.498 mm/m.  

 

 
 
Figure 4.18 Final shrinkage calculated according to according to Eurocode 2 (EC2), Swedish concrete 

manual (Sw), Fib model code 2010 (fib), ACI209R-92, BBK04 and Swedish concrete manual reference 

shrinkage (ref). 

 

Also the shrinkage developments over time and with time in log scale are illustrated in Figure 

4.19 and Figure 4.20. The shrinkage development is compared with 6 different calculation 

methods in both figures.  
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  Figure 4.19 The shrinkage development over time, according to Eurocode 2 (EC2), Swedish concrete 

manual (Sw), Fib model code 2010 (fib), ACI209R-92 , BBK04 and Swedish concrete manual reference 

shrinkage (ref). 

 

Figure 4.20 The shrinkage development over the time period of 20 years (18250 days), with time in log scale 

according to Eurocode 2 (EC2), Swedish concrete manual (Sw), Fib model code 2010 (fib), ACI209R-92, 

BBK04 and Swedish concrete manual reference shrinkage (ref). 
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Figure 4.21 illustrates the creep coefficient, which varies depending on the method of 

calculation. Age of concrete at loading is 7 days. It can be seen that the creep coefficient is the 

lowest according to ACI209R-92 φ=1.85 and the highest creep coefficient is calculated 

according to Eurocode 2, φ=2.27. Eurocode 2 offered two ways to predict the creep 

coefficient, which are mentioned in Section 3.1.1. The result as it can be seen in Figure 4.21, 

is quiet similar.  

 
 

 

 

 

 

Figure 4.21 Predicted creep coefficient according to Eurocode 2 (EC2), Eurocode 2 graph (EC2 graph), 

Swedish concrete manual (Sw), Fib model code 2010 (fib), ACI209R-92 and BBK04 

 
Also the creep coefficients over time and with time in log scale are shown in Figure 4.22 and 

Figure 2.23, with the above mentioned methods. 
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Figure 4.22 Development of the creep coefficient over the time according to Eurocode 2 (EC2), Eurocode 2 

graph (EC2 graph), Swedish concrete manual (Sw), Fib model code 2010 (fib), ACI209R-92 and BBK04 

 

 

 

 

Figure 4.22 The development of the creep coefficient  over the time period of 20 years (18250 days) with time 

in log scale according to Eurocode 2 (EC2), Eurocode 2 graph (EC2 graph), Swedish concrete manual (Sw), 

Fib model code 2010 (fib), ACI209R-92 and BBK04 
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Chapter 5  Prediction of restraint stress  
Shrinkage in the newly cast overlay causes normal tensile stresses as the contracting 

movement to some extent is restrained by the substrate. If the stresses reach the tensile 

strength of the overlay material cracks will initiate and start to propagate through the overlay. 

[Carlswärd, 2006]. 

 One of the methods for calculating the stress in bonded overlays is proposed by Silfwerbrand 

(1997). Although Silfwerbrand has presented solutions for different combinations of 

geometries and support conditions, only one situation is illustrated here in Figure 5.1, with a 

beam length of L, width of b and the depth of h, where the overlay depth is αh, the elastic 

modulus for overlay and the substrate concrete is E1 and E2= m∙E1. The following assumptions 

were made in the analysis:  

 Both overlay and substrate concrete behave linearly elastic 

 Poisson’s ratio is zero, (ν=0) 

 Bernoulli’s hypothesis is valid, which means that the plane cross-sections remain 

plane after loading 

 An even shrinkage distribution through the overlay 

 The shrinkage in the substrate concrete is neglected   

 Complete bond between overlay and substrate 

 

In this case the substrate concrete is significantly old at the time of overlaying and has 

reached its final shrinkage value, which is why the shrinkage of substrate may be neglected. 

 

 

Figure 5.1 Composite beam of overlay and old substrate concrete exposed to differential 

shrinkage, (z =0 in cross section`s midpoint and εsh  is the overlay shrinkage) . 

(Silfwerbrand, 1997). 

The calculation of the normal force N and bending moment M is according to the following 

equations, where 𝜀0 is the normal strain and κ is the curvature.  
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∫ 𝑚 ∙ 𝐸1 ∙ (𝜀0 + 𝜅 ∙ 𝑧) ∙ 𝑏 ∙ 𝑧 ∙ 𝑑𝑧

ℎ/2

−(
1
2

−𝛼)ℎ

 

For a simply supported beam as shown in Figure  4.23 the equations are solved by setting      

N = M =0, since the beam ends cannot take the normal forces or the moment. By setting the 

normal force and bending moment to zero the normal strain  𝜀0 and the curvature 𝜅 can be 

solved according to the following equations: 

𝜀0 = 
−𝛼∙(𝑚−(𝑚−1)∙𝛼3)

𝑚+(𝑚−1)∙(𝑚∙(1−𝛼)4−𝛼4)
∙ 𝜀𝑠ℎ                                                                                                                                      (Eq 5.3) 

𝜅 =
6𝛼∙(1−𝛼)∙𝑚

𝑚+(𝑚−1)∙(𝑚∙(1−𝛼)4−𝛼4)
∙

𝜀𝑠ℎ

ℎ
                                                                                        (Eq 5.4) 

The maximum tensile stress according to Silfwerbrand can be calculated as: 

  σmax = 
𝑚∙(1−𝛼)∙(𝑚∙(1−𝛼)3

𝑚+(𝑚−1)∙(𝑚∙(1−𝛼)4−𝛼4)
∙ 𝐸1 ∙ 𝜀𝑠ℎ = 𝜓 ∙ 𝐸1 ∙ 𝜀𝑠ℎ                                                     (Eq 5.5) 

The coefficient ψ describes the degree of restraint, and is dependent of stiffness relation,       

m =E2/E1 and the relative overlay depth αh.  
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Figure 5.1 Degree of restraint 𝝍 as a function of the relative overlay depth α for different stiffness ratios 

between overlay and substrate m. (Silfwerbrand 1997) 

As long as the concrete is uncracked, the Swedish Concrete Association, (2008) suggests that 

the largest horizontal normal stress σmax in the overlay can be calculated according to the 

following equation, where 𝜑1 is the creep coeffieicent of the overlay and εcs is the differential 

shrinkage.  

𝜎𝑚𝑎𝑥 = 𝜓 ∙
𝐸1

1+𝜑1
∙ 𝜀𝑐𝑠                                                                                                     (Eq 5.6) 

It can be shown that σmax is a tensile stress and occurs in the lower edge of the overlay. 

For m the following expression is applied, where 𝜑1 is the creep coefficient of the overlay: 

𝑚 =
𝐸2/(1+𝜑2)

𝐸1/(1+𝜑1)
=

𝐸2

𝐸1
∙

1+𝜑1

1+𝜑2
≈ 1 + 𝜑1                                                                             (Eq 5.7) 

5.1 Example for bonded overlay 
The following assumptions were made to calculate the tensile stress: the existing substrate has 

a depth of 300 mm; the substrate was given an elastic modulus of 33 GPa. It was further 

assumed that the shrinkage and creep were negligible. For the overlay material a mean 

compressive strength of 38 MPa was selected. The elastic modulus may be determined with 

CEB FIP Model Code 90 according to Equation 5.8, which will give an elastic modulus of   

33 GPa. 

 Ec = 10 ∙ 𝑓𝑐𝑚
1/3

                                                                                                              (Eq 5.8) 

According to BBK04 if loading takes place at a younger age and the concrete has attained a 

compressive strength which is α % of the claimed value, the creep coefficient will be 

multiplied by a factor according to Table 5.1, which has been used in calculation of the early 

creep coefficient according to BBK04. The compressive strength is calculated with Eq. 3.16 

and Eq. 3.17. 
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α % Factor 

40 1.4 

70 1.3 

85 1.1 
Table 5.1 Factor of correction for the creep coefficient at a compressive strength which is α % of the required 

value. 

Figure 5.2 illustrates, development of the tensile strength which is an important parameter in 

prediction of the expected cracks, since cracking is assumed to occur when the predicted 

stress exceeds the tensile strength. 

 

Figure 5.2 Prediction of failure, vertical overlay cracking (Carlswärd, 2006) 

Figure 5.3 illustrates the stress development for the overlay, where the degree of restraint, 𝜓 

is calculated according to Eq 5.5 , the stress development according to Eq 5.6 with shrinkage 

calculated for the time of t = 30 ,60, 90 and 180 days. Also for the calculation of the creep 

coefficient the time is set as t/2. This is because of the early shrinkage fades away due to the 

creep. Estimated creep rate for the time t will overestimate the creep leading to an unsafe 

prediction. The development of the tensile strength is calculated according to a modiefied 

version of the EC2 equation, taken from Carlswärd (2006) as following: 

fct(t)=0.28∙fcm(t)
2/3

                                                                                                             (Eq 5.9) 

where fcm(t) is the mean compressive strength at age t calculated from the compressive 

strength at 28 days. 
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Figure 5.3 Stress development for a relative overlay depth α of 0.25, where the shrinkage and creep 

coefficients are calculated with different methods. (Eurocode 2 (EC2), ACI209R-92, Fib model code 2010 

(fib), Swedish concrete manual (Sw), BBK04 and Eurocode 2 graph (EC2 graph), where the creep coefficient 

is calculated by using a graph. 

The stress development is increasing according to all of the methods except fib Model Code 

2010, where stress is decreasing with time. It is also seen that crack is predicted at the age of 

80 days according to the ACI 209R-92 model and almost immediately according to fib Model 

code 2010, however according to the other models, there is no indication that there will be 

any crack development in the first 180 days. 
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Chapter 6 Conclusion 

6.1 Prediction models 
Several models have been proposed for predicting shrinkage and creep with the mean to help 

the designers to estimate the creep and shrinkage strain for a given concrete relatively quickly 

with sufficient precision by using known parameters. Some of these models are simple and do 

not include many parameters such as BBK04, Swedish concrete manual reference for 

calculating the shrinkage or the graph in Eurocode 2 for calculating the creep coefficient of 

the concrete. These models are simple procedures to roughly estimate the final result.  

6.2 Model selection 
Concrete is known for its considerable compressive strength. This strength is gained through 

the reaction between cement and water called hydration. Some of the models relied on 

compressive strength of concrete; ACI 209R-92 didn’t include compressive strength as an 

input parameter, and did rely on mixture a proportion which has resulted in the highest 

shrinkage in both examples. 

 The cracking is also an important phenomenon, since by damaging the concrete it can lead to 

the reduction of the strength. By using the simple beam theory, as proposed by Silfwerbrand 

(1997) which was discussed in Section 5.1, in which the shrinkage was applied in small time 

steps, the stress development was calculated. Later on it was assumed that the cracking takes 

place when the stress obtained from elastic analysis reaches the tensile strength of the 

concrete. Also tensile strength development was calculated. The tensile stress where 

shrinkage was predicted by ACI 209R-92 model, presented that the crack development could 

be as early as 80 days, which wasn’t the case when shrinkage was calculated with other 

models. This prediction might be due to the high amount of the shrinkage predicted by ACI 

209R-92. 

Autogenous shrinkage has not always been considered as significant; however, autogenous 

shrinkage may be a major component of the shrinkage strain of especially high strength 

concrete. Neither Swedish concrete manual Material or ACI 209 R-92, nor older models such 

as BBK04 include autogenous shrinkage in their models. The duration of drying might have a 

direct impact on the shrinkage and creep of concrete, and was not included in predicting the 

shrinkage by ACI 209 R-92. 

Eurocode 2 and fib Model code 2010 take the cement type in terms of how fast the hardening 

of cement occurs into consideration, but they don’t take water content and ambient 

temperature into consideration the way that the Swedish concrete manual Material does. 

Instead the cement type and compressive strength of the concrete are treated in Eurocode 2 

and fib Model code 2010. The Swedish concrete manual-Material model doesn’t follow the 

same fast shrinkage development as the other models do. The shrinkage development 

according to the Swedish concrete manual doesn’t decrease with time, as it should do. This 

might be because of Swedish concrete manual being an older model and a lot has happened to 

the concrete composition since then. Also in Swedish concrete manual Material the cement 

type is treated with a general reference shrinkage, which is a simple model taking only water-

cement ratio into consideration. Although fib Model code and Eurocode 2 do reason in the 
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same way, the outcome of the calculating of tensile stress development when shrinkage is 

calculated according to fib Model code leads to Eurocode 2 being preferable to fib Model 

Code 2010, where the stress is estimated by Model Code has a very high value from the start 

which is way above the calculated tensile strength from the start and by time only decreases 

slightly. 

The fib Model code 2010 divided the creep coefficient into basic creep coefficient and drying 

creep coefficient, which was not the case with other studied models. The studied models do 

not require any information regarding the duration of curing or curing condition except ACI 

209R-92, where creep coefficient equation is applicable for 7 days when concrete is moist 

cured and another equation for 1-3 days when concrete is steam cured. The loading age for the 

creep coefficient equation differs in models as well, where the ACI 209R-92 is appropriate for 

loading age of 7 days, and in Swedish concrete manual the basic creep coefficient is 

calculated at the age of 28 days. The other models have not specified any age for loading. The 

result of the creep coefficient for at least the first 100 days are quiet similar between ACI 

209R-92, Eurocode 2 and fib Model Code 2010, also the  prediction of the final creep 

coefficient doesn’t differ much between the models. 

There are some important parameters such as ambient relative humidity, age at loading, 

duration of drying and duration of loading which should be included in predicting models 

since these parameters as mentioned in Chapter 2 affect shrinkage and creep considerably. 

When there is a need for quick estimation with lack of sufficient information for input 

parameters the simple models can be used. 

 It is not exactly clear which information should be required to calculate the time-dependent 

properties of concrete; whether the mechanical properties of the concrete specified at the time 

of design should be enough or if the mixture proportions are also required. Aggregate type as 

mentioned in Section 2.4 and 2.5 has an important role in both creep and shrinkage; however 

aggregate type (modulus of elasticity of aggregate) was not included in any of the studied 

models. Choosing a factor according to the type of aggregate might be helpful for better 

prediction. Also it is advantageous if the models containing mathematical expressions are 

simple to use and are not highly sensitive to minor changes in input parameters.  

6.3 Final remarks 

6.3.1 Design recommendation for industrial floor 

It is of importance to choose concrete strength class with focus on functionality in industrial 

floors where there is a need for an adequate abrasive resistance. The recommended strength 

class for a slab on ground according to the Swedish Concrete Association (2008), as described 

in Section 4.1, is C30/37. Also following the parameters mentioned in Section 4.1.1 before, 

during and after construction process might lead to an improved outcome.  

6.3.2 Design recommendations for overlay 

For concrete overlay to have a matching material if possible as the substrate is the main 

recommendation, therefore it is important to begin the design by characterizing the existing 

substrate. An important parameter is also the way that overlay and substrate are bonded, 

where in a fully bonded situation there is less risk for edge lifting, therefore the adhesion 
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between the overlay and substrate and factors influencing it are of significant importance, 

which were all discussed in Sections 2.3.1 and 2.3.2.  
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Appendix A Shrinkage and creep calculation of industrial floor 
Shrinkage 
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Creep 
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Appendix B           Shrinkage and creep calculation of overlay 
Shrinkage 
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Creep 
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Appendix C Prediction of tensile stress 
Overlay 
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Appendix D Design information for scenario from overlay design guide 
In order to design the bonded overlay effectively, the following design information has been 

gathered: 

 Historical Records 

• Pavement age: 30 years. 

• 1.25 in. dowel bars at transverse joints, 12 in. spacing. 

• Estimated cumulative ESALs to date: 10 million. 

• Existing pavement originally designed for 25 million ESALs to failure (terminal PSI = 

1.5). 

• Soil survey indicates that subgrade materials consist mainly of silty soils. 

• Deflection Testing Results (Falling Weight Deflectometer [FWD]) 

• Effective dynamic k-value (psi/in.): 550. 

• Back-calculated E (psi) for concrete, base, and subgrade: 4,700,000, 58,000, and 

20,000. Note that for the subgrade resilient modulus (Mr) input to AASHTOWare 

Pavement ME Design, the backcalculated value is adjusted to represent laboratory 

conditions. In this case, 0.35*backcalculated Mr (psi): 7,000. 

• FWD testing for joint load transfer at representative joints averaged a load transfer 

efficiency (LTE) of 98%. 

 Coring and Materials Testing Results (Existing Concrete) 

• S’c, concrete modulus of rupture (psi): 740 (correlation with compressive strength 

tests). 

• CTE (10-6/°F): 4.5. 

 

Distress Survey Results 

• Estimated number of unrepaired spalling areas and deteriorated transverse joints and 

cracks: 20 per mile. 

• No signs of concrete durability problems, such as “D” cracking or reactive aggregate 

distresses. 

• Very few, < 2%, slabs are cracked. 

Traffic 

• Future ESALs (20-year design life): 24.78 million. 

• Initial two-way AADT: 16,800; Trucks: 20%; Growth rate: 2% (compound). 

• Existing roadway: 4 lanes (2 lanes each way). 

• Directional distribution: 50%; Design lane distribution factor: 90%. 

Climate 

• Location: near Fort Worth, Texas. 

• Annual average water table depth: 10 ft. 
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Proposed Overlay 

• E (psi) for concrete: 4,800,000. 

• 28-day flexural strength (psi): 680. 

     • CTE (10-6/°F): 4.5. 
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