Lecture No. 25 & 26

Subject: Properties of Hardened Concrete - Deformation   

Objectives of Lecture:

· To explain the following three main types of deformations in hardened concrete subjected to external load and environment:
· Elastic strains 
These are the instantaneous deformations that occur when an external stress is first applied
· Shrinkage strains
These deformations occur either on loss of moisture from the concrete on cooling of concrete

· Creep
It is the time-dependent deformation that occurs on the prolonged application of stress
Deformation Effect

Any one or combinations of the above types of deformations in a hardened concrete leads to cracking 

1. Elastic Strains

Elastic strain in concrete, as defined above, depends on the externally applied stress and the modulus of elasticity of concrete:

Elastic strain 

= Externally applied stress/Modulus of elasticity of concrete

Modulus of Elasticity of Concrete

· Concrete is not a truly elastic material, as evident from the nonlinear stress-strain curve for concrete, shown in the following Fig.:

· Since the stress-strain curve for concrete is nonlinear, following methods for computing the modulus of elasticity of concrete are used yielding various types of modulus of elasticity for concrete:

1. The “initial tangent modulus” 

It is given by the slope of a line drawn tangent to the stress-strain curve at the origin

2. The “tangent modulus” 

It is given by the slope of a line drawn tangent to the stress-strain curve at any point on the curve

3. The “secant modulus” 

It is given by the slope of a line drawn from the origin to a point on the curve corresponding to a 40% stress of the failure stress

4. The “chord modulus” 

It is given by the slope of a line drawn between two points on the stress-strain curve

· Calculation of the above four types of moduli of elasticity for concrete has been explained below using a typical stress-strain curve, as shown in the following Fig.:

· Modulus of elasticity for concrete determined from an experimental stress-strain relation curve, as described above, is generally termed as static modulus of elasticity (Ec) whereas the modulus of elasticity determined through the longitudinal vibration test is termed as dynamic modulus of elasticity (Ed)
Static modulus of elasticity (Ec)for concrete 

· Static modulus of elasticity of concrete has been related to its compressive strength by the various Standards

· BS 8110:Part 2:1985 has presented typical values of 28-day Ec for various values of 28-day cube compressive strength, as shown in the following Table:

· BS 8110:Part 2:1985 has recommended the following expression for 28-day Ec in terms of 28-day cube compressive strength (fcu), for normal weight concrete (i.e. concrete with density, ρ ≈ 2400 kg/m3):

Ec28 = 20 + 0.2 fcu28   (where Ec28  is in GPa and fcu28 is in MPa)

Ec28 = 2.9 × 106 + 200 fcu28  (where Ec28  and fcu28  are in psi)

Note: For lightweight concrete the above values of Ec28 should be multiplied by the factors (ρ/2400)2 and (ρ/150)2 respectively.

· ACI Building Code 318-89 recommends the following expression for (Ec) in terms of cylinder compressive strength (fcyl), for normal weight concrete (i.e. concrete with density, ρ ≈ 2400 kg/m3):

Ec = 4.7 (fcyl)0.5    (where Ec  is in GPa and fcyl is in MPa)

Ec28 = 57000 (fcyl)0.5   (where Ec  and fcul  are in psi)
Dynamic modulus of elasticity (Ed)for concrete
Dynamic modulus of elasticity of concrete (Ed) is approximately taken as equal to the initial modulus of elasticity of concrete 

Factors affecting modulus of elasticity

1. Cement and aggregate factors

Since concrete is a composite material, consisting of cement paste and aggregate, its modulus of elasticity depends on the moduli of elasticity and the volume fractions of cement paste and aggregate, as follows:

Ec = [ {(1-Va)Ep + (1+Va) Ea} /  {(1+Va)Ep + (1-Va) Ea}]Ep

Where, Ec = modulus of elasticity of concrete


     Ep = modulus of elasticity of cement paste


     Ea = modulus of elasticity of aggregate


     Va = volume fraction of aggregate = 1-Vp

     Vp = volume fraction of cement paste = 1-Va
· Ep depends on the porosity of cement paste and the porosity of cement paste depends on the gel/space ratio (Ep is approximately proportional to the cube of the gel/space ratio) and gel/space ratio finally depends on the w/c ratio (gel/space ratio is inversely proportional to w/c ratio)

Note: The reason behind relating Ep with compressive strength of concrete lies in the fact that the compressive strength is also affected in the same way as, Ep
· Ea for lightweight aggregates is found to be much lower than that for the normal weight aggregate. This is why the elastic modulus of lightweight concrete is less than that of the normal-weight aggregate (Ec, light weight concrete  = 0.4 to 0.8 Ec, normal weight concrete)
2. Moisture condition factor

The moisture condition of the specimen is a factor: a wet specimen has a modulus of elasticity higher than by 3 to 4 GPa (0.45 to 0.60 × 106 psi) than a dry one

Note: The effect of moisture condition of specimen is reverse in case of the compressive strength.

2. Shrinkage

· Shrinkage is the reduction in the volume of a freshly hardened concrete exposed to the ambient temperature and humidity

· Reduction in the volume due to shrinkage causes volumetric strain. Volumetric strain is equal to 3 times the linear strain

· In practice, shrinkage is measured simply as a linear strain 

Types of Shrinkage

Shrinkage in concrete is caused mainly by loss of water by evaporation or by hydration of cement. However, fall of temperature and carbonation may also cause the shrinkage

Following are the various classifications of the shrinkage depending upon the cause of shrinkage:

1. Types of shrinkages, caused due to loss of water
(a) Plastic shrinkage occurs due to loss of water by evaporation from freshly placed concrete while the cement paste is plastic

· Plastic shrinkage is higher at a higher rate of evaporation of water, which in turn depends on the air temperature, the concrete temperature, the relative humidity of the air and wind speed

· Plastic shrinkage of concrete is higher at a larger cement content (i.e. smaller the aggregate content by volume) of the mix, as shown in the following Fig.:

(b) Drying shrinkage occurs due to loss of water by evaporation from freshly hardened concrete exposed to air

· As shown in the following Fig., when the concrete which has undergone to drying shrinkage is subsequently placed in water (or at higher humidity) it will swell due to absorption of water by the cement paste getting partial recovery from the shrinkage

Fig.: Drying shrinkage of concrete, which has dried from age to until age t and was then re-saturated

· The amount of shrinkage recovered on placing the concrete in water (or at higher humidity) is called “reversible moisture movement or reversible shrinkage” and the un-recovered shrinkage is called “residual or irreversible shrinkage”
   ( Drying shrinkage = reversible shrinkage + irreversible shrinkage

   Reversible shrinkage = 40 to 70 % of drying shrinkage

· Reversible shrinkage will form a greater proportion of the drying shrinkage if concrete is cured so that it is fully hydrated before being exposed to drying

· Irreversible shrinkage will form a greater proportion of the drying shrinkage if concrete is not fully hydrated before being exposed to drying, or drying is accompanied by extensive carbonation, or both

· The pattern of drying shrinkage (i.e. moisture movement) under alternating wetting and drying (a common occurrence in practice) is shown in the following Fig.:

Fig.: Drying shrinkage of concrete, which has dried from age to until age t and was then subjected to cycles of drying and wetting
(c) Autogenous shrinkage occurs due to loss of water by self-desiccation of concrete during hydration 

Note: Self-desiccation is a phenomenon by virtue of which concretes, with a low w/c ratio (theoretically below 0.42), begin to dry out due to the internal consumption of water during hydration and not due to the loss of water to the outside by evaporation

Autogenous shrinkage is very small, typically 50 × 10-6 to 100 × 10-6.

2. Types of shrinkages, caused due to cooling and carbonation
(a) Thermal shrinkage occurs due to excessive fall in temperature
(b) Carbonation shrinkage occurs due to carbonation
“Carbonation” is the process in which the CO2 gas present in the atmosphere forms carbonic acid in the presence of moisture. The carbonic acid reacts with the Ca(OH)2 of hydrated cement to form CaCO3. This process of carbonation causes contraction of concrete known as carbonation shrinkage. 

· Carbonation shrinkage depends on the rate of carbonation and the rate of carbonation depends on the various factors, namely; permeability of concrete, its moisture content, and on the CO2 content and relative humidity of the atmosphere

· Carbonation shrinkage is found to be in addition to the drying shrinkage and adds to the total shrinkage, as shown in the following Fig.:

Factors influencing shrinkage

1. Effect of cement paste and aggregate content

· In concrete, shrinkage is induced by the cement paste but restrained by the aggregate

· For a constant water/cement ratio, and at a given degree of hydration, the relation between shrinkage of concrete (shc), shrinkage of neat cement paste (shp), and the volumetric content of aggregate (Va) is given as:

shc = shp (1-Va)n = shp (Vp)n  
where, n = a constant which depends on the moduli of elasticity and Poisson’s ratios of the aggregate and of the concrete

            Va = volumetric fraction of aggregate = 1 - Vp 

In the following Fig., the above relationship is typically plotted, which yields a value of n = 1.7

2. Effect of type of aggregate 
    (Strictly speaking effect of modulus of elasticity of aggregate)

As shown in the following Fig., a lightweight concrete made with lightweight aggregate exhibits a higher shrinkage than normal weight concrete made with normal weight aggregate. This is because of the lower modulus of elasticity of lightweight concrete as compared to normal weight concrete  

3. Effect of water/cement ratio 

· For a given aggregate content, shrinkage of concrete is a function of the water/cement ratio

· As shown in the following Fig., the higher the water/cement ratio the larger the shrinkage 

4. Effect of relative humidity
· As shown in the following Fig., the relative humidity of the air surrounding the concrete greatly affects the magnitude of shrinkage

· Shrinkage is more at lower relative humidity

5. Effect of time
· Shrinkage takes place over long periods. However, large fraction of the ultimate shrinkage (which is mainly the drying shrinkage) takes place at early times and the small fraction of the ultimate shrinkage (which is mainly the carbonation shrinkage) takes   place over long periods
	Percent of 20-year shrinkage
	Occurs in

	14 to 34
	2 weeks

	40 to 80
	3 months

	66 to 85
	1 year


6. Effect of size and shape of the concrete member
· The actual shrinkage of a given concrete member is affected by its size and shape

· Generally, shrinkage is expressed as a function of the ratio volume/exposed surface
· Following Fig shows that there is a linear relation between the logarithm of ultimate shrinkage and the volume/surface ratio

Prediction of drying shrinkage and swelling

1. ACI 209.R-92 method

2. BS 8110: Part 2: 1985 method

3. Creep

· Creep is defined as the increase in strain under a sustained constant stress after taking into account other time-dependent deformations not associated with stress (viz. shrinkage, swelling and thermal deformations

· The creep is counted from the initial elastic strain, (0/E, (where (0 is compressive stress applied to the concrete after curing for time t0 and E is the secant modulus of elasticity of concrete), as illustrated in the following Figs.:

Stress relaxation

It is decrease in stress with time due to creep of a concrete member loaded and restrained so that it is subjected to a constant strain, as shown in the following Fig.:

Creep and creep recovery

The creep and creep recovery are illustrated with the help of a typical creep curve for plain concrete, as follows:

Factors influencing creep

1. Effect of modulus of elasticity of aggregate

2. Effect of aggregate content

3. Effect of water/cement ratio

4. Effect of age at application of load

5. Effect of relative humidity

6. Effect of volume/surface ratio of member

7. Effect of temperature

Creep development with time

	Percent of 20-year creep
	Occurs in

	25
	2 weeks

	50
	3 months

	75
	1 year


Prediction of creep

Creep may also be predicted using the following chart:
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