Lecture No. 23 & 24

Subject: Properties of Hardened Concrete - Strength   

Objectives of Lecture:

· To explain the strength properties of hardened concrete:
· Compressive strength
· Tensile strength
· Shear strength
· Bond strength
· Impact strength 
· Fatigue strength 
Introduction

· Strength of hardened concrete is its most important property. However, for aggressive exposure conditions, durability, volume stability, and impermeability may be equally important

· The general assumption is that an improvement in concrete strength will improve its other properties as well, except many important exceptions, for example, an increase in cement content that may be intended to increase the strength may also increase the amounts of shrinkage and creep 

Strength properties of hardened concrete are briefly explained, as follows:
1. Compressive Strength

Importance

· Compressive strength of concrete is its indexing property as concrete has its maximum strength against compression

· In reinforced concrete structures, concrete is mainly used to resist the compression 

· Concrete is classified into different grades on the basis of its 28-days compressive strength

· The 28-days compressive strength requirement forms the basic and main background for designing the concrete mixes

Factors affecting strength of concrete
 (i) Water/cement ratio and degree of compaction:

· Since concrete is a brittle material, its porosity primarily governs its strength. As shown in the following Fig., the compressive strength is found to be severely decreasing with increase in the porosity

· The porosity of concrete which governs the strength of concrete is affected by the gel/space ratio in concrete

· The gel/space ratio is the ratio of the solid products of hydration to the space available for these hydration products.

A higher gel/space ratio reduces the porosity and therefore increases the strength of concrete as shown in the following Fig.  

· The gel/space ratio, which governs the porosity of concrete affecting its strength, is affected by the water/cement ratio of concrete.

· A higher water/cement ratio decreases the gel/space ratio increasing the porosity thereby decreasing the strength of concrete, as shown in the following Fig.: 

· Abrams’ law states that “assuming full compaction, and at a given age and normal temperature, strength of concrete can be taken to be inversely proportional to the water/cement ratio”

· As shown in the above Fig., degree of compaction also affects the strength significantly

(ii) Age:

· With an increase in age, the degree of hydration generally increases increasing the gel/space ratio so that strength increases

· Increase in the strength of concrete (at same w/c ratio) with increase in early age (from 1 to 28 days) of concrete has been shown in the following Fig.

· The above Fig. may be used to extrapolate 28-day strengths from 7-day or other strengths   

As a general rule the ratio of 28-day to 7-day strengths lies between 1.3 and 1.7 and generally is less than 1.5

· The strengths beyond 28 days age and up to 1 year are presented in the following Table 

(iii) Combined effect of age and temperature, i.e. “maturity”:

· Since hydration of cement is function of both the time and the temperature of hydration, so the gain in strength of concrete is also jointly affected by these two factors

· The concept of  “maturity” is used to explain the combined effect of age and temperature on the strength of concrete

· Maturity is defined as some function of the product of curing time, at, and curing temperature, T, as follows:

Maturity (˚C × days) = ∑ at (T + 10)

   Where at is curing time in days and T is the curing temperature in ˚C  

· The increase in the strength with increase in maturity has been shown in the following Figures

 (iv) Effect of cement

· The effect of Portland cement on concrete strength depends on the chemical composition and fineness of the cement. Cement content also affects the strength of concrete

· Cements having higher C3S contents gain strength more rapidly, but may end up with slightly lower strengths at later ages

· Since the fineness of cement affects the rate of hydration it also governs the strength of concrete as shown in the above Fig.

· The effect of cement content on strength of concrete at a constant slump has been shown in the following Fig.

(v) Effect of aggregate/cement ratio

· It has been found that, for a constant water/cement ratio, a leaner mix (having more aggregate and less cement) leads to a higher strength, as shown in the following Fig.

· This is due to a fact that if the paste represents a smaller proportion of the volume of concrete (as is the case in a leaner mix), then the total porosity of the concrete is lower, and hence its strength is higher

(vi) Effect of aggregate properties

· The influence of the aggregate properties on strength is of secondary importance

· The aggregate parameters that are most important are the shape and texture and the maximum size of the aggregate  

(vii) Effect of admixtures

· Any admixture which can reduce the w/c ratio or the porosity of the concrete increases the strength of concrete

Tests for compressive strength 

(i) Cylinder test

· Cylinder test developed by the ASTM is very popularly used in USA for determining compressive strength of concrete in the lab

· The test cylinder has a diameter of 150 mm (6 in.) and length as 300mm (12 in.) to match with l/d ratio of 2:1

· The specimens are prepared and tested as per the ASTM specifications, as follows:

· Molds (ASTM C470)

· Molding the specimens 

(ASTM C31)

· Curing (ASTM C192)

· Capping the cylinders

(ASTM C617)

· Determination of compressive strength (ASTM C39)

(ii) Cube test

· Cube test developed by the BS is very popularly used in UK for determining compressive strength of concrete in the lab

· The test cube has a size of 150 mm (6 in.) 

· BS (British Standards) 1881: Part 108: 1983 prescribes filling the mold in layers  

· All the treatments of the test cube after casting and before testing are covered by BS 1881: Part 111: 1983

· Testing of the prepared concrete cubes is covered by BS 1881: Part 116: 1983

· It is to be noted that the cube is tested at right angles to the position at cast, therefore, eliminating the need for capping or grinding because the bearing faces are sufficiently plane 

(iii) Core test

· Core test is commonly used to determine the compressive strength of concrete in the actual structure

· Cylindrical cores of sufficient length and diameter are cut from the structure using a coring machine 

· These cores are then used for determining the compressive strength of concrete in the laboratory

· The methods for determining the compressive strength of cores are prescribed by BS 1881: Part 120: 1983 and by ASTM C 42, both are essentially similar

· The diameter of the core should not be less than 3 times the maximum size of aggregate. The length of the core should be between 1 and 2 times the diameter
· After determining the average strength (fcore) of the moist cores, the estimated actual cube strength (fcube) is obtained from the following equation:

(fcube) = (D × fcore) / (1.5 + 1/λ)

where 

D = 2.5 for cores drilled horizontally

    = 2.3 for cores drilled vertically

λ  = finished length/diameter ratio of the core

(iv) Schmidt hammer test (ASTM C 805-85    and BS 1881: Part 202:1986)

· This test is also known as the rebound hammer, impact hammer or sclerometer test, and is a non-destructive method of testing the concrete to determine its in-situ compressive strength

· The following Fig. shows the detail of rebound hammer. As shown in the Fig., the plunger is pressed against the concrete surface so as to release the release the mass to hit the surface and rebound back.
· After rebound the rebound number is noted. Such 10 to 12 readings are taken over the area to be tested
· On the basis of the average rebound number the compressive strength of concrete is then determined using the chart shown in the following Fig. 

(iv) Pull-out test (ASTM C 900-87)

· This method measures the force required to pull out a previously cast-in steel rod with an embedded enlarged end, as shown in the following Fig.:

· After determining the pull-out force the compressive strength of concrete may be determined using the chart as shown in the following Fig.:

(v) Ultrasonic pulse velocity test 

(ASTM C 597-83 and BS 1881: Part 203-  1986)

· This is a non-destructive test method to determine the compressive strength of concrete

· It consists of measuring the pulse velocity through the concrete to be tested, using the arrangement shown in the following Fig.;

· After measuring the pulse velocity the compressive strength of concrete can be determined using the chart as shown in the following Fig.:

Factors affecting the “laboratory measured” compressive strength

(i) Stress distribution in specimens

     (The influence of platen restraint)

· The compression test assumes a state of pure, uniaxial compression. However, this is not really the case because of the friction force between the ends of the specimens and the platens

· This friction force is induce by the restraint of the concrete at ends by the platens, because of the fact that the concrete, having Poisson’s ratio several times more than the steel platens, tries to laterally expand for failing under the applied load but restrained by the steel platens which has lesser tendency to laterally expand under the same load

· Due to the above reason the measured compressive strength of concrete is found to be higher than the true compressive strength

· The platen effect on compressive strength can be reduced by increasing the height/width ratio of the specimens This is because, with increase in height the central part will be bigger and may fail by lateral splitting

· The cylinder test specimens with height/diameter ratio as 2 is taken as standard for “negligible platen effect”

· Following Fig. shows how the measured strength increases (i.e. the platen effect becomes significant) with decrease in the height/diameter ratio below 2

· For the same concrete, the measured strength of cube specimens (height/width ratio =1) is about 1.25 times that of the standard cylinder strength, as can be seen in the above Fig. 

· The following figures show the typical failure modes of cube and cylinder specimens under compression

(ii) Effect of the specimen size

Both the strength and variability in strength decrease as the specimen size increase

(iii) Effect of the rate of loading

The higher the rate of loading, the higher the measured strength of concrete

(iv) Effect of the moisture content

Moist concrete gives lesser-measured strength than the dried concrete

(v) Effect of the temperature at testing

At higher testing temperature the measured strength of concrete is lower

2. Tensile Strength

· The tensile strength of concrete is much lower than the compressive strength, largely because of the ease with which cracks can propagate under tensile loads

· The tensile strength of concrete is measured in three ways: direct tension, splitting tension, and flexural tension
Tensile strength of the same concrete tested in:

Direct tension < splitting tension < flexural tension

· It is difficult to test concrete in direct (uniaxial) tension because of the problem of gripping the specimen satisfactorily and because there must be no eccentricity of the applied load

Therefore, direct tensile test is not standardized and rarely used

· Modulus of rupture test and splitting test are commonly used to determine the tensile strength of concrete

· The modulus of rupture test makes use of a beam specimen subjected to concentrated loads so as to cause failure of the specimen in flexure, as shown in the following Fig.:

According to the BS 1881: Part 118: 1983 the preferred size of beam is 150 × 150 × 750 mm (6 × 6 × 30 in.) for maximum size of aggregate larger than 25 mm, and for the maximum size of aggregate smaller than 25 mm the recommended size of the beam is 100 × 100 × 500 mm (4 × 4 × 20 in.)

ASTM C78-84 prescribes a beam size of 152 × 152 × 508 mm (6 × 6 × 20 in.)

The modulus of rupture (fbt) is calculated using the following formula:

fbt = (P L)/(bd2)

Where P = maximum total load applied



L = span length



b = width of the beam



d = depth of the beam

Note: The above formula is valid only if the fracture in the tension surface is within the middle third of the span length. If the fracture is outside by not more than 5% of the span length, a modified formula is used:

fbt = (3Pa)/(bd2)

where a is equal to the average distance between the line of fracture and the nearest support measured on the tension surface of the beam

when the fracture is outside by more than 5% of the span length , the results of the test are rejected

· The splitting test  (covered by ASTM C496-90 and BS 1881: Part 117: 1983) makes use of either the cylinder or cube or prism specimen subjected to a load to cause splitting of the specimen, as shown in the following Fig.:

The tensile splitting strength (fst) is calculated using the following formula:

fst = (2P)/(πLd)

where 
P = maximum load applied



L = length



d  = dia or width of the specimen 

Relationship between tensile and compressive strengths of concrete

Relationship between tensile and compressive strengths of concrete has been shown in the following Fig.;

A number of empirical formulae have been developed that relate the flexural tensile strength (ft) and compressive strength (fc) of concrete. However, the expression used by ACI is of the interest:

ft  = 0.62 ( fc)1/2


(MPa, i.e. N/mm2)

    = 7.50 ( fc)1/2


(psi, i.e. lb/in2)

3. Shear Strength

Shear strength of concrete is taken approximately equal to 20 % its compressive strength

4. Bond Strength

· The strength of bond between steel reinforcement and concrete is called as bond strength of concrete

· Bond strength develops primarily due to friction and adhesion between steel reinforcement and concrete

· In general, bond strength is approximately proportional to the compressive strength of concrete up to about 20 MPa (3000 psi)

· For higher compressive strengths of concrete, the increase in bond strength becomes progressively smaller and eventually negligible, as shown in the above Fig.:

5. Impact Strength
· Impact strength of concrete is of importance in driving concrete piles, in foundations for machines exerting impulsive loading, and also when accidental impact is possible, e.g. when handling precast concrete members

· There is no unique relation between impact strength and other strengths of concrete. However, some researchers have found that impact is related to the compressive strength, and it has been suggested that the impact strength varies from 0.50 to 0.75 of the compressive cube strength
· The following Fig. shows the relation between impact strength (represented by the number of blows that concrete can withstand till there is “no rebound” of the impacting device) and compressive strength

· From the above figure it is clear that the relation between impact strength and compressive strength depends upon the type of coarse aggregate but the relation depends also on the storage condition of concrete. It is found that the impact strength of water-stored concrete is lower than when the concrete is dry

6. Fatigue Strength
· The strength of concrete against cyclic or repeated loading is called as its fatigue strength
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