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Abstract 

The present study focuses on the structural behaviour of reinforced concrete beams with Ground Granulated Blast Furnace Slag 

(GGBFS) and Granulated Blast Furnace Slag (GBFS). Ordinary Portland Cement was replaced with GGBFS and fine aggregate 

is replaced with GBFS in M40 grade concrete of water cement ratio 0.4. Cement was replaced with GGBFS for various 

percentages such as 0%, 25%, 30%, 35%, 40%, 45%, 50%, and 55%. The optimum cement replacement was obtained at 45%. 

Replacements for fine aggregates are 0%, 25%, 30%, 35%, 40%, 45%, 50%, 55%. The optimum for fine aggregate replacement 

was found to be 45%. In the next stage a combination replacement was carried out i.e. cement replacement is fixed at 45% and 

fine aggregate replacements were done for various percentages (0%, 25%, 30%, 35%, 40%, 45%, 50%, 55%). In this 

combination replacement the optimum was obtained at 30% fine aggregate replacements.  These optimum replacements for 

cement and fine aggregates were used to cast beam specimens. These beams were tested under two-point loading to study the 

flexural behaviour. After conducting flexural strength test the parameters such as first crack load, yield load, displacement 

ductility index and curvature ductility index were studied and compared with control beams. The results were found to be 

comparable with control specimens.   

Keywords: Compressive strength, Flexural strength, Ground Granulated Blast Furnace Slag, Granulated Blast Furnace 
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________________________________________________________________________________________________________ 

I. INTRODUCTION 

Use of environmental friendly materials in the construction sector helps to reduce pollution and also helps to reduce construction 

costs. Ground Granulated Blast Furnace Slag (GGBFS) and Granulated Blast Furnace Slag (GBFS) are wastes from the iron 

manufacturing industry. Recent constructions focuses more on using environmental friendly raw materials. In this study GGBFS 

is used as an alternative material for Ordinary Portland Cement (OPC) and GBFS is used as a substitute for Manufactured Sand. 

In comparison to Ordinary Portland Cement (OPC), the production of GGBFS requires less energy and it produces less 

greenhouse gases. Thus a Blast-furnace Slag blended concrete is a more environmentally friendly concrete compared to an OPC 

concrete. Also Blast-furnace Slag blended concrete paste can improve fluidity and reduce bleeding. If concrete is mixed with 

ground granulated blast furnace slag as a partial replacement for Portland cement, it would provide more workability, durability 

and strength necessary for the structures. The cementitious efficiency of ground granulated blast furnace slag (GGBFS) at 28 

days was tested in concrete at various replacement levels and concluded that it is possible to design GGBFS concrete for a 

desired strength upto an optimum replacement percentage of 45%. Fine aggregate was replaced with GBFS for various 

replacement levels and it was found that optimum was obtained at 45% replacement. Combination replacement was carried out 

by fixing GGBFS at 45% and varying GBFS. For combination replacements optimum replacement for GBFS is obtained at 30%. 

II. MATERIALS USED 

 Cement: A.

Ordinary Portland cement of 53 grades conforming to IS: 12269-1987 has been used. The physical properties of the cement 

obtained on conducting appropriate tests as per IS: 12269-1987. 

 Ground Granulated Blast Furnace Slag: B.

GGBFS used in this experimental work is procured from Nandi Cements. Properties of GGBFS used is conforming to IS: 4031– 

1988. 
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 Fine Aggregate: C.

The fine aggregate used in this thesis work is Manufactured sand and the following tests were carried out on sand as per IS: 

2386(Part I)-1963. 

 Slag Sand (Granulated Blast Furnace Slag) D.

The Granulated Blast Furnace Slag used in the present investigation was collected from Nandi cements. The tests on granulated 

blast furnace slag were carried out as per IS: 383-1970. Slag sand was of Zone II.  

 Coarse Aggregates E.

The coarse aggregate used is crushed (angular) aggregate conforming to IS: 383-1970. The maximum size of aggregate 

considered is 20mm IS sieve passing and minimum size of aggregate considered is 12.5mm IS sieve passing. The results of sieve 

analysis conducted as per the specification of IS: 383-1970.  

 Water F.

 Clean potable water is used for casting and curing operation of the work. The water supplied in the campus is of the potable 

standard of pH value of 7.50 are used.   

 Super Plasticizer G.

To improve the workability of fresh concrete Cera hyperplast. Cera hyperplast is supplied by Cera chemicals, 0.25% dosages 

was used to increase the workability of concrete. 

III. EXPERIMENTAL PROGRAMME 

 Mix Proportions: A.

Concrete mix design of M40 grade was designed conforming to IS: 10262-2009 and trial mixes were attempted to achieve 

workable concrete mix. The mix design is prepared as per the IS code. The values that have to be included in the design are 

found out by various tests. Totally five mixes have been designed. Cubes of standard size 150x150x150mm, Prisms of size 

500x100x100mm and cylinders of diameter 150mm and height 300mm were casted and cured at room temperature and were 

tested at 28 days. 
Table - 3.1 

Concrete Mix Design 

Unit of batch 
Water 

(liters) 

Cement 

(Kg) 

Fine 

aggregate 

(Kg) 

Coarse aggregate 

(Kg) 
SP 

m3 167.4 418.25 787.73 1127.06 1.04 

Ratio 0.40 1 1.88 2.69 0.25 

 

 Fresh Concrete Properties: B.

 Slump Test: 1)

The concrete was tested for slump cone test as per the IS: 1199-1959. The test results showed that slump flow have improved as 

the GGBFS content is increased the slump value is increased compared to the control mix. However all the concrete mixes were 

homogeneous and cohesive in nature also the slump had shear type of failure as the GGBFS content was increased. No 

segregation and bleeding in any of the mixes were observed. 
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Fig. 3.1 Slump Test for Fresh Concrete 

 Hardened Concrete Properties: C.

 Compression Strength Test: 1)

The compression test is used to determine the hardness of cubical specimens of concrete. The strength of a concrete specimen 

depends upon cement, aggregate, bond, w/c ratio, curing temperature and age and size of specimen. Mix design is the major 

factor controlling the strength of concrete. Cubes of size 15cmx15cmx15cm (as per IS: 10086-1982) should be cast. The 

specimen should be given sufficient time for hardening (approximately 24 hr) and then it should be cured for 28 days. After 28 

days, it should be loaded in the compression testing machine and tested for maximum load. Compressive strength should be 

calculated by using equation given below.                            

 Splitting Tensile Strength Test: 2)

The splitting tensile strength is well known indirect test used for determining the tensile strength of concrete as it is one of the 

most important fundamental properties of concrete. Three cylinders of size 150mm diameter and 300m in length are casted and 

cured for 28 days. Testing was made in 2000kN testing machine at rate of loading as (1.2 to 2.4) *(π/2)l*d, N/min. The average 

of three cylinders for each replacement is noted down to get the strength spilt tensile of concrete 

 Flexural Tensile Strength: 3)

Flexural strength is defined as a materials ability to resist deformation under load. Three prisms of size 100mm×100mm×500mm 

are casted and cured for 28 days. Testing was done under two point loading in flexural testing machine. The specimens are 

placed in the machine such that the load is applied to the top surface as cast in the mould along two lines spaced 13•3 cm apart. 

The axis of the specimen is carefully aligned with the axis of the loading device. The rate of loading is 180 kg/minute. The load 

is applied until the specimen failed and the maximum load applied to the specimen during the test is recorded. Flexural strength 

is determined from the equation given below. 

 Flexural Strength Test of Beams: D.

The beam specimens should be cast for determining the flexural strength. The specimen size used in this thesis work is 

100mmx150mmx1000mm. Four sets of beams are prepared which consists of conventional beams, beams with cement replaced 

by GGBFS, beams with fine aggregate replaced by GBFS and beams with cement and fine aggregate replaced by GGBFS and 

GBFS respectively. The beams were tested under static two point loading. The values obtained from the dial gauge at the mid 

span was used to plot the load deflection curve. LVDTs were used to measure the strains. These strain values were used for 

plotting the moment curvature relationship.  Strain gauges are placed on the tension and compression reinforcement to measure 

the strains. 

 Specimen Details: 1)

Overall length, L= 1000mm 

 Depth, d= 150mm 

 Breadth, b= 100mm 

 Clear cover on all faces for the reinforcement = 25mm 
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Fig. 3.2 Beam Specimen for Studying Flexural Behaviour 

 
Fig 3.3 Strain Gauges Placed on the Reinforcement of the Beam 

 Test Setup: 2)

All the 8 beams were tested under two point loading. A UTM of capacity 1000kN is used for the test.  One dial gauge is kept at 

the mid span and at the load point to measure the deflections. Two LVDT were kept on the compression side and tension side of 

the beam to measure the lateral deflections.                  

 
Fig. 3.4 Flexural Test Set Up 

 
Fig. 3.5 Flexural Test Setup of Beam 
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IV. RESULTS AND DISCUSSIONS 

 Flexural Behavior of Reinforced Concrete Beams with CM, GGBFS, GBFS, GGBFS and GBFS Mixes: A.

All the beams are tested under static two point loading in the UTM which has a capacity of 1000kN. 

 Load Deflection Behavior of Flexural Members: 1)

Deflection that occurs at midspan of the beam is measured by using a dial gauge which is placed at the centre of the beam. 

Graphs were plotted with deflection in x axis and load in y axis. 

 
Fig. 4.1 Load Deflection Curve for Beams 

 The beams were tested to the ultimate load capacity in order to investigate deflection behavior. Initially the graph is linear, 

then after the first crack the graph become nonlinear. From the load deflection graph, the energy absorption capacity and 

displacement ductility was obtained. From the graphs it’s clear that the type of failure is tension failure for all the beams. There 

is no crushing of concrete before the steel yields. All the beams shows a ductile behavior. In no case there is a brittle behavior. 

 Initially the graph obtained was linear but it becomes nonlinear after the first crack. Until the ultimate load the graph was 

nonlinear except on the initial stage. From the graph it’s clear that the failure of control specimen occurs earlier than that of the 

Blast furnace slag specimens. Flexural behavior of blast furnace slag specimens are better than that of the control specimens. 

 Energy Absorption: 2)
Table - 4.1  

Energy Absorption of Beams 

Mix Energy absorption (kNmm) 

CM 721.032 

GGBFS 855.352 

GBFS 827.975 

GGBFS + GBFS 769.537 

 

 Present seismic design philosophy relies on energy absorption and dissipation by post elastic deformation for survival in major 

earth quakes. The energy absorption of the beams were obtained from the load deflection graph. The area under the load 

deflection graph up to the peak load is taken as the energy absorbed by the beams. The energy absorption of CM specimen is less 

when compared to that of other Blast furnace slag specimens. Except the CM specimens other specimens have almost same 

energy absorption capacity.   

 Moment Curvature of Beams: 3)

 
Fig. 4.2 Ideal Moment Curvature of a Beam at a Section [8] 
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Fig. 4.3 Moment Curvature Relation of Beams Tested 

 The moment curvature relationship can be idealized to a trilinear relationship. The first stage is cracking, second stage is 

yielding of steel and third stage is limit of useful strain in concrete. Moment-Curvature diagrams were generated for all the 

beams based on the concrete strain and steel strain. Curvature is  computed  from  the  average  longitudinal  compressive  and  

tensile  strains  at  the  middle of the flange and centroid of the bottom reinforcement assuming a linear strain profile cross the 

cross section using the formula 

Curvature, Φ = (εc + εs)/d           (4.1) 

 Where, εc = Average longitudinal compressive strain in at the concrete at the centroid of the compression steel 

 εs = Average longitudinal tensile  strain at the centroid of the tension steel  

d = Distance between the compression and tension strain locations considered.  

From the results the curvature of the beam with Blast furnace slag beams are found to be comparable with control mix concrete 

beams. 

 First Crack Load, Yield Load and Ultimate Load: 4)
Table - 4.2  

First Crack Load, Yield Load and Ultimate Load 

Mix 
First Crack Load 

(kN) 

Yield Load 

(kN) 

Ultimate Load 

(kN) 

CM 12.5 52 65 

GGBFS 20 56 73.5 

GBFS 17.5 54 77.5 

GGBFS+GBFS 15 53 72.5 

 

 In case of the control specimens first crack was observed much earlier than that of the Blast furnace slag specimens. In Control 

specimens the first crack was observed at 12.5kN which is less when compared to other specimens. From ultimate load results, 

the ultimate load of Control specimens are less when compared to Blast furnace slag specimens. For GGBFS specimens there is 

an increase in ultimate load by 13%, for GBFS specimens there is an increase in ultimate load by 19.2%, for GGBFS+GBFS 

specimens there is an increase in ultimate load by 12%. 

 Displacement Ductility Index and Curvature Ductility Index: 5)

 Structure should be capable of undergoing large deflections at near maximum load carrying capacity. This may save lives by 

giving warning of failure and preventing total collapse. 

 In areas subjected to earth quakes, a very important design consideration is the ductility of the structure when subjected to 

seismic type of loading.  

 Displacement ductility is given in table 4.2. Displacement ductility index of control specimens are less when compared to 

Blast furnace slag specimens. Displacement ductility is obtained by using the load deflection graph. 
Table - 4.3 

Displacement Ductility Index and Curvature Ductility Index 

Mix Displacement Ductility Index Curvature Ductility Index 

CM 2.22 2.489 

GGBFS 9.77 9.572 

GBFS 5.519 5.546 

GGBFS+GBFS 3.171 3.69 
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 Curvature ductility index value is given in table 4.2. The curvature ductility index is obtained from the moment curvature 

relation. Both the displacement ductility index and curvature ductility index of control beams are less when compared to the blast 

furnace slag specimens. 

 Failure Pattern of Beams: B.

 
Fig. 4.4 Failure Pattern of Control Mix Beams 

 
Fig. 4.5 Failure Pattern of GGBFS Beams 

 
Fig. 4.6 Failure Pattern of GBFS Beam 

 
Fig. 4.7 Failure Pattern of GGBFS + GBFS Beams 

 Failure pattern of beams are shown in Fig 4.4 to 4.7. Vertical flexural cracks were observed in the constant-moment region 

and final failure occurred due to crushing of the compression concrete with significant amount of ultimate deflection. When the 

maximum load was reached, the concrete cover on the compression zone started to fall for the beams with and without GGBFS. 

Crack formations were marked on the beam at every load interval at the tension steel level. It was noticed that the first crack 

always appears close to the mid span of the beam. For all the specimens the failure pattern was similar. Fig 4.4 shows the failure 

pattern of the control specimens. More cracks were formed for GGBFS + GBFS specimens. 

V. CONCLUSIONS 

Based on the experimental results following conclusion were made: 

1) Optimum replacement of cement with GGBFS is 45%, optimum replacement of fine aggregate with GBFS is found to be 

45% and the optimum combination replacement (GGBFS percentage is fixed to 45% and GBFS is varied) is found to be 

30% for GBFS 

2) From the flexural test it is observed that the failure of control specimen occurs earlier than Blast furnace slag specimens 

3) Type of failure is tension failure for all the beams, there is no crushing of concrete before the steel yields. All the beams 

shows a ductile behavior.  

4) Curvature ductility for CM is 2.22, GGBFS is 9.77, GBFS is 5.519, GGBFS + GBFS is 3.171.  

5) Percentage increase in curvature ductility of GGBFS specimen is 77.3%, GBFS specimen is 60%, GGBFS + GBFS 

specimen is 30%. Curvature ductility of Blast furnace slag specimens are larger than control specimens 

6) Displacement ductility of CM is 2.899, GGBFS is 9.572, GBFS is 5.546 and GGBFS + GBFS is 3.69.  

7) Increase in displacement ductility of GGBFS specimen is 70%, GBFS specimen is 48%, and GGBFS + GBFS specimen is 

21% respectivey. Displacement ductility of Blast furnace slag specimens are larger than control specimens. 

8) Flexural behaviour of GGBFS specimens are much better than other specimens. 
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9) Increase in energy absorption by GGBFS beam is 19%, GBFS specimen is 15%, GGBFS + GBFS is 7%. Energy absorption 

in GGBFS specimens is more than other specimens  

10) Blast furnace slags can be used as effective replacement material  

11) Strength properties are more in GGBFS specimens and durability properties are more shown by GGBFS + GBFS 

specimens 
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