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DISCLAIMER 

 

All the data and technical information furnished in this report are based on the 

investigations carried out at the laboratories of the Structural Engineering Research 

Centre, Chennai, both at the site and at SERC. The responsibility of SERC is limited to 

the technical and scientific matters contained in this report. All 

procedural/legal/operational matters would be the responsibility of Confederation of 

Indian Industry, India who would be using this report. 
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Abstract 
This report presents the details of development of high volume fly ash concrete (HVFAC) using , a 
cement replacement level of 50% and  the investigations carried out on mechanical properties and 
durability characteristics of HVFAC specimens  in comparison with a control OPC concrete (OPCC ) of 
the same grade. The structural behaviour of reinforced HVFAC and OPCC flexural and compression 
elements is also reported. The investigations have demonstrated the suitability of    HVFAC for normal 
structural applications. 
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NOTATIONS/ABBREVIATIONS  

  
CANMET = Canadian Centre for Mineral and Energy Technology  

CIDA=Canadian International Development Agency   

CII = Confederation of Indian Industry  

DC = Direct Current   

GAP= Grant-in-Aid project 

GGBS=Ground Granular Blast Furnace Slag 

 HPCs= High Performance Concretes 

FA= Fly Ash 

HVFA= High Volume Fly Ash 

HVFAC= High Volume Fly Ash Cement Concrete 

HVFAC= High Volume Fly Ash Concrete  

IS : Indian Standard (specified by Bureau of Indian Standards 

LOI = Loss on Ignition 

LVDT = Linear Variable Differential Transformer 

OPC 53 = Ordinary Portland Cement of 53 Grade 

OPCC=Ordinary Portland Cement Concrete 

RC Beams = Reinforced Concrete Beams 

RCPT= Rapid Chloride Permeability Test  

SCMs= Supplementary Cementitious Materials  

SERC = Structural Engineering Research Centre  

SPs = Superplasticisers   

UTM =Universal Testing Machine  
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DEMONSTRATION OF UTILISATION OF HIGH VOLUME FLY 

ASH BASED CONCRETE FOR STRUCTURAL APPLICATIONS 

1.0  INTRODUCTION 

 

CANMET (Canada) and Confederation of Indian Industry (CII) as the local lead agency 

in India with financial support of Canadian International Development Agency (CIDA) is 

implementing Technology Adaptation Project  on High Volume Fly Ash based Concrete 

(HVFAC) in construction industry in India.  The goal of this project is to strengthen 

India’s ability to reduce greenhouse gas emissions and to promote sustainable 

development in construction industry in India.   The main objective of the CII-CANMET-

CIDA project is to enhance the capacity and willingness of key stakeholders, viz., 

Governments, Industry, R&D organisations, to effectively use higher volumes of fly ash 

in concrete construction either as a partial replacement for ordinary Portland cement at 

the concrete batching plant, or by an increased use of blended cements containing large 

percentages of fly ash (FA).   

 

Considerable work has been reported on HVFAC in other countries [1-14]. The 

Structural Engineering Research Centre (SERC), Chennai had earlier carried out R&D 

projects on development of High Performance Concretes (HPCs) using supplementary 

cementitious materials (SCMs) such as fly ash, GGBS, silica fume, and especially,  on 

the use of High Volume Fly Ash (HVFA) as partial replacement for cement in concrete 

[15-18].  Further, state-of-the-art testing facilities have been set up at SERC in this regard.  

Ms. Vasanthy Sivasundaram of CANMET visited SERC on 24th October 2003 and 

discussed regarding the possibility of a collaborative project involving SERC under the 

HVFAC Technology Adaptation Project which is being implemented by the CII-

CANMET-CIDA in India.  Further discussions were held during the visit of Dr. Allen 

Bilodeau of CANMET to SERC on 21st January 2004 along with Shri Anik Ajmera, 

Counsellor, Environment, CII, New Delhi.   As a follow up of this discussion, Dr. K.P. 

Nyati, Head, Environmental Management Division, CII, New Delhi had written a letter 
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dated 4th February 2004, requesting SERC to submit a project proposal to be carried out 

under the HVFAC Technology Adaptation Project of CII-CANMET-CIDA, in India.  

Accordingly, a project proposal on the “Demonstration of utilising of High Volume Fly 

Ash based Concrete for Structural Applications” was prepared by SERC and submitted to 

CII. The project proposal was approved by CII in their letter dated 15th May 2004. The 

project was taken up as a Grant-in-Aid project (GAP) at SERC, Chennai. The 

expenditure relating to the SERC component of the project was borne by SERC and the 

Client component of the project budget was sponsored by CII, New Delhi, as part of the 

CII-CANMET-CIDA HVFAC Technology Adaptation Project in India.    

 

Details of the investigations carried out at SERC are presented in the report .Various 

aspects of the Project, such as, scope of work,  descriptions of the various investigations 

carried out to fulfil the scope of work, and the test results of the experimental 

programmes are given in this report.  The characteristics of high volume fly ash concrete 

(HVFAC) mixtures, especially the structural behaviour of Reinforced Concrete (RC) 

structural elements viz., beam and column specimens, were compared with the 

companion specimens cast using Ordinary Portland Cement Concrete (OPCC) mixture, 

containing only OPC as binder.  The conclusions are presented based on test data 

generated from  the experimental programmes. 

 

2.0  SCOPE OF WORK 

 

The main scope of the work, carried out at SERC, was to  demonstrate the utilisation of 

HVFAC for structural applications through laboratory investigations. 

 

2.1 Parameters Considered:  

�� A typical class of fly ash sample viz., Class F, from one of the Thermal Power 

plants, situated near Chennai, viz., Ennore Thermal Power Station, was used in 

the investigations.   
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�� M30 grade concrete was cast using fly ash at 50% cement replacement level.  A 

slump of about 100 mm was to be achieved for the workability.  

�� 53 Grade cement, one typical brand, available at Chennai, was used. 

 

Note :  1) 53 Grade cement is an Ordinary Portland Cement with a cube compressive 

strength of 53 MPa minimum at 28 days (when tested as per IS:4031) and 

conforms to IS:12269 [19] 

               2) A M30 Grade Concrete has a 28 day characteristic cube compressive 

strength of 30 MPa at 28 days and conforms to IS::456 2000 [20] 

 

2.2 Details of Investigations Carried out: 

 

The following investigations have been carried out to fulfil the scope of work:  

 

2.2.1 Characterisation  of fly ash sample 

 

Tests were carried out to obtain physical properties and chemical composition of fly ash 

sample.  

 

2.2.2 Study of the fly ash-cement pastes for compatibility with superplasticiser  
 

Two different types of superplasticisers, available  in the market were used in the 

investigations. 

 

2.2.3 Investigations carried out for the fly ash based concrete 

 

The following tests were planned to be carried out for the fly ash based concrete: 

 

�� Development of compressive strength at 1, 3, 7, 28, 56, and 90 days 

�� Study of Chloride-ion Penetrability Test (RCPT tests based on ASTM C 1202-

97) [21] at 28, 56, and 90 days. 
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�� Accelerated testing for corrosion of steel reinforcement in concrete by impressed 

current method in chloride environment and chloride-cum-sulphate environment  

�� Assessment of resistance of concrete  to carbonation  

�� Stress-strain characteristics (s - e curves,  and Young Modulus), and  flexural 

strength  and bond strength at 28 days for the concrete  

�� Resistance to abrasion  at 28 days   

�� Study of the structural behaviour  of reinforced concrete  structural elements, 

such as  beam and column specimens,  under different static load conditions, viz., 

under flexure and shear for the beam specimens and under compression for the 

column specimens   

�� Testing of typical beam specimen under cyclic loading. 

 

2.2.4 Deviation on the details of activities originally proposed   
 

The following deviations may be noted on  the details of activities originally proposed to 

be carried out as part of the project proposal submitted by SERC to CII: 

 

i) During the actual execution of the project work, it was found that there was no 

accepted or widely used procedure for accelerated testing for corrosion of 

steel in concrete by impressed current method in chloride-cum- sulphate 

environment.  The accelerated testing for corrosion of steel reinforcement in 

concrete was carried out mainly in chloride environment only and some 

limited studies were carried out in chloride-cum- sulphate environment also.  

ii) No standard methodology is available in the literature for testing of RC beams 

in pure shear as beams are always subject to combined action of bending and 

shear. Therefore, tests were carried out only under flexure. Further, to enable 

to complete the project on time, cyclic load tests were carried out on beam 

specimens only instead of on beam-column joint specimens, which involved 

fabrication of a new formwork, test set-up, etc. 
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3.0 MATERIALS  UTILISED 

3.1  Cement 

An OPC 53 Grade sample was tested to obtain the following characteristics: 

· Specific gravity (determined by Le – Chatelier flask)  (IS : 1727-1967) [22] 

· Standard consistency (IS : 4031 – 1968 Part  4) [23] 

· Initial setting time (IS : 4031 – 1968 Part  5) [24] 

· Final setting time (IS : 4031 – 1968 Part 5) [24] 

 

The results of the tests on cement sample are listed in Table 1 
 

3.2 Fine Aggregate 

 

In the present investigation, the river sand, which was available near Chennai, was used 

as fine aggregate and the following tests were carried out on sand as per IS: 2386- 1968 

(III) [25]: 

· Specific gravity 
· Sieve Analysis and Fineness Modulus 
· Water absorption  

 

The results of tests on sand are given in the Tables 2a and  2b 
 

3.3 Coarse Aggregate 

 

In the present investigation, locally available crushed blue granite stone aggregate of size 

20 mm and down, was used and the various tests, carried out on the aggregates, are given 

below. 

· Specific gravity (IS : 2386-1968 Part 3) [25]     

· Bulk density  (IS : 2386-1968 Part 3)  [25] 

· Sieve analysis and Fineness modulus (IS : 2386-1968 Part 3) [25]    

The results of the tests on coarse aggregate are given  in the Tables 3a and 3b. 
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3.4 Fly Ash 

 

In the present investigation, Class 'F' fly ash, obtained from Ennore Thermal Power 

Station, Chennai, was used and its properties are given in Table 4 (IS:3812-2003) [26] 

 

3.5 Chemical Admixtures 

 

Two brands of Sulphonated Naphthalene Formaldehyde Superplasticisers (SPs A and B) 

were investigated for their compatibility with the brand of cement and fly ash selected by 

conducting Marsh Cone efflux time tests on binder pastes.  While one of the 

superplasticisers (B) imparted better flow characteristics to HVFAC paste, the setting 

characteristics of the corresponding HVFAC  specimens was found to be rather poor. 

Therefore, Brand A SP (viz., CONPLAST SP 430), marketed by M/s. Fosroc Chemicals, 

Bangalore, was used in the present investigation. A comparison of efflux times of 

HVFAC paste at different time intervals after mixing is presented in Table 5. The 

properties of superplasticiser are given in Table 6.  

 

3.6 Water 

In the present investigation, potable water was used. 

 

4.0 CONCRETE MIXTURE DESIGN AND PROPORTIONS 

 

The concrete mixtures were designed initially on the basis of ACI Committee 211 [27] 

and IS 456:2000 [20]. The proportions were modified to achieve the required workability 

and 28 day compressive strength for the materials used.   The materials used and mixture 

proportions adopted are presented in Table 7. The control OPCC mixture had a w/c  of 

0.55 while the w/b of HVFAC  was 0.38 so that the same order of compressive strength 

at 28 days could be realised.  
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5.0 TEST PROCEDURES  

5.1 Preparation of Test Specimens  

The ingredients for the various concrete mixtures were weighed and casting was 

carried out using a pan mixer.  Precautions were taken to ensure uniform mixing of 

ingredients.  The specimens were cast in steel moulds and compacted on a table vibrator 

by placing the concrete in the moulds in three equal layers and compacting with the table 

vibrator after placing each layer.  The specimens were cured in water on demoulding 

after 24 hours.   

5.2 Mechanical Properties 

Compressive strength tests were done on 100 mm cube concrete specimens at different 

ages as per the procedure specified in IS:516-1959 [28]. Cylindrical concrete specimens 

were tested after sulphur capping (Fig. 1) at 28 days in a servo-hydraulic 2500 kN UTM 

(Fig. 2)  to obtain a plot of stress-strain curve, of OPCC and HVFAC.  The  flexural tests 

were carried out on beam specimens of size 100´ 100́ 500 mm under standard two-point 

loading,  while the split tensile strength was determined by subjecting 100 mm diameter x 

200  mm long cylinders to diametric compression. The results of tests reported here 

represent the average value obtained from a minimum of three sample specimens. Results 

of pull out tests of 20 mm dia. mild steel rods; embedded in 150 mm concrete cubes were 

used to determine the bond strength.   

 

5.3 Durability Properties 

 

5.3.1  Test for water absorption  

The water absorption was determined on 100 mm concrete cubes as per ASTM C-642 

[29]. The tests were carried out up to 72 hours.   

5.3.2 Rapid chloride permeability test (RCPT) 

In the present study, RCPT was carried out under a constant DC potential of 60 Volts, 

using disc shaped test specimens of nominal size 100mm diameter x 50mm thickness, cut 

from the 100mm diameter x 200mm high cylinders, after saturating the specimens in 



 
 

 

Structural Engineering Research Centre,  
Chennai 600 113, India 

 

  

water as per ASTM C-1202 [21]. The test was carried out after 28, 56 and  90 days of 

water curing.  

 

5.3.3 Test for water permeability 
 

The water permeability of  150 mm cube specimens was determined by using Germann 

Water Permeability test apparatus (Fig. 3). The tests were carried out on water saturated 

specimens under a pressure of 5 bars.   

5.3.4  Test for accelerated carbonation 
 

Accelerated carbonation test procedure, reported by Ohama [30], was used in the present 

investigations. As per this test procedure, cube specimens of size 100 mm were kept in a 

sealed chamber, filled   with  CO2 at ambient temperature under a pressure of 0.3 MPa, 

for seven days. The chamber (Fig. 4) was kept  in a temperature  and relative humidity 

controlled room at 50% RH and 30oC throughout the duration of the test. The depth of 

carbonation was obtained by phenolphthalein test.  

 
5.3.5 Accelerated testing for corrosion of steel reinforcement in concrete by  
               impressed current method 
 

 In this test, 100 mm dia x 200 mm concrete cylinders, with 16 mm dia. mild steel  bar 

embedded concentrically in the concrete, were soaked in 3.5% sodium chloride solution 

and a 3 V Direct Current (DC) was impressed (Fig. 5). Limited tests were conducted in 

chloride-cum-sulphate environment .The concentration of the solution was 3.5% sodium 

chloride solution mixed with 5% each of sodium and magnesium sulphates.  The rebar 

acted as the anode while a stainless steel annular ring around the cylindrical specimen 

acted as the cathode and an electrochemical cell was formed by connecting to a DC 

voltage source. The growth in response current was continuously monitored for both 

OPCC and HVFAC specimens. The tests were terminated after the specimens cracked.  
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5.3.6   Abrasion resistance 

Abrasion resistance of the test specimens was determined  using 70 x 70 x 25 mm thick 

specimens as per IS:1237-1980 [31] procedure for tile abrasion test. The reduction in 

thickness due to abrasive action of aluminium oxide was determined. 

  

5.3.7 Presentations of results of various tests  

 

The  results of tests for mechanical and durability properties are presented in Table 8 and 

Figs. 6 to 15.  

 

 

6.0 ANALYSIS OF RESULTS  OF TESTS FOR MECHANICAL AND  
      DURABILITY PROPERTIES OF CONCRETE MIXTURES 
 

As seen from Table 8 and Fig. 6, High Volume Fly Ash Based Concrete (HVFAC) 

lagged behind OPC based concrete (OPCC)  in compressive strength up to the age of 7 

days due to delayed pozzolanic reactivity.  This aspect has to be suitably reckoned with  

by the designer and site engineer in structural applications using HVFAC with a view to 

decide the formwork stripping time and curing schedules.   However, if the 7-day 

strength is crucial in any particular situation, HVFAC can be designed to achieve that 

objective and in that case, the 28 days strength could be higher. In the present study, at 

the age of 28 days, HVFAC has slightly more strength at 44.7 MPa compared to a 42.7 

MPa of OPC based concrete and thus the difference between strengths of two concretes is 

about only 2 MPa. But, at the age of 90 days, HVFAC had compressive strength of 54.3 

MPa as against 47.7 MPa for OPCC. Thus the difference between strengths of two 

concretes at 90 days is 6.6 MPa and this difference is more by about 4.7 MPa than that 

observed at 28 days. The larger difference between strengths of OPCC and HVFAC 

could be attributed to the contribution from continued pozzolanic reaction of fly ash in 

HVFAC. The present study shows that HVFAC could be designed to achieve the same 

order of compressive strength at 28 days as that of OPC based concrete.   
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The flexural strength of 4.5 MPa at the age of 28 days for HVFAC is higher when 

compared to 4.0 MPa for control OPC based concrete.  The split tensile strength was also 

slightly higher for HVFAC compared to OPCC. The bond strength obtained from the 

results of pull out test showed that HVFAC had nearly the same order of bond strength at 

the age of 28 days compared to that of OPC based concrete (Table 8).   

 

Fig. 7 shows a typical  stress-strain curve of OPCC and HVFAC cylindrical specimens at 

the age of 28 days. It is observed that no major difference exists in stress-strain 

characteristics with both OPCC and HVFAC specimens reaching nearly the same peak 

stress levels (35.3 MPa for OPCC, 38.0 MPa  for HVFAC). However, the Young’s 

modulus of the OPCC specimens was higher in the lower stress regimes (46.9 GPa 

against 35.2 GPa at 40% stress level). The strain corresponding to peak stress was higher 

for HVFAC compared to OPCC (0.002 against 0.0017). The post peak characteristic was 

also better for HVFAC specimen. 

 

Fig. 8 shows that the resistance of HVFAC to slip under pull out test is marginally less at 

28 days compared to that of  OPCC. However, at the age of 90 days, HVFAC exhibited 

higher bond strength (see Fig. 9), irrespective of the magnitude of slip.  

 

Fig. 10 demonstrates another positive characteristic of HVFAC, viz., the reduced level of 

water absorption. The cumulative water absorption in the initial period as well as at 

saturation stage is considerably less for HVFAC. Obviously, Table 8 shows that the 

water permeability of HVFAC concrete is less compared to OPCC and it decreases 

further with age due to refinement of microstructure.  

   

The chloride penetrability of  HVFAC  was in the “Very Low” category (see Fig.11) as 

compared to that of OPCC which was in “Moderate” category.  There was not much 

reduction in the chloride permeability of OPCC with age as compared to the significant 

reduction in the case of HVFAC.  This may be due to increased degree of hydration and 

refinement of microstructure. 
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The accelerated carbonation test indicated that at early ages of 28 and 56 days, 

carbonation depth was higher in HVFAC when compared to that of OPCC (Fig. 12), but 

at the ages of 56 and 90 days, HVFAC had only a marginally (50%) higher carbonation 

depth when compared to that of OPCC under exposure to highly aggressive condition of 

100% carbon dioxide and 56-60% RH, adopted in the test.  However, it is noted that the 

maximum amount of carbon dioxide levels present in the atmosphere is only in the range 

of 300-400 ppm (which is only 0.04%) and the threshold of carbon dioxide tolerance for 

human being is 3000-4000 ppm (0.4%). Therefore, at the prevailing peak levels of carbon 

dioxide even in the industrial environments, which is significantly much below the 100% 

level of carbon dioxide, adopted in the test conditions in the laboratory, the higher depth 

noticed in the HVFAC specimens under laboratory test conditions would not materialise 

in real life situation.  As such, resistance to carbonation in the case of HVFAC need not 

be a cause for concern. 

 

The tests for accelerated corrosion of steel reinforcement in concrete exposed to salt  

water under impressed current indicated that the magnitude of anode current at different 

durations was significantly lower for HVFAC compared to OPCC. This results in the 

delay of corrosion initiation period and is, therefore, highly beneficial. The Figs. 13 to 15 

also illustrate that the greater the curing period, the better is the corrosion resistance. 

Curing for more period made no significant difference in case of OPCC specimens while 

additional 28 days of curing (i.e., 56 days of total curing period ), delayed the corrosion 

initiation by another 31 days in HVFAC specimens. HVFAC specimens cured for 90 

days did not show any initiation of corrosion even after 100 days. The weight losses 

recorded after 20 days of polarisation were about 6% in case of OPCC and almost 

negligible in case of HVFAC. Since this is a highly accelerated test, the actual 

performance under realistic environmental conditions would be much better. In case of 

chloride-cum-sulphate environment, the HVFAC specimens cured for 56 days, when 

subjected to corrosion test, showed current of about 1.8mA which is of the same order as 
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that observed in chloride environment alone, indicating the highly satisfactory 

performance of HVFAC in chloride-cum-sulphate environment also.  

 

In the abrasion resistance test, the performance of  HVFAC was marginally better with a 

thickness loss of 1.3 mm as against 1.5 mm for OPCC. 

 

7.0 STRUCTURAL BEHAVIOUR OF RC ELEMENTS 

 
The structural behaviour of reinforced HVFAC and OPCC members is presented in this 

section.  

 
7.1 Preparation of Test Specimens 

RC beam specimens for static monotonic and cyclic tests were cast employing specially 

fabricated steel moulds using both OPCC and HVFAC (Figs. 16 to 18). Electrical strain 

gauges were pasted on the tension steel.   The details of the geometry of the beam 

specimens, which were tested under flexure, are given in Table 9a.  In addition to the 

above, two RC beam specimens (using OPCC and HVFAC) were also cast with equal top 

and bottom reinforcement to assess the ductility of the RC beams.  RC column specimens 

were cast using specially fabricated steel moulds. The details of the geometry of the 

column specimens and details of reinforcement used for the preparation of specimens are 

shown in Fig. 19.    

 

7.2 Description of Test Programme 

 
7.2.1 Static flexural test on RC Beams  

 
The RC beam specimens were tested at the age of 28 days under two-point loading 

through a hydraulic jack with the middle 1000 mm length kept under constant bending 

moment such that each load point is 1000 mm from support point. The load was applied 

gradually and deflection measurements were taken at every 10 kN load intervals and 

strain measurements were taken at every 20 kN load intervals. The specimen was 
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supported over two steel pedestals and hinge condition was provided at one support and 

roller support was provided at the other support.  

 
The strain in the reinforcement was monitored through the electrical strain gauges. The 

surface strains in the test specimens were measured using a Pfender gauge. Deflections 

were measured under load points and at mid-span of the specimens using dial gauges. 

Crack width measurements were made at a few selected locations using a crack 

measuring microscope. Number of cracks in the constant bending moment zone was 

marked and the average crack spacing was found (Fig. 20). 

 
The RC beams with equal top and bottom reinforcement (Table 9a) were tested in a 

Servo hydraulic loading system under single-point loading. The same support condition 

that was adopted for the earlier set of beams was chosen.  

 
7.2.2 Cyclic load test on RC beams  

 
The cyclic load test was conducted using a specially fabricated frame, wherein suitable 

boundary conditions were provided for complete reversal of loading. The specimen was 

supported over two steel pedestals and hinge condition was provided at one end and roller 

support was provided at the other end. The test was conducted using a servo hydraulic 

loading system with push-pull loading facility. The load was applied at specific 

increments and strain in the steel and deflection measurements were taken at each load 

increment. The loading was continued, till the tensile strain in the bottom rebars reached 

a value of 0.004 (corresponding to yielding of steel) and the deflection corresponding to 

the strain of 0.004 was noted (d1). The RC beam was then unloaded and deflection and 

strain values were recorded during the unloading stage as well.  The loading was then 

applied in the reverse direction, till the mid span deflection reached the value of d1 and 

then unloaded. The entire operation of loading and unloading constituted one cycle. The 

second cycle was a repeat of the first cycle. In the third cycle, the beam was loaded, till 

the midspan deflection reached a value of two times d1, both in the normal and reverse 

direction. The fourth cycle was a repeat of the third cycle. The cyclic loading was 
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continued, till the concrete failed by crushing. The reverse cyclic loading was applied on 

both the reinforced OPC based concrete and HVFAC beam specimens.      

 

7.2.3 Compression test on RC columns 

 
Uniaxial compression tests were conducted on the reinforced OPCC and reinforced 

HVFAC column specimens in a Servo Controlled UTM of 2500 kN capacity. The loads 

were applied in small increments under displacement control. During the test, strains in 

the longitudinal and transverse steel reinforcements were monitored at mid height of the 

column using electrical resistance strain gauges and the values were recorded at regular 

load increments. The surface strains in the vertical direction at the mid height of the 

column were measured using an LVDT.  The steel and concrete surface strains were 

recorded at 100 kN load increments. Visual observations were made throughout the test. 

The details of the test set up are shown in Fig. 21. 

 
7.3 Analysis of Test Results 
 
7.3.1 Static flexural test on RC beams 
 
7.3.1.1 Comparison of load and bending moment at various load stages : The results 

of the tests conducted on the two series of test specimens under two-point loading are 

given in Table 9b. The Figs. 22 and 23 show the load-deflection plot and moment-

curvature plot respectively for the RC beams cast using OPCC and HVFAC.  The first 

crack load was found to be 30 kN for the reinforced OPCC beams, while it was 22.5 kN 

in the case of the reinforced HVFAC beam.  The service load (PSL-1) was computed from 

a load corresponding to a deflection of span/250.  The average service loads for the 

reinforced OPCC and HVFAC beams are 112 kN, and 116 kN respectively. If the service 

loads were computed by dividing the ultimate load by a factor 1.5,  then the average 

values (PSL-2)  were 109 kN and 112 kN for the reinforced OPCC and HVFAC beams 

respectively. Hence it is seen from Table 9b that service loads calculated from both 

deflection and ultimate load criteria for the reinforced OPCC and HVFAC beams are of 

similar order.  During testing, it was noticed that both the OPCC and HVFAC beams 
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withstood the design shear force and bending moment successfully, which implies 

satisfactory performance. 

 

The failure loads (Pu) in the case of the reinforced OPCC and HVFAC beams were 

almost of similar order. The load deflection plot, given in Fig. 22, also shows that the 

addition of fly ash did not have noticeable influence on the post peak behaviour of RC 

beams. 

 

7.3.1.2 Crack width and crack spacing: The crack width was measured using a crack 

measuring microscope having least count 0.02mm. The crack spacing was found to be 

slightly more in the case of the reinforced HVFAC beam specimens  leading to higher 

crack width compared to the reinforced OPCC beams. The increase in crack spacing and 

consequent higher crack width in reinforced HVFAC beam may be attributed to its lower 

first crack load when compared to that of reinforced OPCC beam. However, for both the 

series of beams investigated, the crack width under service load was within the 

permissible limit as per IS 456:2000. 

 
7.3.1.3 Deformation characteristics: In the present investigation, the deformation 

behaviour of reinforced HVFAC beams was compared with that of reinforced OPCC 

beams.  The load-deflection behaviour of reinforced HVFAC beams was almost similar 

to that of reinforced control OPCC beams for the entire range of load tested (Fig. 23). 

The deflection corresponding to the yielding of steel (strain in steel bars = 0.004) for the 

reinforced HVFAC beams was found to be more (Table 10) when compared with that of 

reinforced OPCC beams. The “deformation ductility” [32] is defined as the ratio of the 

deflection at ultimate load in the concrete to the deflection corresponding to yielding of 

steel.  It is seen from the table that the deformation ductility of the reinforced HVFAC 

beam is relatively less when compared with that of reinforced control OPCC beams.  It 

may be noted that the percentage of compressive steel in the beam specimens was 26% of 

tensile steel.  It may be worthwhile to increase the percentage of compressive steel in 

reinforced HVFAC beams to ensure adequate ductility in par with that of reinforced 

OPCC beams.  
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7.3.2 Static flexural test on RC Beams with equal top and bottom reinforcements 
 
Fig. 24 shows the load-deflection plot for the reinforced OPCC beam and HVFAC beams 

under 3-point bending.  The ultimate loads for both the reinforced control OPCC and 

HVFAC beams are 133 kN and 138 kN respectively and their load deformation 

behaviour was almost similar.   Figs. 25 and 26 show the load Vs compressive strain and 

load Vs tensile strain for the reinforced control OPCC and HVFAC beams.  These plots 

also showed that the behaviour of RC beams with equal top and bottom reinforcement 

were almost similar for the reinforced control OPCC and HVFAC beam specimens.  

  

7.3.3 Cyclic load  tests 
 
Figs. 27 and 28 show the load deflection plots for the reinforced control OPCC and 

HVFAC beams under reversed cyclic loading. Both the reinforced control OPCC and 

HVFAC beams withstood successfully six cycles of load reversal, which also included 

three repeat cycles as described in Section 7.2.2 of this report. The behaviour of both the 

reinforced control OPCC and HVFAC beams under reversed cyclic loading was similar. 

 

7.4 Compression Tests on RC Columns 

 

The ultimate load carrying capacity and the strain values of the reinforced control OPCC 

and HVFAC columns are given in Table 11.  Figs. 29 and 30 give the axial strain and 

lateral strain of the reinforced OPCC and HVFAC column specimens.   

It is seen from the above table and figures that the peak load achieved was almost the 

same in the case of both reinforced control OPCC and HVFAC columns.  

 
8.0 CONCLUSIONS 
 
Based on the results of investigations, presented in this report, the following conclusions 

can be arrived at: 
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1. HVFAC, designed for the same 28 day compressive strength of OPC (control) 

based concrete; lags behind OPC based concrete in compressive strength up to the 

age of 7 days.  The strength values were almost similar at the age of 28 days and 

HVFAC exhibited higher strength at later ages. 

 

2. The flexural strength was found to be higher for HVFAC.  The bond strength for 

embedded rebars was nearly the same for both the concretes.  

 

3. HVFAC showed very low chloride permeability and low water absorption and 

reduced water permeability compared to that of OPC based concrete.  These 

properties improved further for HVFAC with increase in age of the concrete. 

 

4. In the laboratory test conditions, wherein the specimens were exposed to 100% 

carbon dioxide, HVFAC showed higher carbonation depth at the age of 28 days 

when compared with that of OPC based concrete.  However, at the age of 90 days, 

the carbonation depth in HVFAC specimen was only marginally (11.35 mm 

against 7.35 mm) high when compared with OPCC specimen.  However, in real 

life/field condition, wherein the concentration of (carbon) dioxide is only up to 

0.04%, the resistance to carbonation in  HVFAC would not be a factor to be 

reckoned with and hence, it need not be a cause for concern.        

 

5. The abrasion resistance of HVFAC was found to be marginally better compared 

to OPC based concrete.  

 

6. In the present investigations, the crack spacing was found to be slightly more in 

the case of the reinforced HVFAC beam specimens resulting in marginally higher 

crack width when compared to that of reinforced OPCC beams.  However, the 

crack widths under service load for both OPCC and HVFAC beam specimens 

were found to be well within the permissible limit as per provisions of  IS:456-

2000.  
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7. The “deformation ductility” was found to be marginally less for reinforced 

HVFAC beams when compared with that of reinforced OPCC beams (i.e., 1.45 

against 1.76).  However, it may be noted that this observation is based on 

structural testing of only a limited number of specimens in the present 

investigation. 

 
8. It is seen from the investigations that the structural behaviour of reinforced OPC 

based concrete and HVFAC based beams conformed to the design requirements 

of IS:456-2000 with regard to bending moment and shear force. 

 
9. The behaviour of the reinforced OPC based concrete and HVFAC beams under 

reversed cyclic loading were similar.  

 
10. The ultimate load carrying capacity of both the reinforced OPC based concrete 

and HVFAC based columns under axial compression was found to be nearly the 

same.  

 

 

 
9.0 DISSEMINATION OF RESULTS OF THE PROJECT 
 
Test results of the investigations carried out on the HVFAC, especially the structural 

behaviour of reinforced HVFAC beams and columns together with that of reinforced 

OPCC beams and columns were presented to the professionals in construction industry 

and government organisations at the various seminars/workshops by the scientists of 

SERC as follows: 

 

1. “High Volume Fly Ash Based Concrete for Structural Applications”, Paper 
presented by S. Gopalakrishnan, SERC at the Seminar on “High Volume Fly Ash 
Concrete Technology” organised jointly by the Confederation of Indian Industry, 
New Delhi and Canadian International Development Agency, Natural Resources 
Canada  

(a) at Pune, Maharashtra on 15th October 2004, and  
(b) at Jaipur, Rajasthan on 18th October 2004. 
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2. “High Volume Fly Ash Based Concrete for Structural Concrete”, paper presented 

by Dr. N. Lakshmanan, Director, SERC at the Silver Jubilee Bonanza of Concrete 
World-Engineering and Materials, organised by ACI Chapter of India at Mumbai, 
9-11, December 2004. 

 
3. “Behaviour of Reinforced Concrete Structural Elements with High Volume Fly 

Ash Concrete”, Second International Symposium on Concrete Technology for 
Sustainable Development, Hyderabad, Feb.-March 2005. 

 
4. “Behaviour of Reinforced Concrete Structural Elements with High Volume Fly 

Ash Concrete”, National Seminar Business Meet on use of Fly Ash in Building 
Components, March 2005, New Delhi  
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Table 1 Physical Properties of Cement (53 Grade) 

 

Physical Properties IS:12269  OPC used in the Present Study 

Specific Gravity _ 3.15 

Standard Consistency  _ 31.0% 

Initial Setting Time > 30 minutes 90 minutes 

Final Setting Time < 600 minutes 272 minutes 

Compressive Strength of 70.7 mm 
Mortar Cubes at 28 days (IS:4031) 

53.0 MPa 53.5 MPa 

 

Table 2a Properties of Fine Aggregate (Sand) 

 

 Properties Results 

Specific Gravity  2.68 

Fineness Modulus 2.73 

Bulk Density  1685 kg/m3 

Water Absorption  0.82 %  (by mass) 

 

Table 2b Sieve Analysis of Fine Aggregate (Sand) 

 

Sieve Size  %  Mass Retained Cumulative % Mass 
Retained 

4.75 mm 1.40 1.40 

2.36 mm 2.20 3.60 

1.18 mm 24.4 28.00 

600 µ 24.2 52.20 

300 µ 37.2 89.40 

150 µ 9.6 99.00 

<150µ 1 - 

Total               273.6 
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Fineness modulus of fine aggregate                 2.74 

Table 3a Properties of Coarse Aggregate (Crushed Blue Granite Stone) 

Property Results 
Specific Gravity 2.69 

Bulk Density  1550  kg /m3 
Fineness Modulus 7.15 
Water Absorption  1.20  %  (by mass) 

 

Table 3b Sieve Analysis of Coarse Aggregate (Crushed Blue Granite Stone) 

Sieve Size in mm %Weight Retained Cumulative % wt Retained 
20.0 17.00 17.00 

10.0 81.20 98.20 
4.75 1.80 100.0 
2.36 - 100.0 
1.18 - 100.0 
600 - 100.0 
300 - 100.0 
150 - 100.0 

< 150 -                      - 

      Fineness Modulus of Coarse Aggregate 7.15 
 

Table 4 Properties of Fly Ash Used 
Chemical Composition Content (% by mass) 

SiO2 52.52 
Al 2O3 32.63 
Fe2O3 6.16 
CaO N.D 
MgO N.D 
Na2O 0.02 
SO3 4.95 
MnO 0.03 
LOI 1.08 

Other Properties 
% Mass Retained on 45m sieve 33 

Specific Gravity 2.23 
Lime Reactivity at 7 days 4.10 MPa 

Pozzolanic Activity Index at 28 days 87 % of Control 
Blaines’ Fineness 315 m2/kg 

ND = Not Detectable 
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Table 5 Flow Properties of Superplasticisers  

Marsh Cone Efflux Time (seconds) Time after Mixing 
(minutes) 

Brand A Brand B 
0 
10 
20 
30 
40 
60 

12 
16 
20 
25 
28 
30 

12 
16 
18 
18 
18 
20 

Note : The above timings for collection of 500 ml of the Superplasticised paste with a 
water-cement ratio of 0.50. 

Table 6 Properties of superplasticiser (CONPLAST SP 430)* 

Sulphonated Naphthalene Formaldehyde Condensate 
Specific Gravity : 1.22 – 1.25 
Chloride Content – Nil  
Recommended Dosage – 0.6 to 1.4 litre per 100 kg of cement 
Approximate Additional Air Content: 1 % at normal dosage 
Solid Content : 40 % 
Compatibility – All types of cement except high alumina cement 
Operating Temperature = 10ºC to 40ºC 

 * Data taken from the product brochure of the supplier  

                                     Table 7 Concrete Mixture Proportions 

Ordinary Portland Cement Concrete (OPCC) 
Cement 
Sand 
Coarse Aggregate  20 -12.5 mm 
Coarse Aggregate 12.5 -4.75 mm 
Water 
Superplasticiser (Sulphonated 
naphthalene formaldehyde) 
Water-cement (w/c) ratio 
Workability,  Slump  

300 kg/m3 
806 kg/m3 
790 kg/m3 
328 kg/m3 
165 kg/m3 
2.7 litres/m3 
 
0.55 
100 mm 

High Volume Fly Ash Concrete (HVFAC) 
Cement 
Fly ash 
Sand 
Coarse Aggregate  20 -12.5 mm 
Coarse Aggregate 12.5 -4.75 mm 
Water 
Superplasticiser 

210 kg/m3 
210 kg/m3 
718 kg/m3 
712 kg/m3 
305 kg/m3 
175 kg/m3 
3.36 litres/m3 
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Water-binder (w/b) ratio 
Workability,  Slump  

0.38 
150 mm 

 

Table 8 Properties of Concrete Mixtures 

Properties                          Age at Testing/Curing Period  OPCC HVFAC 
Compressive Strength (MPa)  1  Day 

 3  Days 
 7  Days 
28 Days 
56 Days 
90 Days 

12.1 
26.0 
31.0 
42.7 
45.2 
47.7 

6.7 
16.6 
25.7 
44.7 
50.1 
54.3 

Young’s Modulus (GPa) 28 Days 46.9 35.2 

Flexural Strength (MPa) 28 Days 4.0 4.5 
Split Tensile Strength 28 days 3.7 4.1 

Bond Strength (MPa) 28 days 
 

 
56 days 

 
 

90 days 

0.025 mm Slip 
0.25 mm Slip 
 
0.025mm Slip 
0.25mm Slip 
 
0.025mm Slip 
0.25mm Slip 

7.5 
8.5 

 
7.5 
9.1 

 
7.7 
9.4 

7.01 
8.5 

 
7.4 
8.9 

 
8.7 
9.6 

Water Absorption 
          (%) 

28 Days 
56 Days 
90 Days 

3.18 
2.93 
2.90 

2.12 
2.09 
1.98 

Rapid Chloride Permeability 
(Coulombs) 

(ASTM C 1202) 

28 Days 
56 Days 
90 Days 

2819 
2485 
2295 

341 
257 
189 

Corrosion initiation time  
        (days) 

28 Days 
56 Days 
90 Days 

11 
13 
13 

91 
122 

- 
Depth of Carbonation      
          (mm) 

28 Days 
56 Days  
90 Days 

9.2 
7.9 
7.2 

24.7 
11.9 
11.3 

Water Permeability x 1011 m/s 
 

28 Days 
56 Days 
90 Days 

8.6 
6.1 
3.4 

7.5 
5.1 
2.3 

Abrasion/Wear resistance as per 
IS:1237 (Thickness loss, mm) 

 
28 Days 

 
1.5 

 
1.3 
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Table 9a    Details of the RC Beam Specimens 
Type of Test Concrete 

Characteristic 
Strength, MPa 

Size 
(mm) 

Reinforcement at 
Bottom and Top 

Shear Reinforcement 
(Two Legged Stirrup) 

Static Flexural 
Test (Two point 

loading) 

35 150 ́  300 
´  3200 

3 Nos of 16 mm 
Dia at Bottom and 
2 Nos of 10 mm 
Dia at Top 

10 mm dia @ 250 mm 
c/c in the central 1000 
mm length and @ 160 
mm c/c in the shear spans 

Static Flexural 
Test (Single Point 

Loading) and 
Cyclic Load Test 

35 150 ́ 300 
´ 3200 

3 Nos of 16 mm 
Dia at Top and 
Bottom  

10mm dia @ 160mm c/c 
throughout 

 
Table 9b    Results of the Flexural Test (Two Point Loading) on the RC Beams    
 Beam ID Pcr 

(kN) 
Pu 

(kN) 
PSL-1 
(kN) 

PSL-2 
(kN) 

Crack 
Spacing 
(mm) 

Crack 
Width at PSL-1 

(mm) 
OPCC 30 163 112 109 77.6 0.20 

HVFAC 22.5 168 116 112 99 0.26 
 
PSL-1 Service load corresponding to deflection = span/250 (=12mm) 
PSL-2 Service load corresponding to (Pu/1.5) 
Note: The values reported above are the average of 2 specimens 

 
Table 10 Deformation Ductility Index (ACI-363R) for Static Flexural Test  

under Two-Point Loading 
 

BEAM ID 
Deflection corresponding to 

Steel Strain of 0.004 (Dy) 
Max. Deflection 

(Du) 
Deformation Ductility  

(Du)/ (D y) 

OPCC 17.5 mm 30.9 mm 1.76 

HVFAC 21.38 mm 30.8 mm 1.45 

 

Table 11   Load-Strain Values for RC Columns 

Sl. 
No. 

ID Peak 
Load  

Strain corresponding 
to Peak Load  

Maximum Strain  
[measured at 75% of  Peak load 

(i.e.,700 kN) in the unloading stage] 

1 OPCC 1070 kN 2060 microns 4555 microns 

2 HVFAC 1110 kN 2028 microns 6715 microns 
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Fig. 1 A View of Concrete Cylindrical Specimens Provided with Sulphur Capping 
 

 

 

 

Fig. 2 Compression Test on Cylindrical Specimens in a Servo-Hydraulic 
           2500 kN UTM for Evaluating Stress-Strain Characteristics 
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Fig. 3 Test Set Up for Determining Water Permeability of Concrete  
Using Germann Water Permeability Apparatus 

 
 

 
 
Fig. 4 Accelerated Carbonation Test Set-up for Concrete Specimens  
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Fig. 5 Test Set-up for Accelerated Corrosion Testing of   Steel Reinforcement in 
Concrete [The perceptible difference in degree of   damage to OPCC and  HVFAC 
specimens is clearly seen] 
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Fig.6 Development of Compressive Strength of  OPCC and HVFAC
         (100 mm Cube Specimens) 
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Fig.7 Stress-Strain Plot of OPCC and HVFAC Cylinderical Specimens
          Under Compression 

0

5

10

15

20

25

30

35

40

0 0.001 0.002 0.003 0.004 0.005 0.006

Axial Strain (mm/mm)

A
xi

al
 S

tr
es

s 
(M

P
a)

OPCC

HVFAC

 
 



 
 

 

Structural Engineering Research Centre,  
Chennai 600 113, India 

 

  

 

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50
Slip (X0.01mm)

Lo
ad

 (
kN

)

Fig.8 Load Vs Slip  Plot of OPCC and HVFAC in Tensile Pull-Out Test 
         (at 28 days)
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Fig.9 Bond Strength of  OPCC and HVFAC at 0.025mm Slip in Pull Out Test
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Fig.10 Water Absorption of OPCC and HVFAC Specimens
 

 
 
 
 

Fig.11 Rapid Chloride Permeability of OPCC and HVFAC
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Fig. 12 Depth of Carbonation of OPCC and HVFAC 
Specimens   
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Fig. 13 Growth of Current in Accelerated Corrosion Test after 28 Days of Curing
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Fig. 14 Growth of Current in Accelerated Corrosion Test after 56 Days of Curing
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Fig. 15 Growth of Current in Accelerated Corrosion Test after 90 Days of Curing
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Fig.16 Preparation of HVFAC Mixture 

 

 
 

Fig. 17 Reinforcement Placed in the Mould for HVFAC Beams 

 
 

                               Fig. 18 Casting of Reinforced HVFAC Beams 
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Fig. 19 Reinforcement Details of Column 

 
 

 
 
 

Fig. 20 Testing of RC Specimens in Progress 
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Fig. 21 Test Set-up of RC Column in a 2500kN Servo-Controlled UTM 
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Fig.22 Typical Load-Deflection Plot of Reinforced OPCC and HVFAC 
           Beams Under 4-Point Bending
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Fig. 23 Typical Moment-Curvature Plot of OPCC and HVFAC Beams 
            under 4-Point Bending
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 Fig 24 Load - Deflection Plot of OPCC and HVFAC Beams with Equal
            Top and Bottom Reinforcement Under 3-Point Static Bending
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Fig.25 Load-Compressive Strain Plot of OPCC and HVFAC Beams with Equal Top
            and Bottom Reinforcement Under 3-Point Static Bending
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Fig.26 Load-tension strain plot of OPCC  and HVFAC Beams Under
           3-Point  Static bending
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 Fig 27 Load-Deflection Plot of Reinforced OPCC   Beam Under 
           Cyclic Loading  
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Fig 28 Load -Deflection Plot of Reinforced HVFAC Beam Under 
           Cyclic Loading  

-150

-100

-50

0

50

100

150

-60 -40 -20 0 20 40 60

Deflection (mm)

L
oa

d(
kN

)

 
 

Fig.29 Load-Vs Axial Strain of OPCC and HVFAC Columns Under
            Axial Compressive Loading
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Fig.30 Load-lateral strain of OPCC and HVFAC Columns 
           Under Axial Compressive Loading
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