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Abstract 

In this study  high strength concrete with a specific compressive control cube strength at 28days 

of age fcu=50MPa, and normal-strength concrete with a specific compressive control cube 

strength at 28 days of age fcu=41MPa are considered to study the confined property of high- 

strength and normal-strength concrete under axial compression load. Material used for high- 

strength concrete are; OPC Derba cement, basaltic coarse aggregate, crushed sand, water,  and 

conplast SP430 chemical admixture. And material used for normal-strength concrete are; OPC 

Derba cement, crushed sand, river sand, basaltic coarse aggregate and water. The mix design for 

high-strength concrete was designed to obtain fcu=60Mpa, but from the test result it is obtained 

fcu=50MPa, and this compressive strength of concrete is considered to study the behavior of 

high-strength concrete in this research. Deformed reinforcing bar diameter 8mm with yield 

strength about 503MPa and 580Mpa were used to confine the specimen.  The reinforced 

specimens contained rectilinear lateral steel ties,  and four diameter 10mm longitudinal 

reinforcement with yield strength about 628MPa was used in the tested specimens. 

Test can be performed on 18  prismatic high-strength concrete specimens and 18  prismatic 

normal-strength concrete specimens having a size of (150mm150mm300mm) with three steel 

tie spacing (s=54mm,68mm,90mm). The test specimen include 6 plain unreinforced prismatic 

specimens; 3 for high strength and 3 for normal strength concrete.  Specimens were tested by 

compression testing machine having a capacity of 3000KN subjected to generalized compression 

load with rate of loading 0.28MPa/s.  

The test parameters considered in this study are; concrete compressive strength, volumetric ratio 

and spacing of transverse reinforcement and yield strength of transverse reinforcement. The 

models proposed by previous researchers were used in addition to the test result to study the 

effect of test parameters.  Finally the influence of confinement and concrete compressive 

strength on the behavior of high-strength and normal-strength concrete specimens confined by 

rectilinear steel  tie bars were examined. From the result obtained in the study the effect of 

volumetric ratio and spacing of transverse reinforcement has more pronounced effect on the 

behavior of normal and high-strength column specimens as compared to the other test 

parameters, which is agreed with the result of previous researchers.  
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Notation 

 As     =area of one leg of transverse reinforcement  

 A’s   =area of one leg of longitudinal reinforcement  

 Asx  =the total area of transverse bars running in the x directions 

 Asy  =the total area of transverse bars running in the y directions 

 bc     =core dimension measured center-to-center of perimeter hoops 

 bcx  =core dimensions to the centerlines of perimeter hoop in x directions 

 bcy  =core dimensions to the centerlines of perimeter hoop in  y directions 

 db    = diameter of transverse reinforcement 

 dl     = diameter of longitudinal reinforcement 

 Es    = modulus of elasticity of transverse steel 

f’c = standard cylinder compressive strength of concrete at the age of 28 days 

 fcu   = standard cube compressive strength of concrete at the age of 28 days 

f’cc  = confined concrete compressive strength in member 

 f’co = unconfined concrete compressive strength in member 

fl       = average confined pressure  

fle     =equivalent uniform lateral pressure that produces same effect as non uniform pressure  

fs       = tensile stress in transverse reinforcement at peak concrete stress 

fyt    = yield strength of transverse reinforcement 

k1    = coefficient that relates confinement pressure to strength enhancement 

k2    = coefficient that relates efficiency of confinement reinforcement 

ke   = confinement effectiveness coefficient    

q   =number of tie legs that cross side of core concrete for which average lateral pressure fl is 

being computed 

s   = spacing of transverse reinforcement 

sl   = spacing of longitudinal reinforcement 

s’  =interior spacing between set of ties  

wi = the ith clear distance between adjacent longitudinal bars,  

α =angle between leg of transverse reinforcement and core side crossed by same leg  

rcc=ratio of area of longitudinal steel to area of core of section 

rs=ratio of the volume of transverse confining steel to the volume of confined concrete core
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1.    Introduction 

     1.1 General 

The behavior of confined concrete is depend up on the level of confinement. Confinement 

increases the strength and ductility of concrete. The basic philosophy for the use of confined 

concrete in seismically resistant designed structures, requires that confinement is capable of 

increasing the capacity of the concrete structures to sustain large deformations in the post elastic 

range without a sustainable strength loss [2]. It is now well documented that the desired ductility 

can be attained in case of normal-strength concrete columns by providing well-detailed lateral 

reinforcement [4]. However, the gradual development of concrete technology has promoted the 

use of high-strength concrete owing to its wide range of advantages over normal-strength 

concrete.  

The use of high strength concrete is increasing rapidly in most of construction projects around 

the world especially in high rise buildings. This increase is because HSC has an advantage which 

enables a reduction in the cross section and thus weight of construction members. This reduction 

in cross section and dead load leads to greater floor space in the case of high rise buildings and 

reduce construction costs. High strength concrete is inherently more brittle than normal strength 

concrete. As the strength and therefore brittleness of concrete increase the ductility of the 

concrete will decrease [7]. It is generally accepted that confined concrete shows increased 

ductility and strength, there is a difference of opinion on both the enhancement of ductility and 

strength, in confined high strength concrete.` 

Many researchers have reported the lack of ductility and deformation capacity of HSC columns 

[1,10]. The ductility of reinforced concrete columns depends on the confinement provided by 

confining steel. Therefore, concrete confinement is a critical issue for HSC columns in seismic 

regions [10]. 

The aim of this thesis is to evaluate the influence of compressive strength of concrete, the 

amount of lateral reinforcement, spacing of lateral reinforcement and yield strength of lateral 

reinforcement on the behavior of normal and high-strength concrete specimens confined by 

rectilinear steel ties under compression load.      ` 
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1.2   Objectives 

General objective 

To study the behavior of normal and high-strength confined concrete under generalized  

compression loads.  

The specific objective of this thesis is:  

 To evaluate the influence of volume of lateral reinforcement on the axial strength and 

ductility of normal and high-strength concrete specimens confined by rectilinear steel 

ties.  

 To evaluate the influence of concrete compressive strength on the axial strength and 

ductility of normal and high-strength concrete specimens confined by rectilinear steel 

ties.  

 To evaluate the influence of yield strength of transverse reinforcement on the behavior of 

confined normal and high-strength concrete column specimen. 
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2. Literature Review 

   2.1 General 

Characteristics of confined concrete have been researched extensively during the last four 

decades. Different researchers have been made numerous  analytical and experimental studies on  

normal and high-strength confined concrete under compression load. Many researchers proposed 

different model of study on the behavior of confined concrete and they have drawn conclusions 

and recommendations based on the results they obtained.  

The main parameters involved in the confinement are the ratio  of transverse reinforcement i.e. 

the ratio of volume of hoops to the volume of confined core of the member, the yield strength of 

the transverse reinforcement, the compressive strength of concrete, the spacing of hoops, the 

longitudinal reinforcement and hoop pattern. 

2.2    Research on Confined Normal Strength Concrete 

2.2.1  Mander, Priestly, and Park(1988) 

A stress strain model is developed for concrete subjected to uni- axial compressive loading and 

confined by transverse reinforcement. The concrete section may contain any general type of 

confining steel; either spiral or circular hoops; or rectangular hoops with or without 

supplementary cross ties. These cross ties can have either equal or unequal confining stresses 

along each of the transverse axes. A single equation is used for the stress-strain equation. The 

model allows for cyclic loading and includes the effect of strain rate. The influence of various 

type of confinement is taken into account by defining an effective lateral confining stress, which 

is dependent on the configuration of the transverse and longitudinal reinforcement. An energy 

balance approach is used to predict the longitudinal compressive strain in the concrete 

corresponding  to first fracture of the transverse reinforcement by equating the strain energy 

capacity of the transverse reinforcement to the strain energy stored in the concrete as a result of 

the confinement.   
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2.2.2  Razvi and Saatcioglu (1992) 

An analytical model is proposed to construct a stress-strain relationship for confined concrete. 

The model consists of a parabolic ascending branch, followed by a linear descending segment. It 

is based on calculation of lateral confinement pressure generated by circular and rectilinear 

reinforcement, and the resulting improvements in strength and ductility of confined concrete. A 

large volume of test data, including poorly confined and well confined concrete was evaluated to 

establish the parameters of the analytical model. Confined concrete strength and corresponding 

strain are expressed in terms of equivalent uniform confinement pressure provided by the 

reinforcement cage.  The equivalent uniform pressure is obtained from average lateral pressure 

computed from section and material properties. Confinement by a combination of different types 

of lateral reinforcement is evaluated through superposition of individual confinement effects. 

The descending branch is constructed by defining the strain corresponding to 85% of the peak 

stress. This strain level is expressed in terms of confinement parameters. A constant residual 

strength is assumed beyond the descending branch, at 20% strength level. The model is 

compared against a large number of column tests. Circular, square, and rectangular columns, 

with spiral and rectilinear reinforcements, as well as welded wire fabric, are used for 

comparison. Comparisons include concentric and eccentric loadings, as well as slow and fast 

strain rates.  

2.2.3  Riyad Zeidan  (2005)  

The effectiveness of transverse reinforcement is investigated analytically and experimentally. A 

total of 60 concrete columns with cross-section of 150150310mm and concrete control cube 

strength (C-25) with the same size of the specimen without tie were tested in order to investigate 

the enhancement in strength and ductility caused by rectilinear ties. The importance of the 

spacing of lateral ties, the amount of stirrups, the yield strength of stirrups and the amount of 

longitudinal reinforcement bars are evaluated.  The confinement models proposed by various 

researchers were used to predict the results of the test conducted and are compared with the 

experimental results. Detail of test specimen is shown by Fig. 2.1. 
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          Fig. 2.1 Size of specimen and arrangement of transverse reinforcement, considered by 

Riyad (2005) 

He reported as observation on the test results indicates that transverse reinforcement results in 

significant enhancement in the ductility of concrete column. However, the compression strength 

enhancement was found to be little. The spacing of stirrups is of the greatest importance for the 

post-peak behavior of concrete column under axial load. Due to size limitation of the specimen  

and lack of uniformly distributed longitudinal reinforcement, none of the predicted responses 

from the confinement model proposed by various researchers showed satisfactory agreement 

with the experimental result.   

2.2.4  Melat Ayele (2010) 

An experimental investigation was conducted to examine the effect of confinement in normal 

strength  concrete columns subjected to axial loading. The experimental program include 33 

small scale concrete column with size of 150mm*150mm*300mm and 150mm diameter of  

circular column specimen. Three type of different geometric arrangement of transverse tie ( cross 

tie, normal and overlapping) of square column, and with three different number of layer of wire 

mesh square and circular column.  Normal strength concrete with control cube strength of 

30Mpa is used for the experiment. Detail of test specimen is shown by Fig. 2.2, Fig. 2.3(a) & 

Fig. 2.3(b). 
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 (a). normal tie configuration   ( b). overlapping configuration  (c). cross tie configuration 

        Fig. 2.2 Different geometric configuration of reinforcement, considered by Melat 2010 

 

       One layer                                    two layers                                        three layers 

Fig. 2.3(a).  Different layer of wire mesh on circular column, considered by Melat 2010 
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        One layer                                    two layers                                        three layers 

Fig. 2.3(b).  Different layer of wire mesh on square column, considered by Melat 2010 

She has reported that the strength of column confined by cross tie, overlapping three layers 

square and circular specimens confined by wire mesh shows enhancement in strength very 

significantly. Significant enhancement in peak strain and ductility was observed in specimens 

confined by wire mesh and cross tie configuration especially specimen having circular cross 

section confined by three layers of wire mesh. Circular and cross tie type of confinement 

preserve the strength in the descending region of the stress-strain curve and prevent the column 

from sudden failure after peak load. From all specimens the test result indicates that the cross tie 

configuration give higher strength and ductility.    

2.2.5  Tavio, Benny Kusuma and Priyo Suprobo (2012) 

An experimental study was carried out to investigate the behavior of normal-strength concrete 

short columns confined by welded wire fabric as transverse reinforcement under monotonically 

increasing concentric compression. A total of 22 short concrete columns (with size of 

180mm180mm720mm) reinforced with longitudinal steel and welded wire fabric or 

conventional ties under axial compression are considered. The parameters studied in this 

research included the volumetric ratio, spacing and lateral steel configuration, and distribution of 
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longitudinal steel around the core perimeter or longitudinal reinforcement ratio. The effect of 

these variables on the uni-axial behavior of reinforced concrete columns are presented and 

discussed. The performance of columns laterally reinforced with welded wire fabric was 

compared with that of columns laterally reinforced with conventional tie. The results indicate 

that welded wire fabric can be effective in confining the core concrete, resulting in significant 

improvements in the strength and ductility of columns. Strength increases of at least 17% and 

ductility increases of 130% were observed when compared with the corresponding specimens 

with conventional ties. An increase of longitudinal reinforcement and decrease of transverse 

reinforcement spacing effectively improved the ductility of confined concrete columns. Columns 

with four longitudinal reinforcement bars exhibited much less ductile than columns with eight or 

12 longitudinal reinforcing bars. In addition, welded grids can be useful to reduce the congestion 

of reinforcement and improve the concrete quality in the members. Detail of test specimen, 

reinforcement configuration and location of strain gage is shown by Fig.2.4. 

 

Fig. 2.4 Detail of test specimen, reinforcement configuration and location of strain gage 

considered by Tavio, Benny Kusuma and Priyo Suprobo(2012). 
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2.2.6  Shafqat A & Ali A. (2012) 

Experimental investigation have been made by changing the conventional lateral ties of 

rectangular RC column core to special confinement using the equivalent area of thin steel plates. 

Three columns were casted using different confining steel with compressive strength of 18MPa. 

Each columns having the same size of 150mm square cross section and 910mm height with the 

following ties configuration having the same cross sectional area. 1. Concrete column confined 

with conventional steel tie, 2. concrete column confined with 2mm thick steel strips and 

3.concrete column confined with 1.2mm thick steel strips.  Experimentation was done on these 

columns to check the maximum axial capacity along with study of mode of failure and 

toughness. Detail of test specimen is shown by Fig. 2.5. 

Experimental work on a tied column showed that strain in confining reinforcement was only 

20% of main reinforcing steel strain at first peak and stress level in confining steel was only 

28.45% of its yield stress for controlled column using normal tie. At the time of maximum load 

stresses in confining steel are significantly lesser than its capacity. So this reserve capacity can 

be utilized by spreading the area of lateral reinforcement over the longitudinal steel bar in order 

to reduce the effective length.  Axial capacity of column confined with 2mm steel strips was 

approximately 78% more as compared to column confined with conventional steel tie, and 

column confined with 1.2mm steel strips showed only 15.8% greater capacity relative to the 

conventional steel tie. The peak strength and corresponding strain of confined concrete could be 

affected by the configuration and shape of lateral confinement. 
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(a). Concrete column confined by                                       (b) .Concrete column confined by 2mm       

   conventional steel                                                                                           thick steel strips   

 

(c) Concrete column confined by 1.2mm thick steel strips   

Fig. 2.5  Detail of test specimen considered by Shafqat A & Ali A. 2012 
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2.3     Research on Confined High Strength Concrete 

2.3.1   Cusson and Paultre (1995) 

A stress-strain model for confined high-strength concrete has been developed and calibrated 

against the test results from 50 large-scale high-strength concrete tied columns tested under 

concentric loading (size of specimen 225mm225mm715mm). The effects of the concrete 

compressive strength, tie yield strength, tie configuration, transverse reinforcement ratio, tie 

spacing, and longitudinal reinforcement ratio are accounted for  in the proposed stress strain 

model. The determination of the strength and ductility of confined concrete is based on the 

computation of the effective confinement pressure, which depends on the stress in the transverse 

reinforcement at maximum strength of confined concrete, and on the effectively confined 

concrete area.    

They reported that using high-strength steel ties in lightly confined specimens does not translate 

into strength and ductility gains. The failure of high-strength columns is characterized by the 

formation of an inclined shear failure plane, separating the concrete core into two wedges 

laterally restrained by the reinforcement cage. Measured from the vertical axis, the inclination 

angle of the shear failure plane varies from 25 for lightly confined specimens to 45  for highly 

confined specimens. Confined high-strength concrete columns display a stress-strain relationship 

with a flat top and very ductile post peak response. 

2.3.2   Razvi and Saatcioglu (1999) 

A mathematical model is developed to express the stress-strain relationship of high-strength 

concrete confined by transverse reinforcement. The model is applicable to both normal-strength 

and high-strength concretes, covering a strength range between 30 and 130MPa. It incorporates 

all the relevant parameters of confinement that have been observed to play important roles in 

column tests. These parameters include the type, volumetric ratio, spacing, yield strength, and 

arrangement of transverse reinforcement as well as concrete strength and section geometry. It 

can be used for concrete confined by spirals, rectilinear hoops, cross ties, welded wire fabric, and 

combination of these reinforcements. It has been verified extensively against data obtained from 

column tests under concentric and eccentric loads, as well as slow and fast strain rates. It also 
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incorporates the effect of high-strength transverse reinforcement, with up to 1400MPa yield 

strength. 

2.3.3  Li. Bing, Park.R, and Tanaka.H (2001) 

An experimental study of a number of quasi-statics axial loading test on high-strength concrete 

specimens confined by various amounts of transverse reinforcement is described. Size of 

specimen is 240mm240mm720mm for square cross section and 240mm diameter by 720mm 

height for circular section. The main parameters were concrete strength ranging from 35.2 to 

82.5MPa and yield strength of grade 430 and 1300 transverse reinforcement. A stress-strain 

relationship for confined high-strength concrete is proposed that is found to give reasonably 

good prediction of the experimental behavior of circular and square specimens with high-

strength concrete confined by either normal or ultra-high–yield-strength with various 

configurations. An empirical formula for the ultimate longitudinal strain of confined high-

strength concrete corresponding to the first hoop or spiral fracture is also proposed. Detail of test 

specimen, test setup and instrumentation is shown by Fig. 2.6. 

 

Fig. 2.6 Short column with axial compressive loading ; principal dimensions; test setup; 

instrumentation; and position of strain gages considered by Li. Bing Park.R, and Tanaka. H 

(2001) 
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They reported that the most significant parameters affecting the shape of the stress-strain curve 

of confined high-strength concrete for all section shapes are the volumetric ratio and the yield 

strength of the confining reinforcement. As the yield strength of the confining reinforcement 

increases, the strength of the confined concrete also increases. The ultimate longitudinal strain 

was defined as the strain at the first hoop or spiral fractured. The influence of concrete 

compressive strength on the degree of column ductility is significant, particularly for concrete 

compressive strengths exceeding 60MPa. Regardless of the concrete compressive strength, 

however, an increase in the confinement ratio increases the peak stress attained, increases the 

ultimate strain at first hoop or spiral fracture, and decreases the slope of the descending 

branching branch. An increase in the spacing of transverse reinforcement tends to reduce the 

efficiency of the confinement.  

2.3.4  Umesh K. Sharma, Pradeep Bhargava and S.K.Kaushik (2005) 

An experimental study was carried out to investigate the behavior of high-strength concrete short 

columns confined by circular spirals and square ties under monotonically increasing concentric 

compression. Size of specimens is 150mm150600mm  for square cross section and 150mm 

diameter with height of 600mm for circular section is considered. The test variables included 

volumetric ratio, spacing and yield strength of transverse reinforcement, longitudinal 

reinforcement ratio, lateral steel configuration, shape of cross section and concrete compressive 

strength. The effects of these variables on the uni-axial behavior of high strength concrete 

columns are presented and discussed. The results indicate that more confinement is required in 

columns of high strength concrete than in columns of low strength concrete to achieve the 

desired post-peak deformability. The behavior of high-strength concrete columns is characterized 

by the sudden spalling of concrete cover, leading to a loss of axial capacity. Detail of test 

specimen and location of strain gage is shown by Fig.2.7. 

They conclude that a higher degree of confinement is required in columns with higher concrete 

strength than in a column with lower concrete strength to achieve similar advantage. Among the 

test variables studied, volumetric ratio and spacing of lateral steel has a more pronounced effect 

on the behavior of confined columns than the other parameters like yield strength of lateral steel, 

longitudinal steel ratio and configuration of lateral steel through, improvement in each of the 
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variables considered, translated into enhancements in strength and ductility. However, increasing 

the yield strength of lateral steel seems to give benefits only when a column has high volumetric 

ratio and efficient arrangement of lateral steel.  

 

Fig. 2.7 Detail of column specimens, reinforcement arrangement and location of strain gages 

considered by Umesh K. Sharma, Pradeep Bhargava and S.K. Kaushik (2005) 

 2.3.5    Metin Husem and Selim Pul (2007) 

The effects of confinement reinforcement on the behavior of high-strength concrete columns are 

investigated for which prismatic experimental specimens (with size of 150mm150mm300mm) 

were prepared. In the experiment specimens, four longitudinal reinforcement and confinement 

reinforcement were used. For each experiment, stress-strain relationship of concrete was 

obtained and compared with models proposed earlier. The results show that confinement 

reinforcement improved the ductility of high-strength concrete. 

The researcher’s reported that, in the high strength concrete which is more brittle than ordinary 

concrete, using confinement reinforcement, ductility is increased to a great extent. When 

confinement reinforcement spacing is decreased to  half, ductility improved twice. As a result, by 

decreasing confinement reinforcement spacing, the earthquake behavior of high-strength 
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concrete can be improved. Decreasing confinement reinforcement spacing has increased the 

compressive strength of confined concrete to a maximum of 19%.   

2.3.6  Antonius & Iswandi Imran (2012) 

An experimental study of 23 low, medium, and high-strength concrete columns (with size of 

100mm100mm500mm) is presented in the study. Square confined concrete columns without 

longitudinal reinforcement were designed, and tested under concentric axial compression. The 

columns were made of concrete with a compressive strength ranging between 30MPa and 

70MPa. The test parameters in the study are concrete compressive strength and confining steel 

properties, i.e. spacing, volumetric ratio, and configurations. The effects of these parameters on 

the strength and ductility of square-confined concrete were evaluated. Of the specimens tested in 

the study, the columns made with higher strength concrete produced less strength enhancement 

and ductility than those with lower strength concrete. The steel configuration were found to have 

an important role in governing the strength and ductility of the confined high-strength concrete. 

Detail of test specimen and instrumentation is shown by Fig. 2.8.  

 

Fig. 2.8 Detail of test specimen and instrumentation considered by Antonius & Iswandi Imran 

(2012) 
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They reported that Strength enhancement and ductility of confined concrete tend to decrease as 

the concrete strength increases which means that strength and ductility diminish in confined 

high-strength concrete. The effectiveness of the confining steel diminishes quickly as the tie 

spacing increases. Specimens with a tie spacing similar to the core dimension cannot develop 

confinements, so that the behavior produced is similar to that of unconfined concrete. 

The tensile force developed in confining steel for high-strength concrete is indirectly 

proportional to the amount of confining reinforcement, such as the volumetric ratio. The volume 

expansion of high-strength concrete is smaller than that of low-strength concrete. This 

phenomenon delays the yielding of the confining steel to the post-peak response of the confined 

column. This influences the effectiveness of reinforcement in confining the concrete core.     

2.4.      Some of Conclusions Drawn From Previous Researchers  

-Strength and ductility of confined concrete increase with increasing volumetric ratio of 

confinement steel. This is true for both normal and high- strength concrete. However, higher 

volumetric ratio is required for high-strength concrete columns to achieve similar ductility 

expected of normal-strength concrete columns. 

- Rectangular columns with tie spacing equal to the lateral dimension of the columns show no 

confinement effect. 

- The spalling of the cover concrete tends to occur at below 85% of the unconfined concrete 

strength in columns with higher concrete strength and closely spaced transverse reinforcement.  

- Previous research indicates  conflicting views on the use of high strength steel for column 

confinement. Some researchers believe that extra strength present in high strength steel can not 

be used prior to the peak load of column. Therefore, these researches suggested limits on yield 

strength. Others suggest that the use of high strength steel is necessary to produce ductility 

behavior of high-strength concrete columns, although very high-strength steel does not yield at 

the peak load. However, there is strong evidence that the behavior of column with closely spaced 

transverse reinforcement improves significantly with the use of high-strength confinement steel. 

- The use of larger size longitudinal reinforcement produces little beneficial effect on the 

ductility of column. 
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3.  Experimental Program 

  3.1  General 

The primary focus of this experimental program is to study the behavior of normal and high- 

strength columns confined with rectilinear reinforcement. The experimental program included 

testing of eighteen high-strength confined column specimen, three high-strength unconfined 

column specimen, eighteen normal-strength confined column specimen and three unconfined 

normal-strength column specimen subjected to axial compression. Detail of the test specimen, 

material properties, test set up, instrumentation, and test procedure are presented in this section.  

The test parameters are included compressive strength of the concrete (two target strength), 

spacing of transverse reinforcement (three different spacing), and yield strength of lateral 

reinforcement (two different yield strength).  

   3.2  Detail of Test Specimen 

Size of  concrete column specimens used for experiment is 150mm150mm cross section in area 

and 300mm in height with three steel tie spacing (54mm, 68mm and 90mm). Since the 

specimens would be tested by Compression Testing Machine Controls solution under 

compression to failure, the capacity of the test machine became a factor in setting the size of the 

specimens.  Test were performed on eighteen prismatic high-strength concrete specimens and 

eighteen prismatic normal- strength concrete specimens. The test specimen include six plain 

unreinforced prismatic specimens; three for high-strength and three  for normal-strength 

concrete. A total of thirty six reinforced and six unreinforced specimens were used for the 

experiment. The maximum spacing of transverse reinforcement used in the experiment is 

selected to full fill the required spacing which is set in the code. Transverse reinforcement with 

90 hoop bend is applied in the test. The size of specimen and detail of reinforcement is shown in 

Fig. 3.1   
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Fig. 3.1  Detail of test specimens 
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   3.3  Material Properties 

  3.3.1  Concrete  

The high-strength concrete mixture was designed in order to obtain a specific compressive 

control cube strength at 28 days of age (fcu=60Mpa), with material composition; OPC Derba 

cement, crushed sand, basaltic coarse aggregate, water, Conplast SP 430 chemical admixture.  

But from the test result it is obtained (fcu=50MPa), and this compressive strength of concrete is 

considered to study the behavior of high-strength concrete in this research. The maximum size of 

the coarse aggregate was 19mm.  

The normal-strength concrete mixture was designed in order to obtain a specific compressive 

control cube strength at 28 days of age (fcu41MPa). With material composition; OPC Derba 

cement, river sand, crushed sand, basaltic coarse aggregate and tap water for curing and mixing. 

The maximum size of the coarse aggregate was 25mm. In order to determine concrete strength 

standard control cube were used for each type of concrete mix. The specimens has been cured by 

water for about 28 days. Mix proportions for normal and high-strength concrete  and, summary 

of the test result of control cube strength for normal and high-strength concrete is shown in Table 

3.1, Table 3.2 and Table 3.3 respectively.  

Table 3.1  Mix proportions for normal and high-strength concrete 

Content 
Weights/m3 

f'cu=41Mpa f'cu=50Mpa 

25mm coarse 
aggregate 916Kg 

_ 

19mm coarse 
aggregate 

_ 
824Kg 

10mm Coarse 
Aggregate 174Kg 206Kg 
Crushed sand 220Kg 682Kg 
River sand 501Kg _ 
Derba Cement 372Kg 550Kg 
Water 186lit. 159lit. 
Super 
plasticizer 
Conplast SP430 

_ 
11Kg 

Water-Cement 
ratio 0.5 0.29 
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  Table 3.2. Summary of test result for normal-strength concrete,28 days control cube 

compressive strength 

 

Table 3.3. Summary of test result for high-strength concrete,28 days control  cube compressive 

strength

 

 

   3.3.2 Reinforcement 

Local product  (Apollo Steel product) of deformed reinforcing bar diameter 8mm with yield 

strength about 503MPa,and imported product of deformed reinforcing bar diameter 8mm with 

yield strength about 580Mpa were used to confine the specimen.  The reinforced specimens 

contained rectilinear lateral steel ties,  and four diameter 10mm longitudinal reinforcement with 

yield strength about 628MPa was used in the specimens. Some mechanical properties of 

reinforcement obtained from laboratory test are show in Table 3.4. 

Table 3.4. Mechanical properties of longitudinal and lateral reinforcement  
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 3.4  Casting Test Specimen 

A total of four batches of concrete were used to cast both normal and high-strength concrete. 

That is two batches for each type of concrete. Because of the size of the mixer available at 

laboratory it is not possible to cast each type of concrete in one batch. All column specimens 

were casted vertically to simulate typical construction practice of column and compacted by 

vibrator. To control the strength of concrete for each batch a standard cube were casted together 

with the specimens. Both the column specimen and the cube were stripped and de-molded after 

24 hrs, and then socked in to water for curing purpose, the curing lasted for 28 days.     

    3.5  Test Set Up and Instrumentation 

Four linear voltage displacement transducers (LVDT) located at the mid height of each test 

specimen to measure the axial deflection of the specimen. Two of the LVDT were attached to the 

surface of the specimen in opposite direction and the other two were attached to the bottom of 

the top steel collar and the top of the bottom steel collars in opposite direction to provide 

continuous data recording, even after the spalling of cover concrete. The history of 

experimentally measured axial strain of confined concrete can be obtained from the average axial 

shortening readings from LVDT divided by the vertical length of the test region. 

  

 

 

LVDTLVDT

Specimen
LVDT

LVDT

LVDT

LVDT

Plan

Fig. 3.2   Schematic representation  of test set up

Load cell

Specimen

Cable  connected to data logger 
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3.6  Test Procedure  

All column specimen were tested under axial compression produced  by Compression Testing 

Machine controls solution with a capacity of 3000KN at 0.28MPa/s loading rate. In order to see 

the post peak behavior of testing specimen the peak sensitivity of  the machine is converted to 

500KN.  The specimen is directly placed on load cell and then transducers (LVDT) were placed 

at required positions. After correctly positioning the specimen and the transducer,  test should be 

started  equally on machine, data logger and LVDT channel. The axial deflection data from the 

four LVDTs and the corresponding  applied compression load is recorded at every five second  

with the help of load cell, data logger and LVDT channel. These data’s were fed to a data 

acquisition system and stored in a computer. Picture for the failure pattern of the specimen due to 

the applied axial compression load is taken by pocket camera for further information. Overall 

view of the test setup is  shown in Fig. 3.3     

  Fig. 3.3    Over all view of test set up 
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4.   Experimental Results and Discussion 

4.1 General 

This section summarizes the measured behavior of normal and high-strength confined concrete 

column specimens during testing observation and the raw data recorded. Typical behavior 

including the axial load shortening relationship, the confinement effectiveness of transverse 

reinforcement and ductility of confined concrete columns were discussed. Because of the 

limitation of measurement of all the required data during testing, models proposed by previous 

researcher were used together with the test data to see the complete behavior of the columns in 

this study. 

4.2   Observed Behaviors 

The confined column specimens were characterized sequentially under the application of axial 

load by the development of surface cracks (vertical cracks), cover spalling and buckling of 

longitudinal bars for the specimens with larger spacing. First of all vertical longitudinal cracks 

were noticed for all normal and high-strength column specimens just before cover spalling. 

These vertical cracks eventually led to the spalling of cover concrete. The vertical cracks were 

slightly inclined for well confined concrete specimens of normal and high-strength concrete as 

shown in Fig. 4.2  The cover spalling was comparatively more sudden and explosive for high-

strength concrete column specimens than the normal-strength  concrete column specimens. 

Fig.4.1  illustrates the appearance of a typical specimens at various loading stage. Also Fig. 

4.3,4.4, and Fig. 4.5 illustrates the appearance of a typical specimens at the end of test for normal 

and high-strength confined concrete  column specimens having the same yield strength of lateral  

steel bars and the same spacing of lateral steel bars. 

Longitudinal reinforcement have buckled  for larger spacing of transverse reinforcement, but for 

well confined specimen yielding of transverse reinforcement and buckling of longitudinal 

reinforcement was not observed. It is also observed that during testing, once the load reaches its 

maximum and decline to a certain level then the machine stopped. But reloading on this same 

concrete core the load can reaches up to 60-70% of the maximum load of the first loading. Most 

of the failure were seen at middle section of the specimen. 
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(a) Initial vertical         (b) Spalling of cover         (c) Complete spalling         (d) End of                      

cracking                         concrete                           of cover concrete                  testing 

   Fig. 4.1  Appearance of confined test specimens at different loading stages 

 

Fig. 4.2 Typical inclined vertical cracks for well confined concrete 
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                          (a)                                                                           (b) 

Fig. 4.3 Appearance of test specimens at post peak loading (s=90mm);  (a) Normal strength 

concrete column specimen and,  (b) High strength concrete column specimen.  

 

(a)                                                                           (b) 

Fig. 4.4 Appearance of test specimens at post peak loading (s=68mm);  (a) Normal strength 

concrete column specimen and,  (b) High strength concrete column specimen.  
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(a)                                                                              (b) 

Fig. 4.5 Appearance of test specimens at post peak loading (s=54mm);  (a) Normal strength 

concrete column specimen and,  (b) High strength concrete column specimen.  

The tested column specimens initially behaved in a similar manner and exhibited relatively linear 

load deformation behavior in the ascending parts, which is typical of normal and high- strength 

concrete. The descending parts of the column with a higher strength concrete column are steeper 

than those with a lower strength concrete column. The unconfined column specimen had a 

sudden and explosive type of failure at maximum applied axial load, and with the present testing 

facility it is not possible to measure any data after the peak load. The strain corresponding to the 

peak load for unconfined normal-strength concrete were observed a value of 0.00275 and that of 

high-strength concrete were observed a value of 0.003563. Fig. 4.6 and Fig. 4.7  shows that the 

measured stress-strain results of the tested columns, and the contribution of load carrying 

capacity of  longitudinal reinforcement is deducted while comparing the stress-strain behavior of 

the column specimens.      
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  (a) 

 

(b) 

Fig. 4.6 Stress-Strain relationship of confined concrete specimen with yield strength of 

transverse reinforcement equals 580MPa; (a) Normal-strength concrete column specimen and,  

(b) High-strength concrete column specimen, with all other parameters are constant. 

0

5

10

15

20

25

30

35

40

0 0.01 0.02 0.03 0.04 0.05

A
xi

a
l 

S
tr

es
s,

 M
P

a

Axial Strain, e

confined with 
fyt=580MPa, s=90mm

confined with, 
fyt580MPa, s=68mm

confined with 
fyt=580MPa, s=54mm

unconfined

0

5

10

15

20

25

30

35

40

45

50

0 0.01 0.02 0.03 0.04 0.05

A
xi

a
l 

S
tr

es
s,

 M
P

a

Axial Strain, e

unconfined

confined with fyt=580MPa, 
s=90mm

confined with 
fyt=580MPa,s=68mm

confined with fyt=580MPa, 
s=54mm



Behavior of Normal and High-Strength Confined Concrete Under Compression Load 
 

 
28 

 

 

 

(c) 

 

(d) 

Fig. 4.7 Stress-Strain relationship of confined concrete specimen with yield strength of 

transverse reinforcement equals 503MPa: (c) Normal strength concrete column specimen and,  

(d) High strength concrete column specimen, with all other parameters are constant. 
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4.3   Effects of Test Parameters  

4.3.1   Effect of Compressive Strength of Concrete  

The concrete compressive strength is one of the primary variables investigated extensively in this 

study. Column specimens with the same spacing of lateral steel, longitudinal steel, yield strength 

and arrangement of reinforcement but with distinctly different concrete strength is compared to 

examine the effects of this parameter. Fig 4.6 and Fig. 4.7 shows comparisons of both normal 

and high-strength column specimens having the same number of  longitudinal reinforcement,  

spacing of lateral steel tie and yield strength of lateral steel ties. The post peak curves of the 

higher strength concrete specimen are steeper indicating faster rate of strength decay as 

compared to the normal-strength concrete column specimens. Comparing Fig. 4.6 (a)&(b) which 

have the same volumetric ratio, spacing of confining reinforcement and yield strength of 

confining reinforcement, but with different concrete compressive strength,  the test results 

indicate that the confinement effectiveness in terms of axial strains was less with a higher 

concrete compressive strength. This is because the lateral dilation of high- strength concrete was 

smaller than that of the normal- strength concrete. Fig. 4.7 (c) & (d) compare the results with 

same fashion to that of Fig. 4.6.   

The model proposed by Saatcioglu and Razvi (1992) is selected  to verify the results of the test 

data of this study against the model . The confinement model proposed by Saatcioglu and Razvi 

(1992)  is based on the computation of equivalent uniform pressures that gives the same effect as 

the non-uniform confinement pressures. Saatcioglu and Razvi (1992) conclude that the absolute 

gain in strength was independent of concrete strength. Accordingly, the strength for both 

confined normal-strength and high-strength concrete  can be computed by  the following 

equations. 

���
� = ���

� +  ����� … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … ..(4.1)                                                                                                 

�� = 6.7���
� �.�� … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … (4.2)                                                                                                                       

��� = ����… … … … … … … … … … … … … … … ..… … … … … … … … … … … … … … … … … … … (4.3)                                            
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���

���
… … ..… … … … … … … … … … … … … … … … … … … … … … … … … … … ..(4.4)                                                                                                



Behavior of Normal and High-Strength Confined Concrete Under Compression Load 
 

 
30 

 

�� = �� �0.0025 + 0.04�
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� ≤ ��� … … … … … … … … … … … … … … … … … … … … … … (4.5) 

�� = 0.15� �
��

�
��

��

��
� ≤ 1.0 … … … … … … … … … … … … … … … … … … … … … … … … ..… … ..(4.6)                                                                                                     

Where,  f’cc= confined concrete compressive strength in member, f’co= unconfined concrete 

compressive strength in member,  fle = the equivalent uniform lateral pressure (in MPa), As=area 

of one leg of transverse reinforcement, k1= coefficient that relates confinement pressure to 

strength enhancement, k2= coefficient that relates efficiency of confinement reinforcement, fl= 

average confined pressure,  q=number of tie legs that cross the side of core concrete for which 

the average lateral pressure fl is being computed, As=area of one leg of transverse reinforcement,  

bc=core dimension measured center-to-center of perimeter hoops, fs= tensile stress in transverse 

reinforcement at peak concrete stress, s= spacing of transverse reinforcement, sl= spacing of 

longitudinal reinforcement, Es= modulus of elasticity of transverse steel, rs =total transverse 

steel area in two orthogonal dimensions divided by corresponding concrete area, α=angle 

between leg of transverse reinforcement and core side crossed by same leg.   

The above given expression were used to compute analytically the strength of 18 confined 

normal-strength column specimens and 18 confined high-strength column specimens of this 

study. The column were confined by different spacing and different yield strength of transverse 

reinforcement. The experimental results obtained by this study is confirmed with the finding of 

Razvi and Saatcioglu (1996a), that is, the absolute gain in strength was independent of concrete 

strength.  The strength enhancement obtained from this study and the comparison between 

analytical and experimental strength values are shown in Table 4.1& 4.2 and Fig. 4.8.  The 

results indicate good agreement between the analytical and experimental values. The ratio of the 

strength of confined specimen to the unconfined specimen for normal-strength concrete ranges 

from 1.03 to 1.11 and that of the high-strength of concrete ranges from 1.03 to 1.16 which 

indicates that enhancement of strength is independent of concrete strength.  
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Table 4.1  Strength enhancement in normal strength concrete column specimen, (C41) 
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 Table 4.2 Strength enhancement in high strength concrete column specimen, (C50) 
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(b) 

Fig. 4.8 Effect of compressive strength of concrete on confined; (a) Normal-strength concrete, 

(b) High-strength concrete. 

4.3.2 Effect of Volumetric Ratio and Spacing  of Transverse Reinforcement 

The volume of transverse reinforcement and spacing of  confining transverse steel as a factor that 

affects the behavior of confined concrete is well recognized. Increasing the volume of transverse 

steel is directly related to a proportional increase in confining pressure. The spacing of transverse 

reinforcement is an important parameter that affects the distribution of confinement pressure on 

the confined core in addition to the stability of longitudinal reinforcement. In this study three 

different  types of lateral reinforcement spacing is considered. In both normal and high-strength 

concrete columns, increasing the volumetric ratio or the closer spacing of lateral steel bars, the 

behavior of column is more ductile as expected.  The columns with low volumetric ratio or 

increased the spacing of lateral steel bars exhibit brittle behavior and showing faster rate of 

strength decay after the peak load.   Fig.4.6 & Fig. 4.7 illustrates the effect of volumetric ratio of 

confining reinforcement on the behavior of confined normal and high-strength concrete columns 

tested by this study.   

The effect of volumetric ratio and spacing of lateral reinforcement on the behavior of column has 

extensively studied by computing the effective confinement index and the ductility index of the 

37

38

39

40

41

42

43

44

37 38 39 40 41 42 43 44

f'
cc

, (
M

P
a

) 
A

n
a

ly
ti

ca
l

f'cc, (MPa) Experimental



Behavior of Normal and High-Strength Confined Concrete Under Compression Load 
 

 
34 

 

confined columns with the help of models proposed by Mander et.al (1988) and Paultre et.al 

(1995).  Fig. 12 & Fig. 4.13 together with the test data are used to compute the confinement 

effectiveness index and ductility index of the columns.  

Confinement effectiveness for rectangular cross sections confined by rectangular hoops can be 

discussed with the  help of Fig. 4.9 & Fig. 4.10. 

      
Fig. 4.9  Effectively confined core for rectangular tie reinforcement and arching action 
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In Fig. 4.9  the arching action is assumed to act in the form of second degree parabolas with an 

initial tangent slope of 45. Arching occurs vertically between layers of transverse hoop bars and 

horizontally between longitudinal bars. The confinement effectiveness coefficient can be 

computed by the following expression.    

�� =

�1 − ∑
(w �)

�

6b��b��

�
��� ��1 −

s′

2b��
�(1 −

s′

2b��
)

(1 − ρ
��

)
… … … … … … … … … … … … … … … .… .(4.7) 

 For square cross section bcx=bcy=bc where bcx and bcy are core dimensions to the centerlines of 

perimeter hoop in x and y directions respectively, where bcxbcy, therefore the confinement 

effectiveness coefficient can be computed as,  

�� =
�1 − ∑

(w �)
�

6b�
�

�
��� �(1 −

s′

2b�
)�

(1 − ρ
��

)
… … … … … … … … … … … … … … … … … … … … … … … .(4.8) 

 wi= the ith clear distance between adjacent longitudinal bars,  

s’=interior spacing between set of ties  

ke= confinement effectiveness coefficient    

rcc=ratio of area of longitudinal steel to area of core of section 

y

x

wi =94mm

bcy =122mm 

bcx=122mm

A A

Fig. 4.10 Test Specimen Cross Section
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It is possible for rectangular reinforced concrete members to have different quantities of 

transverse confining steel in the x and y directions, this may be expressed as,  (Mander et. al. 

1988)  

�� =
���

����
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … ..… (4.9) 

and  

�� =
���

����
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … .(4.10) 

Where, s =center-to- center spacing between set of ties, Asx and Asy =the total area of transverse 

bars running in the x and y directions, respectively, rs=ratio of the volume of transverse 

confining steel to the volume of confined concrete core, 

 (See Fig. 4.10)  in the  case of this research the cross section of the column specimen is a square 

Asx=Asy=2As and bcx=bcy=bc ,where As is area of a single lateral reinforcing bar.  therefore the 

lateral reinforcement ratio becomes,     

�� =
���

����
=

2��

���
… … … … … … … … … … … … … … … … … … … … … … … … … … .… … (4.11) 

 And  

�� =
���

����
=

2��

���
… … … … … … … … … … … … … … … … … … … … … … … … … … … .....(4.12) 

�� = �� + �� =
2��

���
+

2��

���
=

4��

���
… … … … … … … … … … … … … … … … … … … … … (4.13) 

��������� ����������� ����� =
�������

��
�

… … … … … … … … … … … … … … … … … … .(.14) 

To quantify the effect of test variables on the post-peak deformability of confined normal-

strength and high-strength concrete columns more effectively I10  ductility index can be used. 

The definition of  I10 ductility index is adopted from ASTM C1018 for the measurement of 

toughness. The I10 ductility index can be determined under the area load-deflection curve up to a 
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deflection of 5.5 times the first crack deflection (yield strain) area O’AEF in Fig. 4.11 divided it 

by the area of first crack (yield strain) area O’AB.  The significance of taking area under the 

curve up to 5.5 times the first crack (the yield strain) is that for a perfectly elasto-plastic material 

I10  =10, while for a perfectly elastic-brittle material I10=1. Determination of the irregularly 

shaped area requires a planimeter, or application of Simpson’s rule, or the counting of squares or 

other suitable elements of known area.  

A number of past studies (Sheikh & Uzumeri, 1980, Mander et.al. 1988, Razvi & Saatcioglu 

1995, Foster & Attard, 2001) have indicated that ductility is a function of effective confinement 

index. In this study ductility index I10 can computed from the expression developed by Foster & 

Attard, 2001 which is obtained from the plot of best fit relationship between ductility index I10 

and effective confinement index and is given by;   

��������� �����, ��� = 2.89 ln �
�������

��
�

� − 0.45 … … … … … … … … … … … … … (4.15) 

 

(a) Concave upwards to first crack 
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(b) Convex upwards to first crack 

Fig.  4.11 Important characteristics of Load-Deflection curve, (ASTM C1018) 

The values of confinement effectiveness index and ductility index from the test result and 

theoretical expressions (Umesh K. Sharma et.al. , ASTM C1018) are given in Table 4.3 and 

Table 4.4 for normal-strength and high-strength concrete columns respectively. From the result 

that is obtained, both the values of confinement effectiveness index and ductility index increases 

for decreasing the spacing of  confinement reinforcement for both normal and high-strength 

concrete columns. But the values of confinement effectiveness index and ductility index in 

normal-strength concrete column is greater than that of high-strength concrete. Therefore, if the 

same levels of strength and ductility enhancements are desired, higher strength concrete columns 

shall require more confinement than lower strength concrete.   

In normal-strength concrete specimen, as the volumetric ratio of transverse reinforcement 

increases from 1.8% to 2.4% I10 increases by 26% for higher yield strength of transverse 

reinforcement and 28% for lower yield strength, and as the  volumetric ratio increases from 2.4% 

to 3.1% I10 increases by 15% for higher yield strength of transverse reinforcement and 16% for 

lower yield strength. 

In high-strength concrete specimen, as the volumetric ratio of transverse reinforcement  increases 

from 1.8% to 2.4% I10 increases by 29% for higher yield strength of transverse reinforcement 
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and 32% for lower yield strength, and as the  volumetric ratio increases from 2.4% to 3.1% I10 

increases by 16% for higher yield strength of transverse reinforcement and 17% for lower yield 

strength. 

Both ductility index and effective confinement index increases linearly for the increase in 

volumetric ratio and for the decrease in spacing of transverse reinforcement in both normal and 

high-strength confined concrete specimen, as shown in Fig.4.12, Fig. 4.13 and Table 4.5.  

Table. 4.3 Computation of confinement effectiveness index and ductility index for normal 

strength concrete columns  

 

 



Behavior of Normal and High-Strength Confined Concrete Under Compression Load 
 

 
40 

 

Table.  4.4 Computation of confinement effectiveness index and ductility index for high strength 

concrete columns. 

 

 

Fig. 4.12 Ductility index versus effective confinement index for normal-strength concrete 

columns 
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Table. 4.5 Effective confinement index, kersfyt/f’c (%) and ductility index, I10

 

 

Fig.4.13  Ductility index versus effective confinement index for high-strength concrete columns 
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4.3.3 Effect of Yield Strength of Transverse Reinforcement 

The effect of yield strength of transverse confining steel was investigated by comparing results 

of pair of columns specimens having the same concrete compressive strength, same volumetric 

ratio and the same spacing of lateral confining reinforcement with different yield strength of 

lateral reinforcement for both normal and high-strength confined concrete columns. In general, it 

is observed that as the yield strength of transverse reinforcement increases from 503MPa to 

580MPa, the strength and deformability of confined concrete get improved. Fig.14(a) & (b), and 

Table 4.5 compares the results of normal-strength concrete column specimens. For the steel 

grade used in this study, as the yield strength of transverse reinforcement increases from 503MPa 

to 580MPa, well confined column specimens of normal-strength concrete increases ductility I10 

by 5.1%, and specimen with larger spacing increases ductility I10 by 7.6%, but gain in strength is 

insignificant. Fig. 15 (c) & (d), and Table 4.5 compares the results of high-strength concrete 

column specimens. As the yield strength of transverse reinforcement increases from 503MPa to 

580MPa, well confined column specimens of high-strength concrete can gain  a ductility of  

I10=5.5% and specimen with larger spacing increases ductility I10 by 8.5%,  gain in strength for 

high strength column specimen is also insignificant.  From the result it has been observed,  

increasing the yield strength of confining reinforcement can improve ductility better than 

strength.   

As the yield strength of transverse reinforcement  increases from 503MPa to 580MPa in normal- 

strength concrete, the strain value of larger spacing specimen (s=90mm) corresponding to the 

peak load were increases from 0.002719 to 0.005563,  and that of closer spacing (s=54mm) 

increases from 0.010042 to 0.010708. For high- strength concrete as the yield strength increases, 

the corresponding strain value at peak load increases from 0.002255 to 0.004104 for larger 

spacing (s=90mm), and for closer spacing (s=54mm) strain value increases from 0.008938 to 

0.009479 at peak load. Therefore, the increase in yield strength of transverse reinforcement 

increases the strain values at peak load for both normal and high- strength concrete specimens.  
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                                                              (a) 

 

(b) 

Fig. 4.14 Effect of yield strength on normal-strength concrete columns (a) Yield strength of 

transverse reinforcement =580MPa, and (b) Yield strength of transverse reinforcement=503MPa. 
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(c)  

 

(d) 

Fig. 4.15 Effect of yield strength on high-strength concrete columns  (c) Yield strength of 

transverse reinforcement =580MPa, and (d) Yield strength of transverse reinforcement=503MPa. 
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From stress-strain diagram of the test result as shown in Fig. 4.14 & Fig. 4.15 the descending 

part of the graph in both normal and high- strength concrete column specimens is  steeper for the 

lower yield strength reinforcement than the higher yield strength of transverse reinforcement.   

The strain value corresponding to the  peak load in normal-strength concrete column specimen is 

greater than the higher strength concrete column specimen for the same yield strength of 

transverse reinforcement. Therefore, the effect of yield strength of transverse reinforcement has 

more pronounced effect in normal-strength concrete column specimen than high- strength 

concrete column specimen.   
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5. Conclusions and Recommendations 

5.1 Conclusions  

This research presents the behavior of normal and high-strength concrete column specimens 

confined by rectilinear steel under the action of axial compression load. The test variables are 

compressive strength of concrete, volumetric ratio and spacing of transverse reinforcement, and 

yield strength of transverse reinforcement. The result of test for both normal and high-strength 

concrete column specimen is compared and reported with present testing facilities. The 

following conclusions can be made based up on this research.  

1. Strength enhancement and deformability of confined column specimen decreases as the 

concrete strength increases. The post peak curves of the higher strength concrete 

specimens are steeper, indicating faster rate of strength decay as compared to the normal-

strength concrete column specimens.    

2. The effect of volumetric ratio and spacing of transverse reinforcement has more 

pronounced effect on the behavior of normal and high-strength column specimens as 

compared to the other test parameters.  Both ductility index and effective confinement 

index increases linearly for the increase in volumetric ratio and for the decrease in 

spacing of transverse reinforcement in both normal and high-strength confined concrete 

specimen. 

3. The increase in yield strength of transverse reinforcement increases the strain values at 

peak load for both normal and high-strength concrete specimens. From stress-strain 

diagram of the test result, the descending part of the graph in both normal and high- 

strength concrete column specimens is  steeper for the lower yield strength reinforcement 

than the higher yield strength of transverse reinforcement.   

4. The influence of the test parameters on the ascending portion of the stress strain diagram 

is almost the same for both normal and high-strength concrete, but it have significant 

influence on the descending portion of the curve.     

5. Vertical cracks were observed for larger spacing of confined concrete column specimen 

at the time of loading in case of both normal and high-strength concrete, but these vertical 

cracks were slightly inclined for well confined specimen.     
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6. Because of  testing facilities and small number of test specimens, it is not possible to 

develop own model.  

5.2  Recommendations  

In  this study only some of the confinement  parameters that influences on the behavior of 

normal and high- strength concrete column specimens are considered because of financial 

constraint and testing facilities available at laboratory. The results were reported with the 

constraint of testing facilities, so that the test result and observations were reported by 

completing and comparing with the models proposed by earlier researchers. In order to study the 

complete behavior of confinement and propose own model, some of the area which requires 

further investigations are recommended.  

- In order to know the actual behavior of confined concrete column and develop own local 

model, the size of test specimen shall be considered closer to the actual size of column.  

- In order to see whether spacing or volume of confining reinforcement that has more 

influence on the behavior of confined concrete column, use the same volume of confining 

reinforcement but with different spacing. This can be done by varying the area of 

confining reinforcement.       

- Since the range of high-strength investigated is narrow, (i.e. only 9MPa difference) 

investigating the behavior of confined concrete for higher strength is recommended. 

- Since the range of yield strength of transverse reinforcement used in this study is small, 

use for higher range of transverse reinforcement to see the effect of yield strength of 

transverse reinforcement on confined concrete. 

- The post peak behavior observed in this study is obtained by changing the peak 

sensitivity of the compression machine under load control approach, use of displacement 

controlled testing machine is to be used to record the post peak behavior.
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Mix proportioning  for normal-strength concrete (C41) 

i).  Design stipulation for proportioning 

     -Grade designation…………………………………..……. C41 

     -Type of cement ……………………………………..……...OPC (Derba cement) 

     - Maximum nominal size of aggregate…………………..….25mm    

      -Minimum cement content……………………….…………320Kg/m3 

      - Maximum water -cement ratio………………………..…….0.54 

      - Workability………………………………………………….50mm slump 

      -  Exposure condition ………………………………………....severe (reinforced concrete) 

      - Type of aggregate………………………………..crushed angular aggregate and river sand 

      - Maximum cement content………………………………..…..450Kg/m3 

      ii)    Test data for materials  

       -Cement used……………………………………………….…OPC (Derba cement) 

       - Specific gravity of cement…………………………………..3.15 

       - Bulk specific gravity of: 

                                       Coarse aggregate……………….………2.61 

                                        Fine aggregate………………...……….2.59 

- Water absorption: 

                          Coarse aggregate………………………2.786 % 

                                        Fine aggregate………………..……….4.82 % 

        -Free (surface moisture): 

                                         Coarse aggregate……………….……..Nil 

                                         Fine  aggregate………………….…….Nil 

- Sieve analysis:  

                          Coarse aggregate……………….……conforming to Table A5.3 of ACI 

                          Fine aggregate………………………….conforming to Zone IV of ACI 

iii)  Target strength for mix proportioning 

f’ck=fck+ 1.65s 

where   f’ck =Target average compressive strength at 28 days 

             fck =Characteristic compressive strength at 28 days 
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              s= standard deviation    

from Table 1 of IS standard deviation, s= 5N/mm2 

therefore target strength =32.8+1.655=41N/mm2 

iv)  Selection of water cement ratio 

   from table A1.5.3.4(a) maximum water cement ratio=0.54 

  based on experience adopt water cement ratio as 0.5,   0.5<0.54, hence ok 

v)  Selection of water content 

     - from TableA15.3.3, maximum water content =186 liter (for 25-50mm slump range and for           

20mm aggregate) 

vi) Calculation of cement content 

       -water cement ratio=0.5 

        -Cement content =186/0.5=372Kg/m3 

          From table 5 minimum cement content for severe exposure condition =320 kg/m3,     

372Kg/m3 >320Kg/m3, hence ok. 

vii) Proportion of volume of coarse aggregate and fine aggregate content. 

     -from table 5.3.6, volume of coarse aggregate corresponding  to 20mm size aggregate and fine 

aggregate (Zone IV) for water cement ratio of 0.5=0.6  

Volume of fine aggregate =1.0-0.6=0.40 

viii) Mix calculation 

  the mix calculations per unit volume of concrete shall be as follows 

a) Volume concrete=1m3 

b) Volume of cement=mass of cement/sp.gr. of cement 

1/1000=(372/3.15)1/1000=0.118m3 

c) Volume of water=(186/1)1/1000=0.186m3 

e) Volume of all in aggregate=a-(b+c)=1-(0.118+0.186)=0.696m3 

f) Volume of coarse aggregates 

                 evolume of coarse aggregate specific gravity of coarse aggregate 

                 =0.0.6960.62.611000=1090Kg 

g) Volume of fine aggregate 
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 evolume of fine aggregate specific gravity of fine aggregate 

                 =0.6960.42.591000=721Kg 

  ix) Mix proportion for trial number 1 

          cement=372kg/m3 

         water=186liter/m3 

         fine aggregate=721Kg 

          coarse aggregate=1090Kg 

          water cement ratio=0.5 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Behavior of Normal and High-Strength Confined Concrete Under Compression Load 
 

 
53 

 

Mix proportioning  for high-strength concrete (C60) 

i).  Design stipulation for proportioning 

     -Grade designation…………………………………..……. C60 

     -Type of cement ……………………………………..……...OPC (Derba cement) 

     - Maximum nominal size of aggregate…………………..….20mm    

      -Minimum cement content……………………….…………400Kg/m3 

      - Maximum water -cement ratio………………………..…….0.4 

      - Workability………………………………………………….50mm slump 

      -  Exposure condition ………………………………………....severe (reinforced concrete) 

      - Type of aggregate…………………………………………....crushed angular aggregate 

      - Maximum cement content………………………………..…..600Kg/m3 

      - Chemical admixture ………………………………………….conplast SP430 

ii)    Test data for materials  

       -Cement used……………………………………………….…OPC (Derba cement) 

       - Specific gravity of cement…………………………………..3.15 

       - Chemical admixture ……………………………………..…conplast SP430 

       - Bulk specific gravity of: 

                                       Coarse aggregate……………….………2.61 

                                        Fine aggregate………………...……….2.59 

- Water absorption: 

                          Coarse aggregate………………………2.786 % 

                                        Fine aggregate………………..……….4.82 % 

        -Free (surface moisture): 

                                         Coarse aggregate……………….……..Nil 

                                         Fine  aggregate………………….…….Nil 

- Sieve analysis:  

                         Coarse aggregate………………….……conforming to Table A5.3 of ACI 

                          Fine aggregate………………………….conforming to Zone IV of ACI 

iii)  Target strength for mix proportioning 

f’ck=fck+ 1.65s 
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where   f’ck =Target average compressive strength at 28 days 

             fck =Characteristic compressive strength at 28 days 

              s= standard deviation    

from Table 1 of IS standard deviation, s= 5N/mm2 

therefore target strength =60+1.655=68.25N/mm2 

iv)   Selection of water cement ratio 

   from table A1.5.3.4(a) maximum water cement ratio=0.4 

  based on experience adopt water cement ratio as 0.29,   0.29<0.4, hence ok 

v)    Selection of water content 

     - from ACI 211.4RTable4.3.4,  the mixing water is =174 (for 50-100mm slump range and for    

20mm aggregate) 

     -as super plasticizer is used the water content can be reduced up to 20 percent and above.  

  Based on trials with SP water content reduction of 20 percent has been achieved. 

  Hence the water content arrived=1990.8=159liter 

vi)    Calculation of cement content 

       -water cement ratio=0.29 

        -Cement content =159/0.29=550Kg/m3 

          From ACI 211. 4R  table 4.3.5(b) minimum cement content for severe exposure condition 

=400 kg/m3, 600Kg/m3 >550Kg/m3, hence ok. 

vii)   Proportion of volume of coarse aggregate and fine aggregate content. 

     -from  ACI 211.4R table 4.3.3, volume of coarse aggregate corresponding  to 20mm size 

aggregate and fine aggregate (Zone IV) for water cement ratio of 0.5=0.6  

In the present case w/c ratio =0.3 the volume of coarse aggregate is required to be increased to 

decrease the fine aggregate content. As w/c ratio is lower by 0.1 increase the coarse aggregate 

volume by 0.02 ( at the rate of -/+0.01 for every +/-0.05 change in water cement ratio.) 

Therefore corrected volume of coarse aggregate for w/c of 0.29=0.6 

Volume of fine aggregate =1.0-0.6=0.4 

viii)  Mix calculation 

  the mix calculations per unit volume of concrete shall be as follows 

 



Behavior of Normal and High-Strength Confined Concrete Under Compression Load 
 

 
55 

 

h) Volume concrete=1m3 

i) Volume of cement=mass of cement/sp.gr. of cement 

1/1000=(550/3.15)1/1000=0.174m3 

j) Volume of water=(159/1)1/1000=0.159m3 

k) Volume of chemical admixture (2% by mass of 

cement)=(0.02550)/1.18(1/1000)=0.009m3 

l) Volume of all in aggregate=a-(b+c+d)=1-(0.174+0.159+0.009)=0.658m3 

m) Volume of coarse aggregates 

                 evolume of coarse aggregate specific gravity of coarse aggregate 

                 =0.6580.62.611000=1030Kg 

n) Volume of fine aggregate 

 evolume of fine aggregate specific gravity of fine aggregate 

            =0.6580.42.591000=682Kg 

  ix)  Mix proportion for trial number 1 

          cement=550m3 

         water=159liter/m3 

         fine aggregate=682Kg  

          coarse aggregate=1030Kg        

          chemical admixture=11Kg=11liter 

          water cement ratio=0.29 
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Fig. Formwork provided for specimen 
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Fig. Casting column specimen 
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Fig.  Specimen ready for test 

 


