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Abstract 

         Recently slender buildings and slender building components have 

become more common. At the same time the development of concrete 

technology has made possible the production of high strength concrete (HSC) 

which is mainly used for construction of reinforced concrete compression 

members. Thus there is increased need for research on reinforced concrete 

columns- especially HSC ones. 

         This thesis examines procedures for carrying out existing approximate 

second-order analyses, and presents new procedures for the design of 

columns. Test results of 81 reinforced concrete columns available in the 

literature are studied in this work. These include normal and high strength 

concrete, short and slender ones. All failed under short –term uniaxial 

loading. Test results are compared using theoretical predictions of selected 

methods of column capacity analyses. These methods include current code 

design (ACI , BS and CAN) as well as proposed modifications by researchers. 

In this work the one major stress block shape is investigated – the rectangular 

stress block. In addition the stress intensity factor  1  and the ratio of the 

stress block depth to the neutral axis depth  1 were also investigated.  

         Two special computer programs were constructed to analyses the 81 

column results so called: MAG and ADD. 

         When applying the extensively used ACI-02 method of design, a 

coefficient of variation (COV) of 20 percent was obtained for the 81 tests. 

Aproposed modification to this ACI method led to a drop in COV to 12.4 

percent. 

        Similar modifications proposed in this research have led to a drop in the 

COV in the Canadian code from 23.9 to 13.5 percent. 
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         When the BS design method was applied to the 81 tests, the value of 

COV is 17.3 percent. A proposed modification on the BS method is 

introduced that has led to a drop in COV to 15.6 percent. 
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Abbreviations 
 

ACI                        American Concrete Institute 

ACI 318M-99,       Current ACI Building Code Requirements for Reinforced 

ACI 318M-02        Concrete in 1999 and 2002 respectively. 

AS                          Australian Standard for Concrete Structure. 

BS 8110-97           British Standard Institution “Current Code of Practice for  

                               Stractural Use of Concrete” CP 8110 in 1997. 

BSM                      modified British method. 

CAN, CSA-94       Canadian Standard Association “Design of Concrete 

                               Structure for Building in 1994. 

CEB/FIP                Comite’ Euro-International de Be,ton / Federation  

                               International de Precontrainte. 

COV                      coefficient of variation. 

HSC                       high strength concrete. 

IM                          method proposed by Ibrahim MacGregor. 

IS                           Indian Standard Code of Practice for Plain and   

                               Reinforced Concrete. 

MACI                    modified method applied with ACI-02 method. 

MR                        Mirza and modified Mirza formulae applied with  

MMR                     ACI-02. 

MR+MACI            a method produced from combined of (MR+MACI)and 

MMR+MACI        (MMR+MACI) methods respectively. 

MR+CAN              a method produced from combined of (MR+CAN)and  

MMR+CAN          (MMR+CAN) methods respectively. 

MR+IM                 a method produced from combined of (MR+IM)and 

MMR+IM              (MMR+IM) methods respectively. 

NSC                       normal strength concrete. 

RC                          reinforced concrete. 

SD                          standard deviation. 

x                          arithmetic mean. 
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Notation 
 

A- Roman Letter Symbols 
au                additional eccentricity of slender column; 

Ag         gross area of column section; 

As         area of tension reinforcement; 

A
/
s        area of compression reinforcement;            

Ast              total area of longitudinal reinforcement; 

ADD     a computer program (appendix A); 

b           width of section; 

'b          the smaller dimension of the column; 

c            compression zone depth of a section; 

Cc          calculated force for compression region; 

Cm         equivalent moment factor; 

d           distance from extreme compression fiber to centroid of tension  

             reinforcement ; 

'd        distance from extreme compression fiber to centroid of compression  

             reinforcement; 

e           eccentricity of load parallel to axis of member measured from  

             centroid of gross section; 

e2          larger eccentricity; 

eadd        additional eccentricity; 

eb           value of e at balanced failure; 

emin         design minimum eccentricity; 

Ec           modulus of elasticity of concrete; 

E1 , E2    modulus of elasticity of concrete Eqs. (4.1 , 4.2 and 4.3) ; 

Es                 modulus of elasticity of reinforcement; 

EI          flexural stiffness of compression member; 
'

cf , cuf   specified compressive strength of concrete for cylinder, cube 

              respectively; 

yf      specified yield strength of reinforcement; 

G1 , G2   ratio of column to beam stiffness at the two ends; 

Gs         smaller of G1 and G2 ; 

h           overall thickness of the column in plane of bending; 

I            moment of inertia of section; 

Ig          moment of inertia of gross concrete section about cetroidal axis, 

             neglecting reinforcement ; 

Ise         moment of inertia of reinforcement about centroidal axis of member  

            cross section ; 

K         effective length factor for compression member, an optional 
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            reduction factor ; 

Kns       effective length factor for compression member, in non sway frames; 

Ks        effective length factor for compression member, in sway frames; 

Ky         curvature, calculated by using Eq. (2-38) or Eq. (2-40); 

          height of column center to center; 

u , o unsupported length of compression member; 

e        effective length of column; 

M          moment; 

Madd      additional moment; 

Mc         moment to be used for design of compression member, magnified 

              moment; 

Mconc      moment strength of compression zone of concrete of section; 

Mi           initial moment; 

Mmax        maximum moment of section due to externally applied loads; 

Mn           nominal moment strength; 

Mnbx        nominal bending moment about x-axis at balanced strain condition; 

Mnby       nominal bending moment about y-axis at balanced strain condition; 

Mnx              nominal bending moment about x-axis ; 

Mny         nominal bending moment about y-axis; 

Mr          applied bending moment; 

Ms         moment due to loads causing appreciable sway; 

Mt         maximum design moment ; 

M1         value of smaller end moment on compression member calculated by 

              conventional elastic frame analysis, positive if member is bent in 

              single curvature, negative if bent in double curvature; 

M2          value of larger end moment on compression member calculated by 

              conventional elastic frame analysis, always positive; 

M1s        end moment on compression member at the end at which M1 acts, 

              due to loads that cause appreciable sidesway , calculated using a  

              first-order elastic frame analysis; 

M2s        end moment on compression member at the end at which M2 acts, 

              due to loads that cause appreciable sidesway , calculated using a  

              first-order elastic frame analysis; 

M1ns       end moment on compression member at the end at which M1 acts, 

              due to loads that cause no appreciable sidesway , calculated using a  

              first-order elastic frame analysis; 

M2ns        end moment on compression member at the end at which M2 acts, 

              due to loads that cause no appreciable sidesway , calculated using a  

              first-order elastic frame analysis; 

Mo2        larger end moment in a column from the first-order conventional 

              analysis; 
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MAG     a computer program (appendix A); 

N          compressive axial load; 

Nbal       compressive axial load corresponding to the balance condition; 

Nuz        capacity of column section under pure axial compression; 

P           axial load; 

Pc               critical load; 

Pcal.       calculated axial load strength; 

Pconc.     axial  strength of compressive zone of concrete of section ; 

Pmax      maximum load at section due to externally applied loads; 

Pn          nominal axial load strength at given eccentricity; 

Pnb        nominal axial compression at balanced strain condition ; 

Pr          applied axial load ; 

Ptest        maximum axial load obtained from tested column ; 

Pu          factored axial load at given eccentricity; 

Po          nominal axial load strength at zero eccentricity (same as Nuz); 

p          axial thrust due to sustained loads; 

Q           stability index for a storey; 

r            radius of gyration of cross section of a compression member in plane 

             of bending; 

V           shear force; 

Vu         factor horizontal shear in a storey ; and 

y           distance between the centroid of the compression block to the center 

              of cross section of the column. 

 

 

 

B- Greek Letter Symbols 
            effective stiffness factor, stiffness reduction factor; 

ns         ratio of axial compression load to the non sway Eulor buckling 

                load; 

1            ratio of the stress in the equivalent stress block to the specified  

                 compressive strength of concrete; 
            effective length factor; 

a             slender column coefficient; 

d             for non-sway frame, d  is the of the maximum factored axial 

                  dead load to the total factored axial load; for sway frame, d  is  

                  the ratio of the maximum factored sustained shear within a storey 

                  to the total factored shear in that storey; and for stability checks of 
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                sway frames, d  is the ratio of  the maximum factored sustained  

                axial load to the total factored axial load; 

1            Ratio of the depth of the equivalent stress block to neutral axis  

                depth ; 
            center-to-center distance between exterior layers of longitudinal  

                 reinforcement divided by the overall depth h for rectangular  

                 column ; 

m            partial safety for materials; 

            magnifier factor; 

ns         moment magnification factor for frames braced against sidesway; 

s           moment magnification factor for frames not braced against 

                sidesway; 

          lateral deflection of the column; 

cp         creep deflection; 

e           elastic component of the total deflection due sustained load; 

m         lateral deflection at midheght of the column; 

tot         total deflection due to sustained load; 

y           short term deflection at failure of the column; 

v           the additional storey shear ; 

o           relative first-order lateral displacement in each storey of the frame; 

             strain; 

cu          ultimate concrete strain in compression; 

s           tensile strain in tension reinforcement; 


s          compressive strain in compression reinforcement; 

y           yield strain of reinforcement; 

t,       total ratio of reinforcement; 

cr         average stress over the cross sectional area of the column at the  

               critical load; 

            strength reduction factor; 

e          curvature at the column ends; 
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m         curvature  at midheight of the column, stability reduction factor  

              (CAN code); 

s          stability reduction factor; and 

y          curvature of a section at the first yield of tension steel. 

 

 



 

 

                                                        CHAPTER   

 

INTRODUCTION 

   

   

   1.1 Scope 

 

              his  research  reviews a  study  of  ability  of  some  methods for  

             predicting column capacity. These methods include selecting 

universally applied methods, and those proposed by researchers. The aim of 

this research is to provide a more accurate method by introducing some 

modifications to existing methods. The project is mainly concerned with 

making a comparison between these methods using 81 column test results 

available in the literature. These 81 reinforced concrete columns include 

short and slender columns in normal and high strength concrete. 

          This thesis is divided into six chapters and two appendices. General 

definitions, marginal behaviour, types of columns are reviewed briefly in 

chapter one followed by extensive review of research in chapter two which 

gives a literature survey and summarizes their main results. Chapter three 

describes theories used in creating the methods considered in this work and 

explains each method separately. Chapter four involves the tested columns 

available from literature, describes the methods used to analyze these 81 

columns, flowcharts used for each approach and the statistical results of these 

methods. Discussion of these results is in chapter five.While chapter six gives 

T 
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the conclusions, recommendations and the possible future research. 

         Appendix A describes the programs used in this work while appendix B 

involves the results of the computer programs of the methods considered 

herein. 

 

   

   1.2 General 

 

         The column is a type of compression member that has a ratio of height 

to least lateral dimension of three or greater. It is a structural element, which 

is used primarily to support compressive loads regardless of whether or not 

design calculations indicate simultaneous bending moment to be present 
(29)

.  

         There are three types of reinforced concrete (RC) columns in use. The 

first type of columns is reinforced with longitudinal bars and lateral ties of 

rectangular or circular shape. The second type is reinforced with longitudinal 

bars and closed spaced spirals. The third type of columns is composite 

compression members reinforced longitudinally with structural – steel shape, 

shapes- including pipes and tubing with or without additional bars. The first 

and second types are more commonly used 
(29)

.  

         The axial strain limit of a spiral column will be much greater than with 

a tied column, and the failure of the former is much more ductile. But when 

the load is applied with significant eccentricity the advantage of the spiral 

columns is much less pronounced 
(29)

. Generally, RC columns are classified 

as short or slender. A short column is one in which the ultimate load at a 

given eccentricity is governed only by the strength of the materials and the 

dimensions of the cross section, while the slender column is one in which the 

ultimate load is also influenced by slenderness, which produces additional 
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bending because of transverse deflections
(31)

. All columns are loaded axially, 

uniaxially or biaxially.  

         Axially loaded columns occur rarely in practice because some bending 

is almost always present by any slight initial crookedness of columns, the 

manner in which loading is applied by beams and slabs and the moments 

introduced by continuous construction 
(31)

.
 

         Even when design calculations show a member to be loaded purely 

axially, inevitable imperfections of construction will introduce eccentricities 

and consequent bending in the member. In contrast to axially loaded 

columns, in practice many columns are subjected to bending about one major 

or minor axis of the column only. These are columns that are under uniaxial 

bending. Other columns (especially corner columns, for example) may have 

to resist biaxial bending subjected to bending about both axes 

simultaneously. Most RC columns are symmetrically reinforced about the 

axes of bending. However, if the eccentricity is large with a column under 

uniaxial bending, it may be more economical to use an unsymmetrical pattern 

of bar 
(31)

.
 

         The Euler buckling formula [Eq. (1-1)] was first established by the 

mathematician (Leonhard Euler) in 1757 
(33)

.  

    22 / uc kEIP                                         …………….. (1-1) 

     Pc  is defined as the axial force which is sufficient to keep the member in 

such a slightly bent form
(43)

 , where : 

    EI = flexural stiffness of the column, 

     k = effective length factor, and 

   u = unsupported length of the column. 
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         To bring out this significant limitation, Eq. (1-1) can be written in 

different form:  

    22 // rkE ucr                                      ……… (1-2)  

where cr = average stress over the cross sectional area of the column at  

                    the critical load, and  

          r =  radius of gyration of the column. 

         Different approaches are considered to define slenderness ratio-

basically researchers may use   )/()/(,/ rorrrk uu  . 

         The slenderness of a column may result in the ultimate load being 

reduced by lateral deflections of the column caused by bending. The 

importance of lateral deflections due to bending on the type of loading on the 

column and the end conditions. 

         The P moment effect (sometimes called “secondary” moment) refers 

to the additional moment in long columns. 

         The term “ secondary” tends to imply that the moment is of secondary 

importance whereas in some cases it may be of considerable significance
(31)

. 

Thus a short column may be defined as a member with a low slenderness 

ratio such that the column strength will not be affected by its length . In other 

words, the ultimate load is not reduced by the bending deformations because 

the additional eccentricities are either negligible or occur away from the 

critical section. 

         In contrast, in long (or slender) columns, ultimate strength is affected 

significantly by the P effect. 

         Two types of failures occur eventually in columns, a material failure, 

which is the dominant type in short columns. In slender columns in buildings 

which are braced against sidesway there may also be a material failure, which 

will be at a lower capacity than comparable short columns see Fig.1.1. The 
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second type of failure occurs in the very slender columns (having a large 

slenderness ratio). These columns may become unstable before reaching the 

ultimate strength of their materials. This type of failure may occur in 

unbraced columns see Fig. 1.1 
(31)

.  

 

 

 

 

 

 

 

 

Fig. 1.1 Interaction diagram for a reinforced concrete column section 

illustrating short and long column P-M behavior up to failure. 

         According to the types of applied loading on a column, it may display 

either single curvature or double curvature, which especially applies to 

braced columns 
(31)

.
 

         The maximum moment (final moment produced from first –order 

analysis plus the additional moment) may occur within the height of the 

column or at one (or both) ends. 

         Generally, it is more likely that the maximum moment occurs within 

the height of column between two ends for the single curvature cases in 

braced columns
(31)

.
 

         For columns in non- sway frames, exhibiting double curvature, the 

additional moments do not normally amplify the maximum primary moments 

(from the first- order analysis), that occur at the two ends of the columns. 
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         For sway frames, unless the axial loading is very high, usually 

magnification of moments leads to higher values at the column ends. 

         During loading, cracking of concrete and inelastic deformations reduce 

the column and beam stiffnesses which may have a significant effect on 

moments in columns of frames. Researches indicate that for a short column 

in a braced frame the reduction in column end moments due to the reduction 

in stiffness may be greater than the increase in moment due to deflections, 

and the maximum moment will decrease, resulting in an increase in the load 

capacity
(31)

. 

         In contrast, for slender columns in a braced frame, the moments due to 

deflection tend to increase more rapidly than the restraint moments, and the 

maximum moment will increase resulting in a decrease in the load 

capacity
(30,31)

.  

         Fig. 1.2 shows details of research made by Furlong and Ferguson 
(31)

.  

 

 

 

 

 

 

           

 

 

(a) Test specimen.                 (b) Measured load-moment response. 

Fig. 1.2 Behaviour of column in frame tested by Furlong and Ferguson  
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         To obtain the forces and moments acting on columns in a frame, exact 

analysis of these frames is necessary. Because of complexity of second order 

analysis, a second alternative approach may be followed. This involves 

initially applying first order structural analysis, which will be followed by 

adding the effect of lateral deflections - P  effect. Thus this magnified 

methods presents a much simpler approach to frame and column analysis and 

design. 

         There are several existing methods for design and analysis of columns, 

with different concepts to account for the forces and moments acting on the 

columns. In addition, the treatment of slenderness also differs between these 

methods. Each method considered in this work will be discussed in detail in 

chapter three later.  

   

   1.3 Benefit of this Research 

 

         The development of structural technology led to an increasing tendency 

to use high rise buildings. At the same time the development of high strength 

concrete (HSC) has expanded especially for columns in building and other 

structures. As a result there is now a higher proportion of slender columns in 

practice.
(18) 

         Many variables affect the column strength. Therefore, cross- sectional 

strength estimates by various methods together with the different approaches 

will be checked. This work involves rectangular short and slender columns, 

sway and non-sway ones, both high strength concrete (HSC) columns and 

normal strength concrete (NSC) columns. 

 



 

 

 

                                          CHAPTER   

 

LITERATURE REVIEW 

   

   

   2.1 General 

 

             he actual strength of RC members varies depending on nominal 

             strength of the constituent materials and the specified geometric 

properties. Over the years, many investigators have suggested various design 

and analysis methods to obtain a suitable (rational) behaviour and to estimate 

accurately strengths and deflections. In particular, the factors affecting the 

RC columns are many. The major effects are strength of concrete, creep, 

flexural stiffness, effective length and the analysis methods used to deal with 

frames. 

For an accurate design, the structure should be analyzed to determinate the 

forces and moments in each member, modify the forces and moments in 

some way for the second-order analysis and the proportioning of the cross 

section to resist these applied loads. 

This chapter will present some available researches that investigate and aim 

at understanding the behaviour of RC columns. 

    

T 
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 2.2 Review of Representation of RC Stress– Strain  

      Relationship by the Rectangular Stress Block 
 

 
        The first published ultimate load theory was that of Koenen, who in 

1886 assumed a straight line distribution of concrete stress and a neutral axis 

at middepth. 
(22)

  In North America, columns are usually designed for 

combined axial load and bending moment using a rectangular stress block, 

which was modifed by Mattock et al on the original whitney rectangular 

stress block .
(22) 

 Thus in practice this actual concrete stress distribution ( 

which is similar to the stress- strain diagram , Fig 2-1d ) is replaced by a 

simple rectangular stress distribution at ultimate for the section . 

        This method provides essentially the same results as those obtained in 

tests of unreinforced and reinforced concrete columns loaded concentrically 

or eccentrically with concrete strengths (
'

cf ) ranging between (8.2-57.4) 

MPa . Mattock et al proposed their rectangular stress block, based on two 

parameters: the intensity of stress in the stress block ( 1 ) and the ratio of the 

depth of the stress block to the depth of neutral axis 1  [Fig. 2-1]. The values 

of these two parameters were proposed to be 1 = 0.85 and  

85.0)9.6/(05.005.1 '

1  cf           for '

cf  in MPa         …..(2-1) 

That proposal was incorporated in the ACI 318-63 .
(3)

 In the 1976 supplement 

to ACI 318-71 a lower limit of 1 equal to 0.65 was adopted for concrete 

strength greater than 55 MPa, based on a proposal by Nedderman .
(2)

 In 

recent years ,a number of proposals have emerged to modify the stress block 

to include a variety of strengths of concrete . 

One such proposal gives values 1  = 0.85 and  
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)30(008.085.0 '

1  cf        85.065.0 1     …….(2-2) 

This proposal is intended to include HSC  in addition to NSC.
(1)

 

        The development of concrete technology and practice has led to the  

production of HSC especially in compression members . There is no unique 

definition of HSC. For instance, in the 1950s concrete with compressive 

strengths of 30 MPa was considered to be HSC.The Australian standard for 

concrete structures, AS 3600 indicates that HSC starts at 50 MPa .
(18)

  

        The limit of HSC dose not means that there is a sudden change in 

material properties at that strength. However, certain differences in 

mechanical properties and behaviour are evident. 

        Based on tests on HSC investigators have tried to obtain more accurate 

values of the rectangular stress block factors 1  and 1 . 

        It is generally accepted that the uniform stress should be smaller than 

0.85 
'

cf  for HSC.
(32) 

        References (32 and 41) recommended that 1  should be reduced 

linearly with increase in 
'

cf  to become a minimum value of 0.75 at 
'

cf  equal 

to 80 MPa. In this proposal (by Li et al)
(36)

 the depth of the equivalent 

rectangular stress block is given by Eq. (2-2) and the magnitude of the 

uniform stress is taken as 1
'

cf  where  

 

 

)55(004.085.0 '

1  cf       85.075.0 1        ……..(2-3) 

for 
'

cf  in MPa. 

        References (3 and 13) have stated that the ACI value of 1  computed 

from Eq. (2-2) leads to unconservative column design, in HSC especially 
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when e/h ratios are below about 0.3. This usually applies to lower stories of 

buildings , where e is the eccentricity of load parallel to axis of member 

measured from centroid of the cross section and h is the overall thickness of 

member in the plane of bending . 

        It is also indicated that the use of a constant value of 1  could provide a 

safe design for HSC and ultra HSC sections , but the resulting value of 1  

would be much lower than 0.85 and would give very conservative design for 

NSC sections. Reference (13) proposed (for 
'

cf  in MPa): 

725.0)800/(85.0 '

1  cf                       …….. (2-4) 

7.0)400/(95.0 '

1  cf                         ………(2-5) 

        Reference (3) proposed Eqs. (2-2 and 2-3) depending on Bing et al tests 

to modify the ACI rectangular stress block.  A modified rectangular stress 

block is proposed in reference (3) for the Canadian design code. 

67.00015.085.0 '

1  cf                                  ……….(2-6) 

                                                                           for 
'

cf  in MPa. 

67.00025.097.0 '

1  cf                             ………..(2-7) 

        Kahn and Karl
(14)

 have studied the influence of rectangular and 

triangular stress block distribution for predicting the flexural capacity of 

members. They tested 19 HSC beams with nonrectangular compression zones 

(Fig.2.2). Concrete strength 
'

cf  ranged between (66.4-102.2) MPa. The 

amount of reinforcing steel was varied to influence the size of the 

compression zone and location of the neutral axis. 

        They concluded that the ACI – 318 M approximation for the modulus of 

elasticity Ec [ Eq. (4-1)] produced acceptable results. The ultimate concrete 

strain of 0.003 was valid and provided good predictions of ultimate moment 
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capacity. Based on their work , they have stated that the shape of the 

compression zone affected the accuracy of the rectangular stress block 

prediction . They compared the predicted ultimate strength for rectangular, 

semicircular, and triangular cross sections. There was a definite trend 

showing the rectangular stress block to move toward an unconservative 

prediction as the shape approached a triangular cross section. However, they 

recommended that the use of rectangular stress block defined in the ACI code 

led to satisfactory estimates of moment capacities. If a slightly more accurate 

prediction is desired, they recommended the use of the triangular stress block 

distribution with compression block stress intensity factor equal to unity 

( 1 =1) and the depth equal to the depth of neutral axis ( 1 =1). 

 

 

 

 

 

 

Fig. 2-2 Cross section of triangular and semicircular beams 

 

  2.3 Literature Survey on Short Columns 

 

         All longitudinal bars in compression must be enclosed within lateral 

ties. However, present design equations of tied RC columns do not include 

the influence of the transverse reinforcement on the value of the ultimate load 

(36,40)
. Fig 2-3a shows a typical mode of failure, with reinforcement buckling 

after the ultimate strength of the column is reached. 
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        It is important that the ties should be sufficiently closely spaced to 

prevent premature buckling. Also, if the size of the ties is inadequate, 

premature buckling of the type in Fig 2-2b may occur. 

 

 

 

 

 

 

                                        ( a )                           ( b )            

Fig. 2-3 

        Many investigators have studied the effects the transverse reinforcement 

on the behaviour and properties of columns such as ductility, stress – strain 

behaviour, etc. For instance, references (47,37,38) have dealt with this 

problem. All of these references stated that for NSC an increase in the 

amount of transverse reinforcement has been shown to increase strength and 

ductility. The same observation was made for the case of HSC but rather to 

lesser extent. Reference (38) concluded that the columns with single hoops 

and (90) degree hooks might not provide sufficient ductility particularly 

when they are subjected to high axial loads and cyclic flexural loading. 

        In the case of HSC, little improvement in strength and ductility is 

obtained when the volumetric ratio of transverse reinforcement is small.
(3) 

Therefore test data show that HSC columns require large quantities of 

transverse reinforcement to achieve ductile behaviour . 
(36) 

 Another 

parameter that influences the ductility is the distribution of longitudinal bars 

within the column cross- section . For instance, Yong et al 
(47)

 have observed 

that the ductility of tied HSC columns is improved when the cross-section 

contained not less than eight longitudinal bars.  
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        The axial load capacity Po  under concentric compression is usually 

given
(3,31)

  by Eq. (2-8)  

 stystgco AfAAfP  )('1                   ……… (2-8)  

where  

           Ag = gross area of section,  

          Ast = total area of longitudinal reinforcement bars, and  

     yf = specified yield strength of reinforcement . 

         Eq. (2-8) ignores the effect of the transverse reinforcement on the axial 

capacity as mentioned before. In contrast to columns with small amounts of 

transverse steel, conservative values were obtained experimentally when 

columns were provided with sufficient confinement .
(3)

 

Collins et al have suggested that the factor 1  in Eq. (2-8) may be  

85.0)/10(6.0 '

1  cf                      ……… (2-9)  

         This applies especially in the case of HSC columns with low levels of 

confinement. However, extensive test data reported recently by Cusson and 

Paultre show that Eq. (2-8) may be acceptable provided that the column 

cross-section contains at least eight evenly distributed longitudinal bars .
(36)

 

        Many design and analysis methods have been presented for RC short 

columns subjected to bending-both uniaxial and biaxial. 

Hsu
(12)

 proposed a general analysis and design equation of RC short  tied 

columns . This equation of failure surface, which may be applied equally to 

uniaxial and biaxial bending, can be written as follows: 

1

5.15.1









































nby

ny

nbx

nx

nbo

nbn

M

M

M

M

Pp

pP
                   …….. (2-10) 

 

where  
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  Pn = nominal axial compression (positive), or tension (negative), 

  Mnx ,Mny = nominal bending moments about x- and y-axia respectively,  

  Po = maximum nominal axial compression (positive), or axial tension  

        (negative), 

  Pnb = nominal axial compression at balanced strain condition ,  

  Mnbx,Mnby = nominal bending moments about x- and y-axes 

                      respectively  ,at balanced strain condition , 

         The results of this study show good estimates for experimental tests that 

included 75 short column failures. The mean value for these tests of Ptest / 

Pcal.(Eq.2-10)  equal to 1.017. 

        This method has given a simpler analytical tool to determine the 

ultimate strengths of the columns than other existing methods. Hsu`s 

proposal provides a more logical approach than with, for example, the 

reciprocal and contour methods
(12)

 . 

        The calculation of the strength of RC members of rectangular sections 

subjected to combined effect of axial load and uniaxial or biaxial bending, 

can, in principle, be designed by the limit state method using the basic 

assumptions given in practical codes
(8)

. Even for uniaxial bending the basic 

approach becomes too cumbersome for hand computations and, if the 

member is under biaxial bending, it cannot be designed manually by first 

principles .For design applications it has been the usual practice to construct 

tables and charts as design aids. 

        Recently, a computer-aided design has been used in various areas 

including RC building analysis and design to speed up the calculations, to 

construct tables or interaction diagrams and to improve the accuracy of 

strength prediction.  Chand and Goyal
(8)

 proposed an exact method of 

analysis and design for determining the quantity of reinforcement in a given 

RC rectangular column under uniaxial or biaxial loading .This is based on 
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provisions of the Indian Standard Code of practice for plain concrete and RC 

,(IS). 

        The proposed method depends on some assumptions: (i) stress-strain 

relationship for steel is elastic – plastic; (ii) the same relationship are valid 

for tension as well as for compression; and (iii) the stress-strain relationship 

for concrete are represented by a second –degree parabola with its vertex at a 

strain of 0.002 followed by a straight line up to the ultimate strain of 0.0035 , 

see Fig.2-4. 

 

 

 

 

 

 

 

 

 

Fig. 2-4 Stress-strain relationship for concrete in compression  

    

        The design procedure 
(8)

 can be described in the following steps ; the 

first step according to the basis of maximum applied axial load and a 

minimum percentage of steel ,the reinforcement is first worked out. 

        The second step applies an assumed depth of the neutral axis, Then the 

applied bending moment is compared with the minimum moment (according 

to the IS code) in the two principal directions and the maximum of the two is 

chosen. Then a trial and error of the position of the neutral axis is stopped 

when the value of the calculated axial load equals the required design value. 

Next computation is made of the correspoding bending moment .If the latter 
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was found to be less than the design moment, the amount of reinforcement is 

increased, and the same process is repeated for the forces in the second 

principal direction. 

         Another step is undertaken only if the slenderness ratio exceeds the 

limiting value of the IS of 12. 

        The final step aims at designing the transverse reinforcement.        The 

computer program permits the calculation of the optimum quantity of 

reinforcement for biaxial bending. It is suitable for use on personal computers 

(8). 

        Yen
(46)

 proposed a method that is suitable for both computer application  

and hand calculation .This method is applicable for design of RC short 

columns under concentric loading or uniaxial  bending, where the 

longitudinal steel reinforcement areas are always optimized. The theoretical 

basis led to the solution procedures that the applied loads must be less or 

equal to the resistance strength of the section which depends on the ratio and 

the position of the neutral axis c, thus, 

),( cPP nr                       …………. (2-11) 

and 

),( cMM nr                        ………….(2-12) 

where 

          Pr ,Mr = applied axial , bending moment ,respectively, 

          Pn ,Mn = axial ,bending nominal strength ,respectively ,and 

                  = longitudinal steel reinforcement ratio . 

 

0),(  rn PcP                     ………….. (2-13) 

and 
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0),(  rn McM                 ……….. (2-14) 

        Yen applies Newton`s method to solve these nonlinear equations. Two 

variables are used, c and  , for efficiency and least calculation purpose, 

give initial values of 0.8 h and 0.01 respectively , where h is the overall 

thickness of the section in the plane of bending .He has shown that the design 

is possible for thousands of RC columns in only a few seconds with micro 

computers. 

        Soroushian et al 
(40)

 have studied the sensitivity of RC element axial / 

flexural response characteristics to main design variables. For a typical 

column cross section considered in this study, they concluded that the 

variations in longitudinal steel yield strength have some important effects on 

the column cross sections, while the flexural stiffness values are not much 

influenced by this characteristic variable. Variation in concrete compressive 

strength had major effects on the column compressive stiffness and strength –

e.g  30 percent change in compressive strength resulted in variations of 

about  25 percent in compression load capacity and stiffness. Increased 

confinement only slightly increased the compression load capacity and 

ductility of the column. Finally the axial stiffness and strength are sensitive to 

the variations in loading rate, under an implosive rate of loading the axial 

strength of the columns increased as much as 30 percent over the ordinary 

values. 

 

 

 

 

 

   2.4 Literature Survey on Slender Columns 
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           In general, columns are important structural members. Therefore, their 

behaviour especially the slender ones take a large concentration of many 

researchers and tests.  The development of concrete technology and practice 

has led to increased use of HSC. The principal reason for using HSC is that it 

may offer the most cost-effective solution for many structural design 

problems while providing higher strength and improved ductility. One 

application of HSC columns has been in buildings. The main advantages of 

using HSC in columns include the economic benefits derived from its use in 

primary structural members such as column 
(39).

 

        With an increase in concrete strength, the engineer can design smaller 

size to carry the same loads that a larger member of NSC would carry. 

Reduced member size increases the amount of rentable space and is 

especially beneficial when there are architectural restrictions on column size. 

Producing a more durable material, reduction in cost of forms, are among 

other advantages.
(39,44)  

 

         The tendency to increased use of HSC in columns leads to a reduction 

in column size, which results in an increase in slenderness of columns that 

would otherwise be stocky when built using NSC.
(18) 

         Two major difficulties in the analysis and design of slender RC frames 

result from the material nonlinearities caused by inelastic properties of the 

materials, changes in section due to cracking, and the geometrical 

nonlinearities due to the influence of displacements on the equilibrium of 

structures.
(16) 

        The material nonlinearities are approximated by the introduction of 

equivalent flexural stiffness El values for the individual members, such that 

an elastic second-order analysis gives results close to those from a second-
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order inelastic analysis. The flexural stiffness of RC columns under service 

loads is difficult to predict.
(16) 

        Mirza 
(28)

 presented a statistical evaluation of the parameters that affect 

the flexural stiffness of slender RC column .The proposed equations are: 

7.1/)27.0( sesgc IEIEEI                     a 

6.1/)21.0( sesgc IEIEEI                       b                         ……..(2-15) 

5.1/)1.0( sesgc IEIEEI                 c 

Eq. (2-15a) is for columns in bottom stories supporting more than three floors 

plus the roof, )7.0( d , Eq. (2-15b) is for columns in intermediate stories 

supporting one to three floors plus the roof, )6.0( d  , and Eq. (2-15c) is 

for columns in top stories supporting just the roof , )5.0( d . 

Mirza
(28)

 ,proposed a more detailed relation of Eq.(2-16) 

)1/()( dsesgc IEIEEI                              a 

  0)/(3.0)/(003.027.0  heh                b 

       or alternatively                                                            ……. (2-16) 

  0)/(3.03.0  he                            c 

Eq. (2-16) is more accurate than Eq.(2-15). 

Where 

     EI = effective flexural stiffness of column, 

     Ec , Es = moduli of elasticity of concrete and reinforcing steel  

                           respectively , 

     Ig,Ise = moment of inertia of gross concrete cross section and of steel 

                reinforcement respectively taken about centroidal axis of cross 

                section , 

        = effective stiffness factor , 

     d = creep factor, 
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         = unsupported height of column, 

       h = overall thickness of cross section in plane of bending, and  

       e = larger end eccentricity . 

Mirza derived the effective stiffness factor   as follows: 

         sesgc IEIEEI                         ………(2-17) 

i.e. 

         )/()( gcses IEIEEI                   ……….(2-18) 

For development of theoretical flexural stiffness, Mirza depends on  









 cu PPMM /

2
secmax


                 …………(2-19) 

where  

     Mmax=design bending moment which includes second – order effects, 

     M= applied end moment calculated by a conventional elastic frame  

            analysis, 

     Pu = factored axial load acting on the column, and  

     Pc = Euler bucking strength. 

Hence Pc is a strength that is affected by effective flexural stiffness. It can be 

written as: 

 2max

1

2

)/(sec4 MM

P
EI u





                …………. (2-20) 

        Then an interaction diagram curve is generated that included the effect 

of slenderness on column strength depending on a plot of end moment 

against the curvature at midheight. 

10/)25.0(2

emm                         …………. (2-21) 

where 

     m = the lateral deflection at midheight of the column, 
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     e =curvature at the column ends, 

    m = curvature at the midheight of the column, and 

    = height of the column. 

 

        Statistically, with regard to the major variables, Eqs. (2-15 and 2-16) 

were obtained. According to specimens used to generate these equations  

(approximately 9500 columns), these equations are limited to use a stability 

strength reduction factor equal to at least 0.7, In addition, Eq. (2-16) is 

applicable for 

,30/,1,4.41'  hpercentMPaf gc   and ,1.0/ he where 

     g = longtudinal steel reinforcement ratio. 

        Another expression of flexural stiffness was proposed by Duan .et al in 

1989
(48)

 using moment curvature relationship .The proposed expression can 

be written as: 

)/())()(3.01( 1 yn edPEI                            ………. (2-22) 

where 

)/(2.02 he                                         ………(2-23) 

 syy Ef
d

/10*)8.27.0(
1 3                        ……….. (2-24) 

    bcsssy bdfAfAfdC   '''

1 85.0//           ……….. (2-25) 

   
yb  003.0/003.0 1                          ………. (2-26) 

  )/(1 bdhbb fi                               ………. (2-27) 

y = curvature of a section at the first yield of tension steel, 

d = effective depth ; distance from the extreme compression fibre to centroid 

of tensile steel, 
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e = eccentricity of compressive loading on a column, 

 = stiffness reduction factor , 

1 = equivalent rectangular stress block factor, 

C = compression zone depth of a section ,] 

As = area of tension reinforcement , 

'

sA = area of compression reinforcement, 

fy = yield strength of tensile steel , 

'

sf = stress of compressive steel , determined by the strain compatibility  

         condition and less than its yield strength (fy), 

'

cf = compressive cylinder strength of concrete , 

  b = width of section, 

  bi = width of tensile flange , 

  hf  = thickness of tensile flange , and  

y = yield strain of tensile steel reinforcement . 

        Comparisons of results of 108 column tests have been made between, 

ACI 318-89 method, and Mirza`s stiffness expression (Eqs. 2-16a and b) .It is 

found that the moment magnification factors calculated by the proposed 

equation [Eq. (2-22)] has the smallest coefficient of variation (COV). 

        The mean, standard deviations (SD) and COV are as listed in Table (2.1) 

for actual magnification to calculated magnification factor. 

 

Table (2.1) 

method Eq.(2-22) ACI318-89 Mirza Eq.(2-16) 

Mean value 0.94 1.0025 1.0225 

SD. 0.125 0.2 0.1625 
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COV, percent 13.75 20.00 16.25 

 

        ACI 318-63 was based on a reduction factor design method for design 

(analysis) of slender columns. MacGregor et al
(19)

 have shown shortcomings 

of this method and proposed the moment magnifier principle as a rational 

second-order structural analysis . 

        In 1971, Goyal and Jackson 
(11)

 studied the effect of sustained load. The 

analytical studies indicate that significant reductions in strength can occur. 

They showed that sustained load capacity of a column was only 50 percent of 

short-term load capacity. Maximum reduction occurred for small 

eccentricities in the order of 0.1 of the depth of the section. 

        Behan and O’Connor 
(5)

 confirmed the previous work of reference (11) 

and described an analysis for long-term buckling using the superposition 

model for creep analysis. This method made an assumption of linear strain 

profile for combined axial force bending and, full composite action between 

steel and concrete. The analysis has been successful in predicting limiting 

loads and excellent predictions of the experimental curves of load versus 

central transverse deflection were also obtained. 

        Mirza and MaGregor 
(27)

 have investigated the variability of the short 

time ultimate strength of slender tied RC columns in cast-in-place 

construction of average quality. 

        Various combinations of the cross sectional size, the specified concrete 

strength, the longitudinal steel ratio, the slenderness ratio, and the end 

eccentricity ratio were used to study the effects of these variables on the 

probability distribution properties of the slender column strength. 

        The strength of a RC cross section was represented by an axial load-

bending moment interaction curve. Reference (27) indicated that they used 
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Hognestad’s stress-strain relationship for concrete in compression with the 

first part of the curve up to the maximum strength described by a second-

order parabola and the falling portion of the curve after the maximum 

strength was taken as a straight line .For reinforcing steel , an elastic-

perfectly plastic stress-strain relationship in tension and compression was 

assumed. For the slenderness effects, a second-order parabola has been 

suggested to represent the shape function of the curvature line between the 

mid height and ends of a slender column by using Eq.(2-21). In their work 

the hypothetical columns were subjected to single curvature bending with 

equal end eccentricities. 

     The results of this study indicate that the slenderness ratio, the 

longitudinal steel ratio, and the end eccentricity ratio significantly influence 

the probability distribution properties of the column strength. The variability 

of concrete strength is a major contributing factor to slender column strength. 

When eccentricities are high, the steel strength   

makes a major contribution to slender column strength. In contrast, steel 

strength plays a minor role when eccentricities are small.
(27) 

         In recent years, slender buildings and slender building components 

have become common, making it necessary to consider slenderness 
(20). 

Geometrical non-linearity problems have been solved by approximately 

second-order analysis for frames.  Geometrically, two types of displacements 

lead to slenderness effects. The first one is due to displacements of the 

column relative to the straight chord line joining the ends of the column. This 

is referred to as the “member stability effect”. The second type of slenderness 

effect occurs due to lateral displacement of the column relative to its bottom. 

This is referred to as the “lateral drift effect “ P  effect “. A rigorous stability 

analysis of RC frames is a rather complicated matter due to the nonlinear 
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load–defection relationships of concrete member and the variable 

reinforcement ratios. For this reason, elastic frames will be considered first to 

develop basic relationship. 

         The “member stability effect “ was approximated by the moment 

magnifier or effective length methods. 

        Reference (20) examined the rational, assumptions, and problems 

behind these two methods. They suggested the use of Cranston’s equations 

for the effective length factor as the lesser of:  

1)(05.07.0 21  GGKns                                          …… (2-28) 

105.085.0  sns GK                                            …… (2-29) 

where : 

     Kns = nonsway effective length factor, 

     G1, G2 = the ratios of column to beam stiffness at the two ends , and 

     Gs         = the smaller of G1 and G2 . 

Using this factor for computing maximum moment as:  

0202max MMM ns                                                         …. (2-30) 

where 

     Mmax  = maximum second-order moment along of column , 

     M 02  =  larger  end  moment  in  a column  from  the  first - order  

               conventional  analysis, and 

     ns  = nonsway moment magnification  factor 

            = 
ns

ns
mC









1

25.01
                              ……….. (2-31) 

     Cm = correction factor to account for unequal end moments, 

     ns = ratio of axial compressive load to the nonsway / Euler buckling  

             load . 
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        Eqs. (2-28 and 2-29) are conservative empirical approximations to Kns 

for single restrained column. The use of Kns obtained from these equations in 

Eqs. (2-30 , 2-31) will provide conservative results for single restrained 

columns.
(16)

 

        References (20 and 16) review a technique for calculation of )( P  

moments. It was stated that the P  analysis would not converge for very 

flexible frames with high axial loads. 

        The lateral and vertical loads are applied to the structure and the relative 

first-order lateral displacement )( o in each storey are computed . The 

additional storey shears )( V  due to the vertical loads )( p are computed 

from: 

  )/(LPV o                                      ………. (2-32) 

where   

     L = height of the storey. 

        Then as these sway forces were added to the applied lateral loads ),(V  

the total forces and moments in the structure can be computed. 

        A stability index ),/()( LVPQ o is proposed for determining 

whether second-order analysis is required. Reference (20) concluded that if 

Q<0.0475, second-order effects can be ignored and the structure can be 

designed as nonsway (braced) frame. 

        For Q between 0.0475 and 0.2, second –order analyses are 

recommended. 

        Frames having Q>0.2 are not recommended. They also considered that 

stability effects could be disregarded if 05.1 . 

        Diaz and Roesset 
(9)

 investigated slenderness effects in buildings and 

nonlinear methods of frame analysis based on large deformation theory . The 
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numerical results compared with those of approximate procedures of three 

methods; moment magnifier (current ACI approach), the additional moment 

(current CEB/FIP approach) and the stability index methods. 

        The behaviour of a number of frames under the action of combined 

vertical and lateral loads has been studied. All these three methods 

underpredicted the moment in the case of a two storey frame with loads 

applied on the top storey and for some columns of an irregular three-storey 

frame. Comparison of predicted capacity from nonlinear analyses and from 

the approximate methods indicates that the additional moment method tends 

to be very conservative for both symmetrically and nonsymmetrically applied 

axial loads. The moment magnifier and the   Q-index methods predicted 

similar capacities which were conservative up to (20) percent for the case of 

symmetrically applied axial loads. In the case of nonsymmetrically applied 

axial, both methods led to results, which were slightly unconservative. 

        For the Q-index method, it was found that a better agreement with 

experimental results and analytical values is obtained when experimental 

results and analytical values are obtained with Eqs. (2-33a and 2-33-3b) than 

Eqs. (2-34a  and  2-34b). 

sesgccol IEIEEI  2.0             a                 

                                                                              ………….(2-33) 

gcbeam IEEI 4.0               b 

)/2.12.0( cstgccol EEIEEI         a 

                                                                             ………….. (2-34) 

gcbeam IEEI 5.0                b 

Where 

     EIcol  , EIbeam =  effective  flexural  stiffness  of  column , beam at  
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                              connection respectively, 

     Ec,Es=modulus of elasticity of concrete,reinforcing steel respectively,   

     Ig       = moment of inertia of gross concrete section about centroidal 

                 axial, neglecting reinforcement , 

     Ise       = moment of inertia of reinforcement about centroidal axis of  

             member cross section, and 

     t = total ratio of reinforcement (As/Ag). 

        A rational procedure for design of slender RC columns was proposed in 

1993 by MacGregor 
(21).

 This procedure has a simpler approach that also 

recognizes the differences between sway and nonsway case in a rational 

method than ACI 318-89. 

        Generally, the procedure includes the assumption that the stability 

function effects can be neglected; then the second-order nonsway end 

moments are equal to the first-order values, superimposed to end moments 

for sway and nonsway can be done. After that, checking is made whether the 

maximum moment occurs between the ends. MacGregor included the axial 

load in slenderness magnification for nonsway frames. 

        In 1989, Rangan 
(34)

 developed a simple expression to estimate the 

lateral deflection of slender RC columns under sustained loads. The reduced 

effective modulus of elasticity of concrete is adopted to account for the effect 

of creep and take the moment of inertia I as , where  is a factor in terms 

of other parameters that influence bending stiffness of the column. EI can be 

expressed as: 

)8.01/( ccgc IEEI                               …….. (2-35) 

where cc is the creep factor, taken as the mean value of (1.8 and 3.8) equal 

to (2.5), 

and 1)8/(6.0  eeb                               …….. (2-36) 
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       e = eccentricity of axial thrust, and 

       eb= value of e at balanced failure. 

  Then = 22

2

2

e

me

PEI

eCP






                       ……… (2-37) 

   Where: 

             = lateral deflection of the column, 

            P = axial thrust due to sustained loads, 

            

e
=  effective  length of a column, 

           mC = correction factor to account for unequal end moments, and 

          2e = larger eccentricity. 

        Comparison with experimental tests has shown good correlation. The 

mean (calculated/test) deflection was equal to (1.04) with a COV equal to 24 

percent. 

         Based on the previous formulae, Rangan 
(35) 

presented a method to 

calculate the strength of RC slender columns in nonsway (braced) frames, 

based on stability analysis of a standard pin-ended column. For a given 

column, the calculations may be performed as estimating a suitable value of 

axial thrust at which stability occurs, (Pmax). For a given eccentricity (e), and 

when bPP max . 

Where bP = axial load strength at balanced failure conditions, it is 

assumed that nPP max  and Mn = Mmax is determined from the usual strength 

calculations of the column cross section. After the depth of compression zone 

(Cn) is obtained, the curvature Ky is calculated by Eq. (2-38) 

          Ky = 0.003 / Cn                                    ………. (2-38) 

And   2

2



ey

y

K 
                                          ……….. (2-39) 
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     y = short term deflection at failure. 

        When ,max bPP  it is assumed that yPP max  where yP is the axial 

thrust acting on the section when the tensile steel just yields. 

        The coexisting bending moment )( maxMM y  , the values of 

yP and yM are obtained from the usual cross-sectional analysis by 

assuming a parabolic distribution for the concrete stresses in the compression 

zone. 

       )/( nyy CdK                                            ………… (2-40) 

where 

     d = the effective depth of a cross section , and  

    y = yield strain of steel . 

Then y is calculated using Eq. (2-39) 

For known value of axial thrust due to sustained loads )( P , calculate: 

      etotcp                                    ………. (2-41) 

where 

     tot  = total deflection due to sustained load ,  

     e    = elastic component of the total deflection due to sustained   

                   load , and  

     cp  = creep deflection .  
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                                   ……….. (2-42) 

where  is obtained from Eq. (2-36) 
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                                  ……….. (2-43) 

where EI is obtained from Eq. (2-35) . 

Then calculation for 

)(

max
max

ycpe

M
P


                                    ………. (2-44) 

 

and use is made of this new value of Pmax as in the first procedure until the 

results converge . 

        Comparison has been made to check the adequacy of this simplified 

stability procedure. Reference (35) shows for 80 specimens that the mean 

value of (Ptest / Pcalculated ) is equal to (1.07) with a COV equal to 16 percent. 

        Reference (41) checked this method with (143) specimens of columns 

for 
'

cf up to 79.1 MPa. This resulted in a mean value of (Ptest / Pcalculated ) 

equal to (1.08) with a COV equal to 12 percent . 

        In addition, reference (18) made same checking with 36 HSC column 

specimens (
'

cf ranged between 58 and 97 MPa). This gave a mean value of 

(Ptest / Pcalculated ) of (1.13) with a COV equal to 10 percent. 

        In fact, the actual strength of a RC member varies from calculated 

nominal strength due to variations in material strengths and dimensions of the 

members, as well as due to uncertainties inherent the equations used to 

compute member strength. 

        The limit state design requires the use of load factors and resistance 

factors to consider the probability of overloading, understrength, or both to 

acceptable levels. 
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        References (1,2 and 7) (based on moment magnifier approach to deal 

with frames) specify the use of resistance factors in two ways. In the first one 

resistance factors are applied to cross-section strength whereas in the second 

type resistance factors are applied to critical buckling strength use in moment 

magnification due to slenderness effects. 

        In the 1970s, research has been done in North America to introduce 

reliability –based load and resistance factor design for concrete structures 
(25)

 

.Mirza et al
(24,25 and 26) 

 made comprehensive statistical studies on the 

probability-based strength for the stability resistance factors. The discussion 

and data  presented show that a constant value of stability-resistance factor 

between 0.7-0.75 can be used in computing moment magnification of slender 

columns, where the value of 0.75 satisfies safety requirements for all cases of 

usual columns, and most of the cases of unusual columns (i.e. under unusual 

range of loads and eccentricity). 

 

   2.5 Further Comments 
 

        The literature review has shown that there is extensive research on 

many types of columns including (i) short columns; (ii) long columns; (iii) 

NSC and HSC columns; (iv) columns with low eccentricities; (v) columns 

with high eccentricities; etc. Because of the nature of the subject of 

compression member between the proposal of the various researchers on the 

subject. In this work, an attempt will be made clarify some of the aspects of 

estimating column capacity under loading with proposals for design and 

analysis of columns. 



 

 

                                                        CHAPTER   

 

THEORY 

   

   

   3.1 General 

 

             s mentioned before, RC columns are usually classified as short  

              or slender. Uniaxially loaded RC columns are considered in this 

work. In general, the behaviour of RC columns is somewhat complex. 

Therefore, based on many simplified procedures, the calculation of nominal 

strength can be made easier and suitable for hand calculation. For example, 

the nonlinear behaviour of RC stress-strain curve may be exchanged with any 

simple shape like rectangular, triangular, trapezoidal, ect. Perfect bond 

between concrete and steel of the interface is assumed, among many other 

assumptions, see Fig. 2-1. 

         Many tests on RC members have shown that when the member is 

loaded up to failure, the deviations between the test results and the theoretical 

predictions are usually minor and the results of theory based on these 

assumptions agree well with extensive test information 
(29)

. The slender 

columns have more complex behaviour because of second order 

deformations caused by the stability feature of the frame. 

 

A 

 

3 
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         Almost all-current codes are based on approximate second order 

analysis of frames. The more familiar approach is a moment magnification 

method, which has given an acceptable accuracy. 

         Essentially this method leads to an “ equivalent short” column, once the 

magnified moments are obtained. 

 

  

   3.2 Short Columns [Sectional Strength] 
 

 

         A short column is one in which the ultimate load (nominal strength) at 

a given eccentricity (e) is governed only by the strength of the materials and 

the dimensions of the cross section 
(31)

. Since the member has a low 

slenderness ratio its ultimate strength is uneffected by its length. The columns 

are subjected to combined axial load (P) and bending moment (M) as shown 

in Fig. 3-1 below. 

 

 

 

 

 

 

 

 

 

 

Fig. 3-1 Equivalent column loading  
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         For convenience the loads in Fig. 3-1a are replaced with an equal axial 

load (P) applied at eccentricity (e=M/P) as shown in Figs. 3-1b & 3-1c. 

         The distribution of the strain for the concrete and the reinforcing steel is 

assumed to vary linearly along the cross section in proportion to the distance 

from the neutral axis, at which the strain is zero. The neutral axis is located at 

a distance c from the maximum compression fibre of the member depending 

on the eccentricity e. From the hypothetical shape of concrete, and from the 

linear relationship of strain, it can be easy to calculate the internal forces of 

concrete and steel layers. By principles of statics (trial and error technique), 

strength of the column cross section can be obtained. 

         It is important to note that the strength of the section is achieved when 

the extreme concrete compression fibre reaches its ultimate compressive 

strain )( cu . 

         For a given eccentricity of loading, e, there will be a unique value of 

cross sectional resistance P & M – these are affected by the neutral axis 

position c that is changed until it gives the required e value. 

         Thus an infinite number of strengths combinations ( P & M)  for the 

cross section may be obtained by varying the eccentricity from zero to 

infinity. 

         By connecting all these points on a graph having a horizontal axis of 

resistance bending moment (M) versus a vertical axis of resistance axial load 

(P) an envelope curve (interaction diagram) for the cross section is obtained 

as shown in Fig. 3-2c. Interaction diagrams may be used in analysis and 

design of columns. 

         Under combined bending and axial load the interaction diagram 

presents an important instrument for understanding RC cross sectional 

behaviour. At a given e value as shown in Fig. 3-2c the line O-A represents 
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the relationship between the load and the moment of a section of the column 

shown in Fig. 3-2a. As the axial load is increased up to the intersection of the 

interaction diagram line at point A
/
, the column develops a material failure. 

         Over the years, many design and analysis methods of RC short columns 

have been developed. 

 

 

 

 

 

 

 

 

 

       

(a) Short column                             (b) Slender column under load 

 

 

 

 

 

 

 

 

(C) Load and moments at mid-height for short and two slender columns  

 

Fig. 3-2 Behaviour of columns under loading. 
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   3.3 Slender Columns 
 

 

         A slender column is one in which the ultimale load (nominal strength ) 

is also influenced by slenderness, which produces additional bending because 

of transverse deformations 
(31)

. Slender column analysis is more difficult than 

short column analysis because the lateral deflection of slender columns 

cannot be estimated accurately. The lateral deflection depends on end 

conditions of the column, flexural stiffness, time, sway condition of the 

frame, values and direction of the end moments, presence or absence of any 

transverse loading, among many other variables 
(34)

. The current design 

procedures for slender RC columns are based on elastic stability theory . 

Almost all codes of practice require design for ultimate loads but recommend 

that an elastic method of frame analysis be used. The behaviour of slender 

RC columns at failure has two important distinct modes. The first one 

represented by the curve O-B in Fig. 3-2c that is the failure occurs when this 

curve intersects the interaction diagram developing a material failure mode. 

The reduction in axial load from A
/
 to B is due to the slenderness effect. The 

second mode of failure occurs at very slender columns, which become 

unstable when the load at critical section reaches point C in Fig. 3-2c, (i.e. at 

zero
dM

dP
 ). Therefore, further deflection occurs whithout increase in applied 

load, and, this column is said to develop a stability failure 
(19)

. 

          In North America, the analysis and design permits a moment 

magnification approach 
(13)

. This approach uses the axial load obtained from 

first-order elastic analysis and magnified moment that includes the second 

order effect caused by the lateral displacement of the frame (column) and the 

stability effect, including the material nonlinearites. 
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         The method is applied to a homogeneous elastic single-curvature 

hinged-end column with many modifications being introduced to extend this 

to columns in practical cases. This approach is strongly influenced by the 

effective flexural stiffness EI of the column, which varies due to cracking, 

creep … etc. The British code (CP 110) 
(15,30)

 as well as CEB-FIP 
(30)

 code 

depend on the cross section curvature to include the second-order analysis 

when dealing with slender columns. 

  

  3.4 Principles of Statics For The Cross Section  

         This work considers one shape of stress block of concrete; this is a 

rectangular shape. 

 

  3.4.1 Rectangular Stress Block  

         It`s defined by two parameters, 11 &  where 1 is the compression 

block stress intensity factor, and 1 is the ratio of depth of compression stress 

block to depth of neutral axis c, see Fig. 3-3c. 

Where 

     PC   = plastic centroid of the column cross-section,  

    
'

cf    = specified cylinder compressive strength of concrete, 

     As    = area of tension reinforcement, 

   
'

sA    = area of compression reinforcement, 

   
'd     = distance from extreme compression fibre to centroid of 

            compression reinforcement, 

     d     =  effective depth of section, 

     h     = overall thickness of the cross- section in plane of bending, 

     b     = width of compression face of the cross section, 
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', ss  = strain in reinforcement corresponding to calculated stress in  

              tension, compression respectively, and  

    cu = specified ultimate compressive strain of concrete. 

         These values )&( 11  usually depend on the compressive strength of 

concrete )( '

cf  (in other words 11 &  are functions of 
'

cf ). In some design 

methods 11 &  are assumed to have constant values. Reffering to Fig. 3-3c, 

the compressive force of the concrete is equal to  

cfbC cc 1

'

1                                            ……… (3-1) 

 But Eq. (3-1) shall not be taken greater than the value calculated by Eq. (3-2) 

hfbC cc

'

1                                          ………. (3-2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-3 Eccentrically loaded column section at the ultimate load. 
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         The strength of the cross section (P, M) should be calculated as  

        )(1 cisisi

n

ic ffACP                                  ……… (3-3a) 

M=Cc * its lever arm to the plastic centroid 

*)(1 cisisi

n

i ffA    its lever arm to the plastic centroid      …. (3-3b) 

where 

      n    = the number of steel layers, 

     Asi  = area of steel in the i
th
 level, 

     fsi    =  stress of  the  reinforcing  steel  layer  in  the  i
th  

position  

               corresponding to the strain distribution , ysy fff  )( ,  

     fy    = specified yield strength of reinforcing steel, 

     fci   = stress of concrete in the i
th
 position corresponding to the strain  

              distribution, and  

          The subscript (i) refers to the reinforcing steel layer position.  

   If fsi has a negative value the force of reinforcing steel layer in that 

position equals to Asi fsi. 

         To evaluate the nominal strength of a column cross section, it should be 

given a specified shape of stress block for concrete . Design codes depend on 

many methods to evaluate the nominal strength of column section. 

 

 3.5 Current Design [ Analysis ] Approaches   

    

         The design procedures for slender RC columns in most modern codes 

were originally derived for the idealized case of elastic, hinged-end columns 

bent in symmetrical single curvature, [some codes (like CEB) present a so-

called “model column” method, the model column is equivalent to half of the 
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column shown in Fig. 3-2b and is assumed fixed at mid-height and free to 

deflect and rotate at the top]
(30)

.  

         The solution adopted for this idealized case was then empirically 

extended to represent the columns in a case of unequal end moments. Also 

extensions were made from elastic columns having non-linear moment 

curvature response and to columns in frames. Depending upon the order of 

magnitude of second-order moments caused by the lateral deflection of the 

column and the lateral drift of the structure as a whole the columns will be 

slender or short, and the various national codes have various ways to deal 

with columns (short or slender). 

         In this work existing methods of column analysis will be discussed 

separately to explain the difference in the stress-strain relationship, the 

idealized shape of stress block for concrete, and the analysis of slender 

columns. 

         The current design and proposed methods (which will be described 

later) are based on the following assumptions: 

1. The tensile strength of the concrete is ignored. 

2. The contribution of confinement on strength is ignored. 

3. The strains in the concrete and reinforcing steel are directly 

proportional to the distances from the neutral axis, at which the strain is 

zero (i.e. plane sections prior the loading remain plane after loading). 

Stress equals the modulus of elasticity of the reinforcing steel times 

specified strain. 

4. If the stress in reinforcing steel (fs), is greater than specified yield 

strength of reinforcement (fy), then fs shall be equal to fy, i.e. the 

relationship of stress-strain for the reinforcing steel is elastic- perfectly 

plastic. 
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5. It is assumed that perfect bond exists between concrete and steel at 

the interface, so that no slip can occur between the two materials. Hence, 

as one material deforms so must the other. 

          Also due to the available experimental work used herein, the 

effect of creep on the strength is neglected (creep factor d becomes 

zero) because all tests were under short- term loads. Also the moments 

applied at the two ends of the whole specimens were equal and caused a 

single curvature, thus the equivalent moment factor Cm will be equal to 

unity. 

    

  3.5.1 ACI-99 Approach 

         This refers to the method applied by reference (1). 

         The approach of this code is satisfied by an equivalent rectangular 

concrete stress distribution defined by 11 &  , where 85.01  and factor 

1 shall be taken as 0.85 for concrete strengths )( '

cf up to and including 30 

MPa. For strengths above 30 MPa, 1 shall be reduced continuously at a rate 

of 0.05 for each 7 MPa of strength in excess of 30 MPa, but 1 shall not be 

taken less than 0.65. 

         Ultimate usable strain at extrene concrete compression fiber )( cu  

equals 0.003. 

         This code permits the use an overall column strength reduction factor 

)( equal to 0.7,0.75 for tied and spirally reinforced columns respectively. 

         For slender column approach, the ACI-99 simplifies design procedure 

and recognizes the use of second-analysis. It states that to evaluate Mns and 

Ms (if present) at each end of the column, magnify, sway moment for lateral 

drift effect ( if necessary ) then add these moments at each end (i.e. Mns 
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+Msmax) then check whether the moments between the ends of the column 

exceed those values at the ends.  

Effects of slenderness may be considered when: 

21 /1234 MM
r

K u 


       for non-sway case      ……… (3-4) 

22
r

K u
                         for sway case             ……… (3-5) 

where : 

     M1  =  smaller factored end moment on a compression  member ,  

             positive if member is bent in single curvature,negative if bent in  

             double curvature, 

     M2  = larger factored end moment on a compression member, always 

               positive . 

         To estimate the flexural stiffness EI values for use in second – order 

analysis, it’s permitted to be taken the modulus of elasticity of concrete Ec 

equal to 4700 '

cf in MPa, and the moment of inertia for  

         beams      0.35Ig 

         columns    0.7 Ig  

         flat plates and slabs 0.25 Ig  

         To estimate the effective length factor, this code permits to use the 

Jackson and Moreland Alignment charts 
(19,31)

, Fig. 3-4 
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                     Braced Frames                                Unbraced Frames 

 Ratio of )/( cEI  of compression members to )/( EI  of flexural 

members in a plane at one end of a compression member. 

Fig. 3-4 Effective length factors 

    

  3.5.1.1  Magnified Moments Non-Sway Frames 

 2MM nsc                                             ……… (3-6) 

where : 

 











c

u

mns
P

P
C

75.0/
1/                               ………. (3-7) 
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where 

Cm = equivalent moment factor  

4.0)/(4.06.0 21  MMCm                  ………. (3-8) 

    Pc = elastic Euler critical load  

22 )/()( unsc KEIP                                   ……… (3-9) 

      EI = flexural stiffness of column  

)1/()2.0( dsesgc IEIEEI               ………. (3-10) 

     Ec  = modulus of elasticity of concrete  

          =  4700 
'

cf in MPa , 

   Es = modulus of elasticity of reinforcement, 

   Ig= moment of inertia of gross section of column about axis of bending 

     Ise = moment of inertia of reinforcement about centroidal axis of  

            bending of member cross section, and  

     d is creep factor equal to the maximum factored axial dead load to  total 

factored axial load 

         The stability redaction factor used for computing the non-sway 

magnifier factor is a constant value equal to (0.75). 

 

 3.5.1.2 Magnified Moments – Sway Frames 

ssns MMM 111                                          ………… (3-11) 

ssns MMM 222                                          ………… (3-12) 

         In Eqs. (3-11) & (3-12) , the subscripts “1” and “2” as in M1ns or M2s 

refer to the ends of the columns and then  

     M1 = numerically smaller sum of moments, positive if member is                               

              bent in single curvature,  
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     M2 = numerically larger sum of moments, always positive . 

Where: 

s
s

ss M
Q

M
M 




1
                                           ………… (3-13) 

and 

cu

ou

V

P
Q




                                                    ………….. (3-14) 

If s computed according to Eq. (3-13) exceeds 1.5, then it shall be permitted 

to calculate the magnified sway moment as  

s

c

u

s
ss M

P

P

M
M 







75.0/

1

                              …………… (3-15) 

         Where d used for computing flexural stiffness of the column used in 

the Euler load is the absolute ratio of the maximum factored sustained shear 

within a storey to the total factored shear in that storey, 

     Q = stability index for a storey. 

     o  = relation lateral deflection between the top and bottom of a  

              storey due to Vu , computing using a first –order elastic analysis  

              and  stiffness values permitted to this code, 

     Vu = factored horizontal shear in a storey, and  

     c  = length of compression member in a frame, measured from   

              center to center of the joints in the frame. 

         For checking whether the moments between the ends of the column 

exceed those at the ends, it shall be designed for axial load Pu and the 

moment Mc ,  

   Mc = M2                                                         ……….. (3-16) 

If  
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gc

u

u

Af

pr
'

35



                                                    ………. (2-17) 

that means the maximum moment occurs at one end of the individual 

column. 

     2MM nsc                                                     ……… (3-18) 

if 

     

gc

u

u

Af

pr
'

35



                                                   ……… (3-19) 

 

This means that the maximum moment occurs between the two ends of the 

individual column. 

where : 

     Ag = area of gross section and 

     ns  = shall be computed according to Eq. (3-7) 

  

  3.5.2 ACI-02 Approach 

         This refers to the method applied by reference (2). 

         The concepts presented in ACI-02 code are identical with the ACI-99 

method assumptions except that the strength reduction factor   equals to 

0.65, 0.7 for tied and spiral columns respectively. 

 

  3.5.3 CAN-94 Approach 

         This refers to the method applied by reference (7). 

         It has similar concepts used in the ACI-99 for dealing with sway 

frames. 
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         The strength of the cross section depends on an equivalent rectangular 

stress block defined by 1  and 1  as with previous methods, 

 where : 

'

1 0015.085.0 cf  ,  67.01                         ……….. (3-20) 

'

1 0025.097.0 cf  ,   67.01                           ………. (3-21) 

         The nominal strength of the cross section is identical to the assumption 

used in the ACI method, but reference (7) permits the use of implicit strength 

reduction factors for concrete and reinforcing steel ( 85.0,6.0  sc   

respectively). The modulus of elasticity for concrete Ec is equal to 5000 
'

cf  

in MPa for both second –order analysis and stability calculation. 

         The column is considered slender similar to the ACI-99 code Eqs. (3-6 

& 3-7). Also the code permits the use of Jackson and Moreland Alignment 

charts for estimating the effective length factor. 

         The procedure used to design (analysis) of the columns is as follows: 

         If the column in a non-sway frame is slender, then the magnified 

moment Mc is defined by Eq. (3-6) where ns is calculated with accordance to 

Eq.(3-7)  )( bns   by replacing the stability reduction factor (0.75) by m  

equal to 0.65 . 

d  is defined as the absolute value of ratio of the factored dead load moment 

to the factored total load moment. 

         In sway frames with slender columns, M1 and M2 shall be computed 

from Eqs. (3-11 & 3-12) and the moment magnification factor for sway 

frames used in these equations shall be computed according to Eq. (3-15) and 

replacing the stability reduction factor (0.75) by m  equal to 0.65 . 
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         Then check whether the maximum moment occur between the ends by 

using Eq. (3-4) and if necessary, Mc shall be taken according to Eqs. ( 3-7 & 

3-18 ). 

 

  3.5.4 BS-8110: 1997 Approach  

       This refers to the method applied by reference (6). 

       The strength of the cross section depends on an equivalent rectangular 

stress block defined by 1 and 1 as with previous methods where 1 and 1  

have constant values of (0.67 and 0.9 respectively). 

         The code specified cube concrete strength for concrete fcu . [The 

cylinder strength is usually about (70-90)% of the cube strength ,
(15)

then , if 

adopting cuc ff 788.0'  , the intensity of the compression block stress 1  will 

be equal to 0.85 
'

cf ]. 

         The ultimate strain permitted in this code is 0.0035 , and implicitly 

strength reduction factors for concrete 











5.1

11

my
 and for reinforcing steel 













05.1

11

my
 . The British code is based on the additional moment approach. 

This approach is strongly influenced by the RC curvature. This assumption 

was assumed because the RC columns in real structures are neither elastic nor 

homogeneous under design loading. The concept cannot be modified 

empirically in contrast with the ACI and CAN codes. 

         The BS code depends on tables for determining the effective length 

factors (   as defined in the BS-97 code), Table (3-1 a & b). 
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Table 3-1a 

Values of effective length factor for braced columns 

 End condition at bottom 

End condition at top Fixed Partially restrained Pinned 

Fixed 0.75 0.8 0.9 

Partially restrained 0.8 0.85 0.95 

Pinned 0.9 0.95 1 

 

Table 3-1b 

Values of effective length factor for sway columns 

 End condition at bottom 

End condition at top Fixed Partially restrained Pinned 

Fixed 1.2 1.3 1.6 

Partially restrained 1.3 1.5 1.8 

Pinned 1.6 1.8 - 

Free 2.2 - - 

 

         The column is considered slender if  

  
h

e
( of either axis ) > 15 for non-sway frames          ……….. (3-22) 

     
h

e
( of either axis ) > 10 for sway frames          ……….. (3-23) 

where oe   = effective length of the column, in which o is  

                   unsupported length of the column, and  

             h = is an overall thickness of column section in the plane of  

          bending . 
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         The column should be designed for its ultimate load N ( the axial load 

at a given eccentricity ) together with the total moment Mt which is the 

largest of those given by the following equations: 

     Mt = Mi + Madd                                            ………… (3-24) 

      Mt = M2                                                      …………. (3-25) 

      Mt  = M1 + 0.5 Madd                                    ………… (3-26) 

      Mt = Nemin                                                   …………. (3-27) 

Where : 

   Mi  = initial moment   

     221 4.06.04.0 MMMM i                               ………… (3-28) 

     M1    = smaller initial end moment taken as positive if the column  

                  bent  in single curvature , 

     M2     = larger initial end moment , always positive , 

     Madd  = additional moment  

 khNM aadd                                                      ………… (3-29) 

2

'2000

1










b

e

a


                                                   ………… (3-30) 

     
'b = smaller dimension of the column section, 

     k  = an optional reduction factor  

1
1







bauz

uz

NN

NN
k                                                  ………. (3-31) 

     Nuz = capacity of the column section under pure axial load, 

     Nbal = axial load corresponding to the balanced condition, and  

     emin = design minimum eccentricity to be taken as 0.05 h or 20  

                 mm whichever is smaller . 

 

 



Chapter Three                                                Theory                       

            
54 

 

   3.5.5 Other Methods  

         This part contains some proposed formulae for analysis (design) of 

columns. 

 

3.5.5.1 The two major factors 1  and 1  are indicated (by ACI-ASCE 

Committee 441)
(3)

 to apply in a rectangular stress block. Based on test data: 

     For ACI approach  

      55004.085.0 '

1  cf      

     85.075.0 1                                                ……… (3-32) 

         Reference  (13) proposals for the rectangular stress block of the ACI 

code.  

725.0
800

85.0
'

1  cf                                               ………. (3-33) 

7.0
400

95.0
'

1  cf                                                 ………. (3-34) 

for 
'

cf  in MPa   

 

3.5.5.2 The ACI and CAN approaches permit a moment magnifier method 

for design of slender RC columns. This method is strongly influenced by the 

effective flexural stiffness EI of the column which varies due to cracking , 

creep and non linearity of the concrete stress – strain curve , among other 

factors. 

Mirza 
(28)

 proposed  

d

sesgc IEIE
EI










1
                                                     ………. (3-35) 

where : Ec , Ig , Es , Ise and d are defined in the ACI approaches. 



Chapter Three                                                Theory                       

            
55 

     0/3.0/003.027.0  hehu                               ……….. (3-36) 

where : 

     h = overall depth of the cross section in plane of bending , and  

     e = eccentricity on the column . 

         The equation (3-36) is limited as follows : 

MPafc 4.41'  , ratio of longitudinal steel 01.0)(   

30/ hu  and 1.0/ he  

         This equation is developed statistically by generating the stiffness data 

from 9471columns, bent in symmetrical single curvature under short-time 

loads. 

 

3.5.5.3 A proposed formula was found by many references to be more 

applicable to high strength concrete columns.  

69003320 '  cc fE   for 
'

cf in MPa.                        ………… (3-37) 

This formulae is reported by ACI-363
(23,42)

 and references (36,23) . 

 

 3.6 Summary  

         The term “ short column “ is used to denote a column which has a 

strength equal to or greater than that computed for the cross  section using the 

forces and moments obtained from nominal analysis and the normal 

assumptions for combined bending and axial load .Its load carrying capacity 

is essentially based on material strength concrete plus steel.  A “slender 

column” is defined as a column whose strength is reduced by second-order 

deformations. 

         The actual strength of a reinforced concrete column varies from the 

nominal strength that is based on the specified of constituent materials and 
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the specified geometric properties. Over the years, many researchers have 

studied various parameters in columns to investigate the effects of each 

variable. 

         Generally, the current design procedures for concrete columns are 

based on an elastic analysis applicable to single curvature, hinged-end 

columns. Approximation after approximation has been introduced to extend 

this method of analysis to RC columns and to columns in frames. The most 

difficults approximations involve the choice of the concrete section, the 

treatment of creep, and the use of elastic effective length factors to 

approximate frame behaviour. 

 

 

 



 

 

                                                        CHAPTER   

 

RESULTS AND COMPUTER PROGRAMS 

   

   

   4.1 General 

 

                      o obtain an acceptable and rational procedure for analysis  

             (design) of RC columns , it is essential to study the column behaviour 

under the effect of different variables. This will include the study of available 

test results and comparing them with existing analytical work. 

         In this chapter, available test results of columns under uniaxial bending, 

NSC and HSC, short and slender columns of sway or nonsway frames will be 

studied. The experimental results in this work differ in their properties. 

         The variables considered in this work were column cross section, end 

eccentricity ratio, longitudinal reinforcement ratio, concrete compressive 

strength, specified yield strength of longitudinal reinforcement, and 

slenderness ratio. 

         HSC as used in this work is defined as concrete with compressive 

strength exceeding 50 MPa  [according to the Australian Standard for 

Concrete Structures, AS 3600-1994]
 (18)

. 

 

       

T 

 

4 
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          Computer programs are developed to obtain capacities of each column 

using the existing methods that are considered in this work which will be 

described later (section 4.3.1 of this chapter). 

         This study was undertaken to determine the axial load capacity of each 

column. This was then compared with experimental results. 

         For obtaining statistical evaluation, subroutines were developed to 

determine the efficiency of each method considered herein. 

   

   4.2 Experimental Results 

 

         Test results of 81 reinforced concrete rectangular columns have been 

obtained from the literature, references (12,10,18,41 and 32) .Table 4-1 

shows the details and test results of these columns. 

         Some important remarks on these tests may be useful to be mentioned 

below: 

1. All columns have a symmetrical distribution of longitudinal 

reinforcement about the axis of bending. 

2. All of these tests were under short-time loads. 

3. All specimnes were under equal end eccentricities. 

4. Columns no. (65-81) are nonsway slender columns bent in 

symmetrical single curvature. 

5. Columns no. (20-28) are cantilever ones, therefore sway. 

6. The effective lengths of columns were obtained from literature. 

Therefor, independent of any method of analysis for the evaluation of 

effective length of columns is to be used. 

7. For HSC columns [ columns no. (29-81)] , the admoxtures used for 

concrete mixes are as follows: 
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a. Columns no. (29-64): silica fume, water- reducer and 

superplasticizer;  

b. Columns no. (65-76): silica fume ; and  

c. Columns no. (77-81): silica fume, and superplasticizer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Four                                    Results and Computer Programs 

            
60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Four                                    Results and Computer Programs 

            
61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Four                                    Results and Computer Programs 

            
62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Four                                    Results and Computer Programs 

            
63 

 

   4.3 Theoretical Study 
 

         Computer programs have been developed to determine the analytical 

results. These applied the ultimate strain of concrete in compression cu with 

the following alternate values: 0.0025,0.003,0.0035, 0.004, 0.0045. Where 

calculations of column capacity require the modulus of elasticity, its value 

was based either on Eq. (4-1)
(1,2)

 or on Eq. (4-2)
(7)

. 

            
'

1 4700 cfE                                         …….. (4-1) 

            
'

1 5000 cfE                                        …….. (4-2) 

Eq. (4-2) was considered in any method following the Canadian code 

approach. 

        All the calculations refered to above were repeated using Eq. (4- 3)
(18,36)

: 

            69003320 '

2  cfE                            …….. (4-3) 

where E1 and E2 are in MPa  

         For methods following the BS code, the modulus of elasticity of 

concrete is not considered a variable. 

See Fig 4.3 

 

4.3.1 Existing Methods 

The methods studied in this work are as follows: 

 

  

   4.3.1.1 ACI-99  
 

          
       This refers to the ACI 318 M–99 method

(1)
 described in chapter three , 

section (3.5.1). 
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   4.3.1.2 ACI-02 
 

         This refers to the ACI 318M-02 method
(2)

 described in chapter three , 

section (3.5.2). 

 

  

   4.3.1.3 BS-97  
 

         This refers to the BS-8110 method
(6)

 described in chapter three , section 

(3.5.4). 

 

  

   4.3.1.4 CAN-94  
 

         This refers to the Canadian Code method
(7)

 described in chapter three, 

section (3.5.3). 

 

  

   4.3.1.5 IM  
 

         This refers to the modification of ( 1 and 1 )
(13)

 developed in chapter 

three, section (3.5.5.1), Eq. (3-33 and 3-34) applied with the ACI-02 method. 

See Fig 4-4. 

 

  

   4.3.1.6 MACI  
 

         This refers to the modification of ( 1 )
(3)

 developed in chapter three, 

section (3.5.51), Eq. (3-32), applied with the ACI-02 method .See Fig. 4-4 . 
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   4.3.1.7 MR  
 

         This refers to the ( ) expression for Mirza, 
(28)

 developed in chapter 

three, section (3.5.5.2), Eq. (3-36), applied with ACI-02 method. 

 

  

   4.3.1.8 MMR  
 

         This refers to the modification ( ) expression for Mirza.
(28)

 which was 

applied to the ACI – 02 method .  

  )/(9.8)/(3.0)/(003.027.0 '

gcuu AfPheh   , 0     …….. (4-4) 

  

where 

     u = unsupported length of compression member , 

       h =  overall depth of the cross – section in plane of bending , 

       e = eccentricity acting on the column, 

      Pu = factored design axial load for the column,  

    
'

cf  = Compressive cylinder strength of concrete, and  

     Ag = area of gross section. 

 

  

   4.3.2 Other Methods  
 

            Other methods have been studied in this work, they are: 

 

  

   4.3.2.1 MR+IM  
 

        This refers to the method applied with combination of MR and IM. 
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   4.3.2.2 MR+MACI  
 

         This refers to the method applied with combination of MR and MACI. 

 

  

   4.3.2.3 MR+CAN  
 

         This refers to the method applied with a combination of MR and CAN. 

 

  

   4.3.2.4 MMR + IM  
 

         This refers to the method applied with combination of MMR and IM. 

 

  

   4.3.2.5 MMR + MACI  
 

        This refers to the method applied with combination of MMR and MACI. 

 

  

   4.3.2.6 MMR + CAN  
 

       This refers to the method applied with a combination of MMR and CAN. 

 

  

   4.3.2.7 BS - M  
 

         This refers to the method applied with the BS-97 with changes of 

curvature formulae and parameter defining rectangular stress block. 
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 4.4 Computer Programs for Analysis of Columns  
 

         Two computer programs designated as MAG and ADD have been 

presented in this study to carry out the analysis of columns by different 

methods developed in the present study. These programs are developed in 

Microsoft Quick – Basic Version 4.5 . They utilize a Pentium IV personal 

computer. MAG program has been developed for moment magnifier 

approach for column stability with rectangular stress block used for sectional 

analysis. 

         While ADD program has been developed for moment additional 

approach for column stability with rectangular stress block used for sectional 

analysis. 

         These programs are described in appendix A. 

         Flowcharts summarizing the solution procedure are given in Fig. 4-1 

and 4-2. 

  

   4.5 Statistical Results  
 

         In order to check the accuracy and to obtain a comprehensive study of 

methods considered in this work, summarizing data in a useful manner, the 

most commonly used measure of central tendency, arithmatic mean ( x ), is to 

be used , as well as , in order to interpret the obtained results and compare 

between them , a relative measure of dispersion most commonly used , the 

coefficient of variation (COV) is  to be used . 

         The analytical results of test divided by calculated strength are 

presented in appendix B. Tables 4.2 to 4.16 summarize the statistical results 

of the computer analysis for the tested columns. The coefficients of variation 

and mean values were computed for different methods considered herein. For 
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the purpose of specialized types of columns, the data of computing statistics 

for each method are divided into the following four groups: 

         The first group includes all columns studied; the second group 

considers the short columns (19 columns, from column no. 1 to column no. 

19); the third group included the slender columns (62 columns, from column 

no. 20 to column no. 81); and the last group takes into consideration only the 

HSC slender columns (53 columns, from column no. 29 to column no. 81) . 

         The results from the statistics computed for these groups can be 

tabulated as follows: 

Table 4.2 Correlation between test and calculated strength of columns 

for (ACI –99) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.630 21.71 1.480 7.50 1.676 22.06 1.625 22.73 

3.0 E1 1.596 20.09 1.420 7.49 1.650 22.07 1.604 22.94 

3.5 E1 1.580 21.34 1.384 7.93 1.640 21.97 1.595 22.91 

4.0 E1 1.568 21.58 1.354 8.19 1.634 21.89 1.589 22.88 

4.5 E1 1.561 21.71 1.337 8.13 1.629 21.84 1.585 22.86 

2.5 E2 1.678 22.45 1.480 7.50 1.739 23.47 1.697 24.78 

3.0 E2 1.645 22.97 1.420 7.49 1.714 23.58 1.677 25.02 

3.5 E2 1.628 23.25 1.384 7.93 1.703 23.50 1.668 25.0 

4.0 E2 1.616 23.56 1.354 8.19 1.697 23.46 1.662 25.0 

4.5 E2 1.610 23.74 1.337 8.13 1.693 23.45 1.659 25.04 

 

Table 4.3 Correlation between test and calculated strength of columns 

for (ACI –02) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.719 19.66 1.594 7.50 1.757 21.23 1.699 21.52 

3.0 E1 1.683 19.96 1.529 7.49 1.730 21.20 1.676 21.71 

3.5 E1 1.665 20.19 1.490 7.93 1.719 21.12 1.667 21.70 

4.0 E1 1.652 20.44 1.458 8.19 1.712 21.06 1.660 21.70 

4.5 E1 1.644 20.59 1.439 8.13 1.707 21.06 1.656 21.73 

2.5 E2 1.767 21.15 1.594 7.50 1.820 22.43 1.771 23.44 

3.0 E2 1.731 21.59 1.529 7.49 1.793 22.51 1.749 23.67 

3.5 E2 1.713 21.86 1.490 7.93 1.782 22.42 1.739 23.65 

4.0 E2 1.700 22.10 1.458 8.19 1.775 22.33 1.733 23.60 

4.5 E2 1.693 22.27 1.439 8.13 1.770 22.33 1.729 23.64 
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Table 4.4 Correlation between test and calculated strength of columns 

for (BS –97) 

310cu  

 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 1.288 17.59 1.278 9.43 1.291 19.44 1.216 14.57 

3.0 1.246 17.14 1.209 9.12 1.257 18.77 1.186 14.21 

3.5 1.225 17.34 1.166 9.26 1.243 18.74 1.173 14.25 

4.0 1.214 17.57 1.139 9.56 1.237 18.78 1.168 14.47 

4.5 1.209 17.71 1.128 9.18 1.233 18.89 1.164 14.65 

 

Table 4.5 Correlation between test and calculated strength of columns 

for (CAN-94) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.799 23.03 1.462 9.59 1.902 21.87 1.861 22.89 

3.0 E1 1.749 23.86 1.382 9.05 1.861 22.08 1.826 23.26 

3.5 E1 1.723 24.48 1.327 9.28 1.844 22.05 1.809 23.31 

4.0 E1 1.708 24.77 1.297 9.53 1.834 21.92 1.799 23.23 

4.5 E1 1.70 24.91 1.284 9.16 1.827 4.95 1.793 23.3 

2.5 E2 1.872 25.79 1.462 9.59 1.998 24.1 1.969 25.62 

3.0 E2 1.822 26.77 1.382 9.05 1.957 24.42 1.935 26.04 

3.5 E2 1.797 27.38 1.327 9.28 1.94 24.36 1.919 26.04 

4.0 E2 1.782 27.64 1.297 9.53 1.93 24.19 1.909 25.91 

4.5 E2 1.773 27.73 1.284 9.16 1.923 24.16 1.902 25.91 

 

 
Table 4.6 Correlation between test and calculated strength of columns 

for (IM) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.784 19.23 1.617 7.30 1.735 20.31 1.782 20.76 

3.0 E1 1.746 19.52 1.552 7.20 1.806 20.21 1.758 20.87 

3.5 E1 1.727 19.80 1.508 7.64 1.794 20.09 1.748 20.82 

4.0 E1 1.713 20.05 1.475 8.03 1.787 19.98 1.741 20.75 

4.5 E1 1.706 20.20 1.456 8.02 1.782 19.94 1.737 20.76 

2.5 E2 1.831 20.69 1.617 7.30 1.896 21.45 1.852 22.48 

3.0 E2 1.793 21.10 1.552 7.20 1.867 21.45 1.829 22.63 

3.5 E2 1.774 21.41 1.508 7.64 1.855 21.33 1.819 22.57 

4.0 E2 1.760 21.66 1.475 8.03 1.848 21.19 1.812 22.46 

4.5 E2 1.752 21.78 1.456 8.02 1.843 21.10 1.807 22.41 
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Table 4.7 Correlation between test and calculated strength of columns 

for (MACI) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.773 19.01 1.594 7.50 1.828 19.85 1.782 20.52 

3.0 E1 1.734 19.44 1.529 7.49 1.797 19.92 1.755 20.75 

3.5 E1 1.715 19.77 1.490 7.93 1.784 19.91 1.742 20.80 

4.0 E1 1.701 19.10 1.458 8.19 1.776 19.92 1.735 20.87 

4.5 E1 1.693 20.31 1.439 8.13 1.770 19.96 1.730 20.95 

2.5 E2 1.820 30.61 1.594 7.50 1.889 21.14 1.852 22.33 

3.0 E2 1.781 21.16 1.529 7.49 1.858 21.30 1.825 22.60 

3.5 E2 1.762 21.52 1.490 7.93 1.845 21.29 1.813 22.65 

4.0 E2 1.748 21.82 1.458 8.19 1.837 21.24 1.806 22.64 

4.5 E2 1.740 22.01 1.439 8.13 1.832 21.25 1.801 22.68 

 

 

Table 4.8 Correlation between test and calculated strength of columns 

for (MR) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.663 15.77 1.594 7.50 1.685 17.21 1.617 15.36 

3.0 E1 1.628 15.72 1.529 7.49 1.658 16.85 1.595 15.30 

3.5 E1 1.610 15.91 1.490 7.93 1.647 16.75 1.586 15.30 

4.0 E1 1.598 16.16 1.458 8.19 1.641 16.72 1.581 15.38 

4.5 E1 1.591 16.31 1.439 8.13 1.637 16.72 1.577 15.44 

2.5 E2 1.706 16.18 1.594 7.50 1.740 17.30 1.680 16.41 

3.0 E2 1.670 16.32 1.529 7.49 1.713 17.06 1.659 16.45 

3.5 E2 1.653 16.56 1.490 7.93 1.703 16.96 1.650 16.45 

4.0 E2 1.641 16.84 1.458 8.19 1.697 16.91 1.644 16.49 

4.5 E2 1.633 17.0 1.439 8.13 1.693 16.89 1.641 16.52 
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Table 4.9 Correlation between test and calculated strength of columns 

for (MMR) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.537 14.65 1.594 7.50 1.520 16.25 1.454 13.67 

3.0 E1 1.500 14.30 1.529 7.49 1.491 15.89 1.429 13.47 

3.5 E1 1.484 14.42 1.490 7.93 1.482 15.95 1.420 13.64 

4.0 E1 1.473 14.86 1.458 8.19 1.478 16.37 1.417 14.35 

4.5 E1 1.465 14.99 1.439 8.13 1.473 16.48 1.412 14.46 

2.5 E2 1.575 14.48 1.594 7.50 1.570 16.10 1.512 14.72 

3.0 E2 1.541 14.77 1.529 7.49 1.545 16.38 1.491 15.47 

3.5 E2 1.524 14.67 1.490 7.93 1.534 16.10 1.481 15.12 

4.0 E2 1.507 14.50 1.428 8.19 1.522 15.74 1.469 14.54 

4.5 E2 1.497 14.41 1.439 8.13 1.514 15.58 1.460 14.19 

 

 

Table 4.10 Correlation between test and calculated strength of columns 

for (MR+IM) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.731 15.52 1.617 7.30 1.766 16.53 1.704 15.26 

3.0 E1 1.694 15.49 1.552 7.20 1.737 16.11 1.681 15.13 

3.5 E1 1.675 15.74 1.508 7.64 1.725 15.97 1.671 15.09 

4.0 E1 1.662 16.05 1.475 8.03 1.720 15.92 1.666 15.15 

4.5 E1 1.655 16.22 1.456 8.02 1.715 15.90 1.662 15.20 

2.5 E2 1.772 15.98 1.617 7.30 1.819 16.60 1.766 16.06 

3.0 E2 1.735 16.12 1.552 7.20 1.719 16.30 1.743 16.02 

3.5 E2 1.716 16.41 1.508 7.64 1.779 16.14 1.733 15.96 

4.0 E2 1.703 16.73 1.475 8.03 1.773 16.06 1.727 15.97 

4.5 E2 1.696 16.91 1.456 8.02 1.769 16.03 1.724 16.00 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Four                                    Results and Computer Programs 

            
72 

 

Table 4.11 Correlation between test and calculated strength of columns 

for (MR+MACI) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.719 15.10 1.594 7.50 1.757 15.88 1.702 14.98 

3.0 E1 1.680 15.17 1.529 7.49 1.726 15.55 1.675 14.85 

3.5 E1 1.661 15.49 1.490 7.93 1.714 15.53 1.664 14.91 

4.0 E1 1.649 15.86 1.458 8.19 1.707 15.57 1.658 15.06 

4.5 E1 1.640 16.09 1.439 8.13 1.702 15.65 1.653 15.19 

2.5 E2 1.760 15.69 1.594 7.50 1.811 16 .06 1.763 15.84 

3.0 E2 1.721 15.96 1.529 7.49 1.780 15.90 1.737 15.86 

3.5 E2 1.703 16.30 1.490 7.93 1.768 15.84 1.726 15.89 

4.0 E2 1.690 16.69 1.458 8.19 1.761 15.88 1.720 16.01 

4.5 E2 1.682 16.90 1.439 8.13 1.756 15.91 1.715 16.09 

 

 

Table 4.12 Correlation between test and calculated strength of columns 

for (MR+CAN) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.741 18.44 1.462 9.59 1.826 17.12 1.775 16.7 

3.0 E1 1.691 18.97 1.382 9.05 1.786 16.93 1.74 16.75 

3.5 E1 1.665 19.59 1.327 9.28 1.769 16.84 1.724 16.76 

4.0 E1 1.652 20.03 1.297 9.53 1.76 16.85 1.716 16.89 

4.5 E1 1.644 20.21 1.284 9.16 1.754 16.91 1.71 17.01 

2.5 E2 1.805 20.01 1.462 9.59 1.91 17.95 1.87 18.25 

3.0 E2 1.756 20.75 1.382 9.05 1.87 17.94 1.836 18.44 

3.5 E2 1.73 21.4 1.327 9.28 1.854 17.83 1.82 18.42 

4.0 E2 1.716 21.76 1.297 9.53 1.845 17.73 1.812 18.39 

4.5 E2 1.709 21.91 1.284 9.16 1.839 17.75 1.806 18.47 
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Table 4.13 Correlation between test and calculated strength of columns 

for (MMR+IM) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.624 12.98 1.617 7.30 1.626 14.31 1.569 12.43 

3.0 E1 1.584 12.77 1.552 7.20 1.594 13.96 1.541 12.34 

3.5 E1 1.566 13.03 1.508 7.64 1.584 14.02 1.532 12.54 

4.0 E1 1.553 13.38 1.475 8.03 1.577 14.18 1.525 12.80 

4.5 E1 1.548 13.88 1.456 8.02 1.576 14.62 1.525 13.48 

2.5 E2 1.661 12.83 1.617 7.30 1.675 13.95 1.626 12.93 

3.0 E2 1.623 12.92 1.552 7.20 1.645 13.85 1.600 13.16 

3.5 E2 1.607 13.57 1.508 7.64 1.637 14.26 1.593 13.82 

4.0 E2 1.592 13.70 1.475 8.03 1.628 14.09 1.585 13.63 

4.5 E2 1.582 13.62 1.456 8.02 1.621 13.85 1.576 13.25 

 

 

Table 4.14 Correlation between test and calculated strength of columns 

for (MMR+MACI) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.607 12.64 1.594 7.50 1.611 13.86 1.561 12.65 

3.0 E1 1.567 12.41 1.529 7.49 1.579 13.46 1.531 12.34 

3.5 E1 1.548 12.64 1.490 7.93 1.566 13.51 1.518 12.40 

4.0 E1 1.535 13.00 1.458 8.19 1.558 13.70 1.511 12.64 

4.5 E1 1.526 13.24 1.439 8.13 1.553 13.88 1.505 12.83 

2.5 E2 1.644 12.56 1.594 7.50 1.560 13.57 1.617 13.09 

3.0 E2 1.604 12.59 1.529 7.49 1.627 13.37 1.587 13.02 

3.5 E2 1.586 12.93 1.490 7.93 1.615 13.46 1.576 13.17 

4.0 E2 1.576 13.83 1.458 8.19 1.612 14.19 1.574 14.15 

4.5 E2 1.568 14.07 1.439 8.13 1.608 14.33 1.569 14.30 
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Table 4.15 Correlation between test and calculated strength of columns 

for (MMR+CAN) 

310cu  

 
Ec 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

2.5 E1 1.631 13.17 1.462 9.59 1.682 12.35 1.638 10.95 

3.0 E1 1.578 13.53 1.382 9.05 1.639 12.12 1.597 11.01 

3.5 E1 1.552 14.33 1.327 9.28 1.621 12.31 1.58 11.34 

4.0 E1 1.538 14.9 1.297 9.53 1.612 12.52 1.571 11.68 

4.5 E1 1.53 15.2 1.284 9.16 1.606 12.81 1.565 11.99 

2.5 E2 1.69 13.84 1.462 9.59 1.76 12.04 1.726 11.55 

3.0 E2 1.637 14.57 1.382 9.05 1.715 12.16 1.685 11.97 

3.5 E2 1.613 15.47 1.327 9.28 1.7 12.34 1.671 12.32 

4.0 E2 1.602 16.45 1.297 9.53 1.695 13.04 1.667 13.27 

4.5 E2 1.593 16.6 1.284 9.16 1.688 13.09 1.659 13.30 

 

 

 

Table 4.16 Correlation between test and calculated strength of columns 

for (BSM) 

,0035.0cu        85.075.0),55(004.085.0 1

'

1   cf  

                              85.065.0),30(7/05.085.0 1

'

1   cf  

 

310cu  

 

Overall 81 

(1-81) 

Short 19 

(1-19) 

Slender 62 

(20-81) 

HSC slender53 

(29-81) 

X COV% X COV% X COV% X COV% 

3.5 1.37 15.6 1.171 9.24 1.431 14.01 1.381 11.95 

 

 

 

 

 

 

 



Table 4.1 Details of experimental columns 
 

Ref. K type e 

mm 
Ptest 

kN 
d` 

mm 
Ast 

mm
2 

lu 

mm 
h 

mm 
b 

mm 
fy 

(MPa) 
'

cf  

(MPa) 
Name No. 

12 - SH 317.5 391.44 38.1 3096.768 - 254 254 300.62 35.16 A-15 1 
12 - SH 152.4 106.757 44.45 798.966 - 152.4 203.2 368.88 25.51 B-1 2 
12 - SH 76.2 266.892 44.45 798.966 - 152.4 203.2 368.88 26.89 B-2 3 
12 - SH 101.6 311.374 44.45 798.966 - 203.2 152.4 368.88 25.51 B-3 4 
12 - SH 203.2 142.342 44.45 798.966 - 203.2 152.4 368.88 31.72 B-4 5 
12 - SH 127 28.67 23.876 283.87 - 101.6 101.6 306.83 23.62 HS-1 6 
12 - SH 76.2 52.98 23.876 283.87 - 101.6 101.6 30.6.83 23.62 HS-2 7 
12 - SH 50.8 320.27 1 detail - 152.4 152.4 275.8 20.69 No.11 8 
12 - SH 50.8 355.86 1 detail - 152.4 152.4 275.8 23.44 No.12 9 
12 - SH 50.8 444.82 2 detail - 152.4 152.4 275.8 28.96 No.41 10 
12 - SH 50.8 471.51 2 detail - 152.4 152.4 275.8 23.44 No.42 11 
12 - SH 26.1874 346.96 25.4 516.128 - 127 127 493.68 31.94 ARI 12 
12 - SH 26.924 362.53 25.4 516.128 - 127 127 493.68 31.94 AR2 13 
12 - SH 71.12 188.16 25.4 516.128 - 127 127 493.68 37.07 AR3 14 
12 - SH 69.215 204.62 25.4 516.128 - 127 127 493.68 37.07 AR4 15 

12 - SH 133.35 104.98 25.4 516.128 - 127 127 493.68 37.07 AR5 16 

12 - SH 133.096 105.42 25.4 516.128 - 127 127 493.68 37.07 AR6 17 

12 - SH 69.342 189.49 25.4 516.128 - 127 127 493.68 25.28 DR1 18 

12 - SH 133.985 87.63 25.4 516.128 - 127 127 493.68 25.28 DR2 19 

10 2.1 C.S.S 21.69 213.51 19.05 283.87 508 101.6 152.4 390.95 1627 SC-1 20 

10 2.1 C.S.S 21.59 235.75 19.05 283.87 508 101.6 152.4 399.91 18.89 SC-3 21 

10 2.1 C.S.S 21.16 298.03 19.05 283.87 508 101.6 152.4 384.74 25.99 SC-5 22 

10 2.1 C.S.S 27 385.21 19.05 283.87 508 101.6 152.4 401.29 38.54 SC-6 23 

10 2.1 C.S.S 20.2 346.96 19.05 283.87 508 101.6 152.4 399.22 27.03 SC-7 24 

10 2.1 C.S.S 22.33 394.56 19.05 283.87 508 101.6 152.4 466.79 36.34 SC-8 25 

10 2.1 C.S.S 23.85 294.03 19.05 283.87 508 101.6 152.4 399.91 25.72 SC-9 26 

10 2.1 C.S.S 16.95 326.94 17.27 169.65 508 80.9625 152.4 537.81 41.3 SC-10 27 

10 2.1 C.S.S 27.12 491.53 19.05 283.87 508 127 152.4 505.4 36.44 SC-11 28 

18 1.12 S.S 15 1476 25 660 1500 175 175 430 58 IA 29 

 



Table 4.1 Continued 
 

Ref. K type e 

mm 
Ptest 

kN 
d` 

mm 
Ast 

mm
2 

lu 

mm 
h 

mm 
b 

mm 
fy 

(MPa) 
'

cf  

(MPa) 
Name No. 

18 1.12 S.S 50 830 25 660 1500 175 175 430 58 IB 30 
18 1.12 S.S 65 660 25 660 1500 175 175 430 58 IC 31 
18 1.12 S.S 10 1192 25 660 1500 100 300 430 58 IIA 32 
18 1.12 S.S 30 430 25 660 1500 100 300 430 58 IIB 33 
18 1.12 S.S 40 342 25 660 1500 100 300 430 58 IIC 34 
18 1.12 S.S 15 1140 25 440 1500 175 175 430 58 IIIA 35 
18 1.12 S.S 50 723 25 440 1500 175 175 430 58 IIB 36 
18 1.12 S.S 65 511 25 440 1500 175 175 430 58 IIIC 37 
18 1.12 S.S 10 915 25 440 1500 100 300 430 58 IVA 38 
18 1.12 S.S 30 425 25 440 1500 100 300 430 58 IVB 39 
18 1.12 S.S 40 262 25 440 1500 100 300 430 58 IVC 40 
18 1.12 S.S 15 1704 25 440 1500 175 175 430 92 VA 41 
18 1.12 S.S 50 1018 25 440 1500 175 175 430 92 VB 42 
18 1.12 S.S 65 795 25 440 1500 175 175 430 92 VC 43 
18 1.12 S.S 10 1189 25 440 1500 100 300 430 92 VIA 44 

18 1.12 S.S 30 471 25 440 1500 100 300 430 92 VIB 45 

18 1.12 S.S 40 422 25 440 1500 100 300 430 92 Vic 46 

18 1.12 S.S 15 1745 25 440 1500 175 175 430 92 VIIA 47 

18 1.12 S.S 50 908 25 440 1500 175 175 430 92 VIIB 48 

18 1.12 S.S 65 663 25 440 1500 175 175 430 92 VIIC 49 

18 1.12 S.S 10 1043 25 440 1500 100 300 430 92 VIIIA 50 

18 1.12 S.S 30 369 25 440 1500 100 300 430 92 VIIIB 51 

18 1.12 S.S 40 312 25 440 1500 100 300 430 92 VIIIC 52 

18 1.12 S.S 15 1975 25 440 1500 175 175 430 97 IXA 53 

18 1.12 S.S 50 1002 25 440 1500 175 175 430 97 IXB 54 

18 1.12 S.S 65 746 25 440 1500 175 175 430 97 IXC 55 

18 1.12 S.S 10 1710 25 440 1500 100 300 430 97 XA 56 

18 1.12 S.S 30 436 25 440 1500 100 300 430 97 XB 57 

18 1.12 S.S 40 333 25 440 1500 100 300 430 97 XC 58 

 



Table 4.1 Continued 
Ref. K type e 

mm 
Ptest 

kN 
d` 

mm 
Ast 

mm
2 

lu 

mm 
h 

mm 
b 

mm 
fy 

(MPa) 
'

cf  

(MPa) 
Name No. 

18 1.12 S.S 15 1932 25 440 1500 175 175 430 97 XIA 59 
18 1.12 S.S 50 970 25 440 1500 175 175 430 97 XIB 60 
18 1.12 S.S 65 747 25 440 1500 175 175 430 97 XIC 61 
18 1.12 S.S 10 1750 25 440 1500 100 300 430 97 XIIA 62 
18 1.12 S.S 30 509 25 440 1500 100 300 430 97 XIIB 63 
18 1.12 S.S 40 314 25 440 1500 100 300 430 97 XIIC 64 
41 1 S.NS 10 1387 29 660 1386 100 300 454 79.1 1 65 
41 1 S.NS 10 1200 29 440 1386 100 300 454 79.1 2 66 
41 1 S.NS 10 1375 29 440 936 100 300 454 79.1 3 67 
41 1 S.NS 10 1464 29 660 936 100 300 454 79.1 4 68 
41 1 S.NS 30 616 29 440 936 100 300 454 79.1 5 69 
41 1 S.NS 30 650 29 660 936 100 300 454 79.1 6 70 
41 1 S.NS 30 551 29 660 1386 100 300 454 79.1 7 71 
41 1 S.NS 30 425 29 440 1386 100 300 454 79.1 8 72 
41 1 S.NS 40 349 29 440 1386 100 300 454 79.1 9 73 

41 1 S.NS 40 417 29 660 1386 100 300 454 79.1 10 74 

41 1 S.NS 40 510 29 660 936 100 300 454 79.1 11 75 

41 1 S.NS 40 420 29 440 936 100 300 454 79.1 12 76 

32 1 S.NS 140.497 3601.5 52 detail 3 3600 350 350 454 98 1 77 

32 1 S.NS 146.05 3601.5 52 detail 3 3600 350 350 454 98 2 78 

32 1 S.NS 58.372 6835.5 52 detail 3 3600 350 350 454 93 3 79 

32 1 S.NS 57.494 6835.5 52 detail 3 3600 350 350 454 93 4 80 

32 1 S.NS 54.714 6835.5 52 detail 3 3600 350 350 454 93 5 81 

 
Note:  

SH: short column; 

C.S.S: cantivere, slender, sway column, 

S.S: slender, sway column, and  

S.NS: slender, non-sway column.    

detail Bar size(mm) b=h (mm) d` mm 

1 

2 

3 

12.8 

16 

24 

152.4 

152.4 

350 

25.4 

25.4 

52 

 

                                                      h 

                                                                               

                                                                              d`                          

                                                                                   b                                                                   

            

                                                                    

 

                                                                      d` 
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   D 
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                                                   yes              

                                                                                                                                            B 

                                                                                                                                          

  

 

 

                                                                                                                                Retain output 

                                                                                                                           P,C, (Pexp / Pcal ) 

 

 

 

 

 

                                                      

                                                                                                                                  Another Column      yes         C 

                                                                                                                                   

 

 

                                                                                                                                                         No 

                                                                  yes 

                                     TRi 1                        B 

 

 

 

                    yes                                        No 

                                          i= 1                                                                                 end 

Fig. 4-1 

Algorithm for moment magnification approach analytical procedure 
 

INPUT Material and 

Geometrical Properties 

Pc Eq.(1-1) 

Nominal P of section 

M,e for section 

Moment magnification 

factor,   Eq.(3-7) 

actuali e
e

R /










 

modify the Loop 

Statistical calculation 

Incremental of 

compression zone C 

     is 

  P > 0 
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                                                                                                                                Retain output 

                                                                                                                           P,C, (Pexp / Pcal ) 

 

 

 

 

 

                                                      

                                                                                                                                  Another Column      yes         C 

                                                                                                                                   

 

 

                                                                                                                                                         No 

                                                                  yes 

                                     TRi 1                        B 

 

 

 

                    yes                                        No 

                                          i= 1                                                                                 end 

 

Fig. 4-2 

Algorithm for moment additional approach analytical procedure 

INPUT Material and 

Geometrical Properties 

)303.(, Eqa  

nominal P of section 

M of  section 

Reduction factor 

K ,  Eq.(3-7) 

)293.(),(max  EqeePM add  

modify the Loop 

Statistical calculation 

Incremental of 

compression zone C 

 

  P > 0 

Ri = M / M max 
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Fig. 4-3  Relationship between modulus of elasticity versus compressive strength of 

concrete. 

E1=4700 'cf           , E2= 3320 'cf  +6900 

Fig. 4-4  Relationship between α1 and β1 versus compressive strength of concrete. 
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                                                        CHAPTER   

 

DISCUSSION OF RESULTS 

   

   

   5.1 General 

 

              he  flowchart  of  analysis  methods  presented  in  the  previous  

              chapter were used to calculate the axial load capacity of numerous 

test columns (81 columns ) reported in the literature (Table 4.1) . The results 

are presented in Appendix B. The results of programs gave a good 

relationship of available test result in the literature and theoretical results 

from the programs. These results were used to compare different methods of 

analysis considered in this work. 

 

  

   5.2 Comparison With Test Results 
 

 

         The results of tests of reinforced concrete columns were compared to 

the failure load predicted by the methods considered in this work (section 4.3 

of chapter four). The results are presented in Appendix B while the statistical 

results are presented in chapter four. 

         For these 81 column tests, the specified compressive strength of the 

concrete 
'

cf ranged between (16.3 to 98.0) MPa, the eccentricity ratio  he /   

T 

 

5 
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ranged between (0.0857 to 1.25 )and , for the 62 slender columns , the 

slenderness ratio ( he / ) ranged between (28 to 56). 

         Some assumptions were made for all calculations presented in section 

3.5 of chapter three. Tables 4.2 to 4.16 represent the correlation between the 

calculated and the test strengths for all the 81 tested columns by the different 

methods. For all obtained results, as expected, the methods tend to be less 

conservative with increase of the ultimate compressive strain of concrete 

cu . 

 

  

   5.2.1 ACI-99, ACI-02 and CAN-94 Methods 
 

 

         Tables 4.2, 4.3 and 4.5 represent the statistical results of ACI –99, ACI-

02 and CAN-94 methods respectively. These methods (as mentioned in 

chapter three) represent the approximate procedure of the moment magnifier 

approach applied with a wide range of ultimate compresrive strain of 

cu with E1 or E2 . E1 represents the code value of Ec [Eq. (4-1) for ACI code 

and Eq. (4-2) for CAN code], E2 represents applying Eq. 4-3). For these three 

methods, when cu equals 0.003 and Ec equals E1 , the methods (separately ) 

represent the current codes used in practice , ACI  318M-99
(1) 

, ACI 318M-

02
(2)

 and CSA-94 
(7)

. 

         All results have a conservative prediction of strengths for all types of 

columns. The modulus of elasticity E1 gives a better correlation of prediction 

of failure loads than E2 .The latter gave more conservative values than E1 

with more dispersion in COV, especially for HSC columns. In general, ACI-

02 methods have the best correlation of predicting the failure loads for all 
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types of columns. The revisions introduced in the ACI 318M-02 code led to 

this improvement.   

         From tables 4.2, 4.3, and 4.5, better results may be found with these 

methods with cu  equals 0.003 combined with Ec that equals E1. These tables 

indicate that the ACI–02 method with properties mentioned above lead to 

better results than the two other methods with the same selected properties, 

noting that, lower COV values represents better correlation.  

         Table 5.1 shows that the improvement of (ACI-02, 0.003, E1) COV 

with (ACI-99, 0.003, E1 and CAN –94, 0.003, E1) methods. 

 

Table 5.1 Comparison of statistical results for (ACI-99, 0.003, E1 and 

CAN–94, 0.003, E1) with (ACI-02, 0.003, E1) improvements in COV 

percent. 

Method 
Overall 

 (81) 

Short  

(19) 

Slender 

 (62) 

HSC slender 

(53) 

ACI-99 5.36 0.0 3.94 5.36 

CAN-94 16.35 17.24 3.99 6.66 

 

         From these comparisons, it is clear that the predictions of the ACI-02 

method provide a better agreement with the results of tests on actual columns 

than those of ACI-99 and CAN-94 methods. 

         The relative axial load capacity computed from (ACI-99, 0.003, E1), 

(ACI-02, 0.003, E1) and (CAN-94, 0.003, E1) for all columns studied are 

plotted against the compressive strength of concrete 
'

cf  in Figs. 5-1a, 5-1b 

and 5-1c respectively. The lines of equality in the figures are labeled as 

horizontal lines. Fig. 5-1 is plotted to illustrate the effect of 
'

cf  on safety of 
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these methods. A slight rise of safety with increasing 
'

cf  (for Figs. 5-1a and 

5-1c) indicating that these methods (ACI-99 and CAN-94 methods) tend to 

be more conservatism with increasing 
'

cf , i.e a positive slope obtained from 

results of Ptest / Pcalculated   versus 
'

cf  . 

 

  

   5.2.2 IM and MACI Methods  
 

 

         Tables 4.6 and 4.7 represent the statistical results of IM and MACI 

methods respectively. These methods represent new equations for the 

parameters that define the rectangular stress block suggested in references (3 

and 13). 

         Better results have been obtained than the previous methods (section 

5.2.1) when these methods are applied to ACI-02 method as references (3 and 

13) recommended. The modulus of elasticity E1 gives a better correlation of 

prediction of failure loads than E2
 
for these two methods. Both of IM and 

MACI methods (which are applied for ACI –02 methods) produced 

reasonable correlation with test results, no significant differences between 

their results, although MACI produced somewhat better results. 

         Generally, these two methods gave enhancement in the prediction of 

column strengths for ACI-02 method (i.e lowering to the COV values).   

         From tables 4.6 and 4.7 the better results may be found from these 

methods with Ec equal to E1 combined with cu equal to 0.003. 

         Table 5.2 shows the improvement of these methods (IM, 0.003, E1 and 

MACI, 0.003, E1) in COV with (ACI-02, 0.003, E1) method. 
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Table 5.2 Comparison of statistical results of (IM, 0.003, E1; MACI, 

0.003, E1) improvement in COV percent with (ACI –02, 0.003,E1). 

Method 
Overall 

(81) 

Short  

(19) 

Slender 

 (62) 

HSC slender 

(53) 

IM 2.20 3.87 4.67 3.87 

MACI 2.61 0.0 6.04 4.42 

 

         Reffering to Fig. 5-2 the results tend to be conservative predictions with 

increasing 
'

cf  (i.e positive slopes are obtained). These slopes have values 

greater than the ACI-02 code (Fig. 5-1b), indicating that these methods tend 

to be safer than those mentioned with increasing of 
'

cf . 

 

  

   5.2.3 MR and MMR Methods  
 

 

         Tables 4.8 and 4.9 represent the statistical results of these methods. 

These methods deal with slender columns by expression derived by Mirza 
(28)

 

(MR) and modified Mirza (MMR), which are applied to ACI-02 method. As 

well as previous sections, better results were obtained by applying of Ec equal 

to E1, [Eq. (4-1)]. 

         Neglecting some limitations of formulae which were stated in reference 

(28), of ( 4.41' cf  and 1.0/ he ), better predictions were obtained than 

ACI –02 code. 

         Table 5.3 shows the improvement of these methods (MR and MMR 

methods) for cu  that equals 0.003 and  Ec that equals E1 with ( ACI-02 , 

0.003 , E1 ) method. 
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Table 5.3 Comparison of statistical results COV improvement values 

between (MR, 0.003 , E1  ; MMR, 0.003 , E1 ) and ACI –02 , 0.003, E1 

methods , percent 

Method 
Overall 

 (81) 

Short  

(19) 

Slender 

 (62) 

HSC slender 

(53) 

MR 21.24 * 20.52 29.53 

MMR 28.36 * 25.05 37.95 

* Not applicable 

         Relatively, a large reduction (improvement) in COV values results, 

especially for HSC slender columns.  

         Fig. 5-3 shows important properties of these methods. That is the results 

have negative slopes in contrast with the previous methods.  

         This property opens up the possibilities of combining of these methods 

with the methods having a positive slope, these of IM, MACI and CAN –94 

methods. 

         IM and MACI are special methods dealing with cross section of 

columns, while MR and MMR are methods dealing with stability of columns. 

For a better improvement of the moment magnifier method, this thesis 

proposed that IM, MACI and CAN–94 should be combined with MR and 

MMR methods. The aim is to obtain conservative results, low COV values 

and a near horizontal slope as will be described in section 5.2.4 below. 
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   5.2.4  MR+IM , MR+MACI , MR+CAN 
           MMR+IM, MMR+MACI and MMR+CAN  

 

 

         Tables 4.10 , 4.11 , 4.12 , 4.13 , 4.14 and 4.15 represent  the statistical 

results of these methods respectively . 

         As expected, an enhancement in the results of calculated columns 

strength were obtained from the combination of the IM, MACI and CAN 

methods with MR and MMR methods. 

          As mentioned before in sections 5.2.2 and 5.2.3, because better results 

were obtained when applying the modulus of elasticity E1 , than E2 better 

results were obtained from applying E1 with MR + IM , MR + MACI , MR 

+CAN , MMR + IM , MMR + MACI and MMR  + CAN  methods . 

         From tables 4.10 , 4.11 , 4.12 , 4.13 , 4.14  and 4.15  , the better results 

may be found by these methods with Ec equal to E1 combined with cu  

equals 0.003 . 

          A comparison was made between (MR + IM , 0.003 , E1 ;  MR + MACI 

, 0.003 , E1 ; MMR + IM , 0.003 , E1 and  MMR + MACI  , 0.003 , E1 ) with 

(ACI – 02 ,0.003 , E1 ) and between  ( MR + CAN , 0.003 , E1 and MMR + 

CAN , 0.003, E1 ) with  (CAN – 94 , 0.003 , E1 ) to show the improvement of 

these  methods in COV values , see table 5.4 below . 
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Table 5.4 Comparison of modified methods with existing code design 

(ACI–02 or CAN–94). 

Method 
Comparison 

with 

Overall 

(81) 

Short 

 (19) 

Slender 

(62) 

HSC slender 

(53) 

MR+IM ACI-02 22.39 3.87 24.01 30.31 

MR+MACI ACI-02 24.0 0.0 26.65 31.60 

MR+CAN CAN-94 20.49 0.0 23.32 27.99 

MMR+IM ACI-02 36.02 3.87 34.15 43.16 

MMR+MACI ACI-02 37.83 0.0 36.51 43.16 

MMR+CAN CAN-94 43.29 0.0 45.11 52.67 

 

         From these comparisons, it is clear that the predictions of the proposed 

methods provide a much better agreement with the results of tested columns 

than those presented in the previous sections. All of these methods have 

given good estimates of RC columns (conservative with low COV values), 

when compared with other methods. Figs. 5-4, 5-5 and 5-6 show that the 

correlation between these estimating method with increase of 
'

cf . It can be 

seen that good predictions are obtained with nearly horizontal relationship for 

Figs. 5-4a, 5-5a and 5-5b (i.e for MR+IM, MR+MACI and MMR+MACI 

methods), and can be seen that very good predictions with a positive slopes 

for Figs. 5-6a and 5-6b (i.e for MR+CAN and MMR +CAN methods), 

indicating that conservative values will be obtained for a wide range of 
'

cf  

specially for HSC columns . Fig. 5-4b (MMR+IM method) shows good 

predictions with a negative slope. 

         Fig. 5-8a illustrates the safety of MMR+MACI, E1, 0.003 method with 

respect to slenderness ratio ( hu / ) for the available tested columns, while 
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Fig. 5-9a illustrate the safety of MMR+MACI, E1, 0.003 method with respect 

to total steel ratio ( t ) for the available tested columns. 

 

  

   5.2.5 BS-97 and BSM Methods  
 

 

         Tables 4.4 and 4.16 represent the statistical results of BS-97 and BSM 

methods respectively. They represent the approximate procedures of the 

additional moment approach, which is applied, with a wide range of ultimate 

compressive strains of concrete cu . In table 4.4, when cu  equals 0.0035, 

the BS-97 method represents the current code used in practice, BS 8110-97
(6)

.  

         Good correlations between these results (for all columns) are obtained 

compared with the other methods described in the previous sections of this 

chapter, especially for HSC columns. 

         Some modifications have to be introduced to the methods of the 

additional moment approach of BS 8110-97 code 
(6)

. These modifications try 

to produce conservative results with a good correlation (low values of COV). 

         Revisions to the BS 8110-97 curvature 










mr

1
formulae have to be 

derived with some modifications of the BS 8110-97 rectangular stress block. 

These modifications have been applied to the BSM method described below: 
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   5.2.5.1 BSM Method 
 

 

         From observing results of BS-97 method (table 4.4) modifications will 

be applied to obtain conservative results. That is done by proposing the 

following values for 1  and 1 :  

)55(004.085.0 '

1  cf ,   85.075.0 1              ……… (5-1) 

)30(7/05.085.0 '

1  cf ,     85.065.0 1               …….. (5-2) 

where  
'

cf  in MPa  

         On the other hand, Cranston 
(15)

 has shown that, for a reinforced 

concrete column at the ultimate limit state, the curvature 










mr

1
 at the the 

critical section could be assumed to depend only on the depth of the column 

section (h) and the effective height / depth ratio ( he / ). 











hhr

e

m


0035.01

175

11
                                         ………. (5-3) 

where 

     
mr

1
 = curvature at critical section , i.e. maximum curvature ;  

     e = effective column length . 

Also he suggested that:  













m

eadd
r

e
1

10

1 2                                                        ……… (5-4) 

where    eadd = additional eccentricity due to slender column effect . 
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         Combining equations (5-3) and (5-4), relating to current design 

practice, BS 8110-97 
(6)

 approximates the resulting equation to Eq. (5-5) 

2

'2000 









b

h
e e

add


                                                     ……… (5-5) 

where  
'b = the smaller dimension of the column section. 

         In this work Eq. (5-6) is proposed instead of Eq. (5-5). 

2

'1500 









b

h
e e

add


                                                     ……… (5-6) 

         Applying cu that equals 0.0035 with 1 , 1  assumption indicated as 

Eqs. (5-1 and 5-2) with Eq. (5-6) led to improved results compared to BS-97 

method. The proposed modifications gives conservative values and 

somewhat lower COV values than other method indicated in BS – 97 

method, see table 4.16. Comparison were made between (BS, 0.0035) with 

(ACI–02, 0.003, E1), between (BSM) with (BS, 0.0035) and (BSM) with 

(ACI–02, 0.003, E1) to show the improvement of these methods on the others 

for COV values. See table 5.5 . 

 

Table  5.5  Comparison of  statistical reslts of COV percent values 

between (BSM ) , ( BS , 0.0035 ) and ( ACI–02 ,0.003 , E1 ) 

Method 
Comparing 

with 

Overall 

(81) 

Short 

 (19) 

Slender 

(62) 

HSC slender 

(53) 

BS ACI-02 13.13 -23.63 11.60 34.36 

BSM BS 10.03 0.22 25.24 16.14 

BSM ACI-02 21.84 -23.36 33.92 44.96 
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         From these comparisons, it is clear that the predictions of the proposed 

modifications provide a much better agreement with other results, this is 

especially true for slender columns.  

         Fig. 5-7a shows that BS-97 method tends to be unconservative with 

increasing 
'

cf  (i.e negative slope). The unconservative values start with 
'

cf  

of 110 MPa. Fig 5-7b shows the improvement of obtained by BSM method. 

This method, in addition of its conservative values, leads to a nearly 

horizontal positive slope. Fig. 5-8b illustrates the safety of BSM method with 

respect to slenderness ratio ( hu / ) for the available tested columns, while 

Fig. 5-9b illustrate the safety of BSM method with respect to total steel ratio 

( t ) for the available tested columns. 
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Fig. 5-1 Effect of specified concrete strength on the strength ratio of reinforced 

concrete columns 
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Fig. 5-2 Effect of specified concrete strength on the strength ratio of reinforced 

concrete columns 
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Fig. 5-3 Effect of specified concrete strength on the strength ratio of reinforced 

concrete columns 
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Fig. 5-4 Effect of specified concrete strength on the strength ratio of reinforced 

concrete columns 
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Fig. 5-5 Effect of specified concrete strength on the strength ratio of reinforced 

concrete columns 
 

 

 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0.00 20.00 40.00 60.00 80.00 100.00 120.00

fc'(MPa)

( a )

P
te

s
t/

P
c

a
lc

u
la

te
d

MR+MACI,E1,0.003

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0.00 20.00 40.00 60.00 80.00 100.00 120.00

fc'(MPa)

( b )

P
te

s
t/

P
c

a
lc

u
la

te
d

MMR+MACI,E1,0.003



Chapter five                                        Discussion of Results 

 
95 

 

 

 

 

 

 

 

 

 

 

Fig. 5-6 Effect of specified concrete strength on the strength ratio of reinforced 

concrete columns. 
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Fig. 5-7 Effect of specified concrete strength on the strength ratio of reinforced 

concrete columns. 
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Fig. 5-8 Effect of slenderness ratio on the strength ratio of slender reinforced concrete 

column. 

 

 

 

Fig. 5-9 Effect of longitudinal steel ratio on the strength ratio of slender reinforced concrete 

columns. 
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CONCLUSION AND RECOMMENDATIONS 

     

   6.1 Introduction 

 

              his  study was conducted  to  investigate  existing  methods  of  

              columns analysis and design. The study involved 81 tested columns 

from the literature under short–time uniaxial loading in NSC and HSC for 

short and slender members in both cases of nonsway and sway. Comparisons 

were made between the test results and the results from these approximate 

methods for analysis of columns. 

 

  

   6.2 Existing Methods  
 

 

         From observations and studies of results presented in this thesis, the 

following conclusions are drawn:  

1. Introducing the modifications proposed in 1997 by Ibrahim and 

MacGregor
(13)

 as well as ACI-ASCE committee 441 State of the Art 

report 
(3)

 to the current rectangular stress block for the moment magnifier 

approch applied to ACI 318M-02 Current Code resulted in moderately 

improved prediction. The COV improvement was2.5 percent for all 81  

T 

 

6 


