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 الملخص

هو دراسة الفرق بين ثلاثة وجهات تستخدم لتصميم الأعمدة المركبة المغطاة بالخرسانة. النهج ا البحث الهدف من هذ

[ و الكود الامريكي لتصميم 2] 4لاوربي [" يستبدل العمود بقطاع مكافئا من الصلب، والثاني "الكود ا1الأول "الكود المصري ]

[ و الكود 4[" يعتبر العمود كقطاع مركب باستخدام توزيع الاجهادات اللدنة، والثالث "الكود الامريكي ]3المنشاءات المعدنية ]

سة المقارنة إلى  [ لتصميم المنشاءات الخرسانية " يشبه النهج الثاني مع استخدام توزيع الاجهادات المرن. تشير الدرا5الكندي ]

أن الوجهة الثانية والثالثة تعطي نتائج جيدة لتحمل الأعمدة المركبة مقارنة مع الوجهة الأولى وفقا لنتائج الاختبارات التي قام بها 

 .باحثون سابقون. كما اقترحت هذا البحث صيغة مقترحة لمعادلة التفاعل للأعمدة المركبة
 

Abstract 

The objective of this study is to investigate the difference between three approaches used for the design of 

concrete encased composite columns. The first approach "ECP-SCLRFD [1]" considers the composite column as an 

equivalent to steel section, the second "Eurocode 4 [2] and AISC [3]" considers the composite column as composite 

section using rigid plastic stress distribution, and the third "ACI [4] and CSA [5]" is similar to second approach with 

elastic plastic stress distribution. The comparative study indicates that the second and third approach give good re-

sults for composite columns strength compared with the first approach according to physical test results done by pre-

vious researchers. Also, this paper suggested a proposed formula for interaction equation for composite columns. 
 

Keywords:  

Concrete encased   composite  column; test results; code provision; design approach; sec-

ond order effect; interaction diagram. 

1. Introduction 
The composite concrete and steel struc-

tural system combines the rigidity and forma-

bility of reinforced concrete with the strength, 

ductility and speed of construction of structural 

steel to produce an economic structure (Griffis 

1986) [31]. It also protects it from fire damage 

and local buckling failure. 
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The design for composite members were 

studied and modified by a lot of researchers 

over the past decades. Different approaches for 

design of composite members are used in 

Egyptian Code of Practice for Steel Construc-

tion (LRFD) (ECP-SCLRFD) [1], Eurocode 4 

(CEN2004) [2], AISC-Load and Resistance 

Factor (LRFD) (AISC) [3], American Concrete 

Institute ACI318-14 [4],  and Canadian Stand-

ard Association Code (CSA) [5].  

The codes provisions for the design of 

concrete-encased composite column follow 

three approaches. The first approach "ECP-

SCLRFD" considers the composite column as 

an equivalent steel section, the second "Euro-

code 4 and AISC" considers the composite 

column as composite section using rigid plastic 

stress distribution, and the third "ACI and 

CSA" use elastic plastic stress distribution.  

The objectives of this study are to: (i) in-

vestigate the differences between these ap-

proaches in determining the strength ratio 

(Ptest/Pcalc.), (ii) study some variables and their 

effect on strength ratio were studied such as 

structural steel ratio, end eccentricity ratio, and 

slenderness ratio through statistical compari-

sons, and (iii) suggest a proposed formula for 

axial-bending moment interaction diagram.  

This study presents a comparison be-

tween the calculated strength according to ap-

plied codes approaches and 399 physical tested 

composite symmetric rectangular columns 

which are pin-end at both ends [6 to 30].The 

previous tests have been divided according to 

the applied straining actions as the following: 

(i) 161 tests are subjected to pure axial load, 

(ii) 156 tests with combined axial load and ma-

jor bending, (iii) 64 tests with combined axial 

load and minor bending, and (iv) 18 tests with 

pure bending. Table 1 includes summary of 

different limitations between applied codes. 

Tables (2-a) and (2-b) include comparison 

between various codes and proposed equation 

for calculating column strengths ratio 

(Ptest/Pcalc). Pcalc means the calculated column 

strength computed by applied code and pre-

sents nominal axial load strength except that 

for 18 tests with pure bending, it presents nom-

inal moment strength for the column. 

 

2. International Codes Specifica-

tions: 

[1]  Egyptian Code of Practice of 

steel construction (ECP-SCLRFD) 

[1]: 

In this approach, the composite columns 

are converted to an equivalent steel section 

with modified mechanical properties.  

2.1.1. Axial compressive strength 

The design strength, ∅c Pn, for symmet-

ric axially loaded composite columns shall be 

computed on the steel section area using a 

modified radius of gyration rm, yield stress Fym 

and Young’s modulus Em to take into account 

the composite behavior. [ECP-SCLRFD [1] -

Clause 12.2, 12.3] 

Pu = ∅c pn = ∅c As Fcr   

 [1-1] 

For λm ≤ 1.1    Fcr = (1 – 0.348 λm
2) Fym 

 [1-2] 

For λm ≥ 1.1    Fcr = 0.648 Fym /λm
2  

 [1-3] 

Where  Fym = Fy + c1 Fyr (Ar/As) + c2 Fcu 

(Ac/As) [1-4]            Em = Es + c3 Ec 

(Ac/As)   [1-5] 

  λm = KL (Fym/Em)1/2 /π rm  

 [1-6] 

 c1 =0.7, c2 = 0.48, and c3 = 0.2 

 [1-7] 

2.1.2.  Second order effect 

Second order P-δ effects shall be consid-

ered in the design of pin-ended members sub-

jected to combined axial load and symmetrical 

single curvature bending by multiplying first 

order elastic analysis moment by the moment 

magnifier δ expressed as: 
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Negative value for moment magnifier means 

unstable column (P > Pcr). 

2.1.3. Flexural and axial load (interaction 

diagram) 

The interaction of axial compression and 

flexural for doubly symmetric composite 

members shall be limited by the following: 
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Where, Pu factored axial load, Mu factored 

moment magnified with moment magnifier δ, 

Pn nominal axial compressive capacity, Mn 

nominal flexural capacity, where ϕc =0.8, ϕb 

=0.85 for ECP-SCLRFD. 

[2]  Eurocode 4 approach [2]: 

Eurocode 4 Clause 6.7 is concerning the 

design of the composite columns using the 

concepts of limit state using fully plasticized 

structural steel section and reinforcing steel 

bars in tension and compression with stress 

ordinates equal to their yield strengths and a 

rectangular stress block for concrete compres-

sive stress distribution, having a magnitude of 

0.85fc. 

In this Code, General Method and Sim-

plified Method are used for calculating column 

strength. Simplified Method is used for this 

study which is limited to columns of doubly 

symmetrical cross-section and with uniform 

section over the length. These two methods are 

both based on the following assumptions: 

• There is full interaction between the steel 

and concrete sections until failure occurs. 

• Geometric imperfections and residual 

stresses are taken into account in the calcu-

lation, although this is usually done by us-

ing an equivalent initial out-of-straightness. 

• Plane sections remain plane while the col-

umn deforms. 

2.2.1. Axial compressive strength 

The characteristic value of the plastic re-

sistance to compression force, Po, equal to 

Po =0.85fc Ac+ Fyr Ar+ Fy As   

 [2-1] 

While the design value of the plastic resistance 

to compression force, Pn,  of a composite col-

umn 

Pn =0.85fc /γc Ac+ Fyr/γr Ar+ Fy/γs As
 

 
[2-2] 

The effect of buckling reduces section 

resistance to the design axial loading Pr, 

r n
P P= , in which the value of 𝜒, the strength 

reduction factor in the plane of buckling con-

sidered, is a function of the relative slender-

ness O

cr

P
P

 =  and the appropriate European 

buckling curve. 
2

1/2
2

2

1
  = 1  ,   0.5 1 ( 0.2)    

  

  = + − +
  + −

     
[2-3]  

Elastic critical buckling, ( )

( )

2

,

2

eff I

cr

EI
P

KL


= , where K 

is buckling length factor, EIeff, I represent the 

effective flexural stiffness EIeff .I = 0.6Ecm Ic 

+ Ea Ia + Es Is in which : 

Ia, Ic and Is are the respective second moments 

of area, for the bending plane considered, of 

the steel section, the un-cracked concrete sec-

tion and the reinforcement; Ea and Es are the 
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respective elastic moduli of the steel of the 

structural section and of the reinforcement; 

Ecm is the elastic secant modulus of the con-

crete; 0.6 is a correction factor for cracking of 

concrete; and α is a generalized imperfection 

parameter which takes into account the initial 

out-of-straightness and residual stresses and 

equal to 0.49 for major bending and 0.34 for 

minor bending. 

2.2.2. Flexural and axial load (interaction 

diagram) 

Here, the axial-bending moment interac-

tion diagram of the cross section is approxi-

mated by four-point polygon ABCD for major 

bending and five-point polygon ABCDE for 

minor bending as shown in Figure 1.  

• Point A represents pure axial load strength 

Po (e/h=0). 

• Point B represents the plastic resistance of 

cross section subjected to Mo (pure mo-

ment - e/h = ∞). 

• Point C corresponds to the axial load 

strength carried by the concrete only with 

moment equals Mo. 

• Point D corresponds to the axial load 

equals to the half axial load of point C 

(1/2pc) resulting in approximately the 

maximum bending moment Mmax. 

• Point E is an arbitrary point located be-

tween point C and point A computed at 

the half of the eccentricity of point C 

2.2.3. Second order effect 

The second order effects can be taken 

into account multiplying the first order 

moment with imperfections effect by δ 

defined as: 

,

1.1

1 /
u cr eff

P P
 =

−
   

[2-4] 

Pcr,eff is based on the design value of effective 

flexural stiffness (EI )eff,II of the second order 

expressed as: 

( ),
0.9 0.5

eff II r r s s cm c
EI E I E I E I= + +

      
[2-5] 

Creep effect should be taken into account 

by replacing Ecm by Ec,eff if applicable. If Pcr,eff 

/ Pu ≥ 10, the second order can be neglected. 

The influence of geometric imperfections shall 

be considered by the equivalent global imper-

fections equal to L/200 for major bending and 

L/150 for minor bending where L is the buck-

ling length of the column. This imperfection 

eccentricity is added to load eccentricity dur-

ing design. 

For given value of axial load, get 𝛍Mo 

and the first order moment for the column shall 

not exceed αM𝛍Mo/δ, where αM accounts for 

the simplifications in the calculation method, 

and equal to 0.9 for the range of S235 to S355 

steels, and 0.8 for steels range from S420 and 

S460. 

[3]  AISC approach [3]: 

AISC Specification Section I-5 permits 

the use of a strain compatibility or plastic 

stress distribution method (used in this study). 

2.3.1.Axial compressive strength [AISC 

Spec. Section I-5] 

Po = As*Fy + Asr Fyr + 0.85 Ac fc`       [3-1] 

Pe = π2 (EI)eff / (KL)2                    [3-2] 

EIeff = EsIs + 0.5ErIsr + C1EcIc           [3-3] 

C1 = 0.1 +2 (As/(Ac + As)) ≤ 0.3       [3-4] 

λ = (Po/Pe)                     [3-5] 

Where Ec = 43 w1.5 (fc`)
0.5  Ec in MPa      

[3-6] 

w weight of concrete in KN/m3, fc` is in Mpa 

Pn /Po= 0.658λ for λ ≤ 2.25      [3-7] 

Pn /Po = 0.877 / λ                 [3-8] 

The design axial compression resistance Pd = 

ϕc Pn 
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Where ϕc = 0.75, ϕb = 0.9 (LRFD) 

2.3.2.Flexural and axial load (interaction di-

agram) 

It is similar to Eurocode 4 in using an 

approximate polygonal ABCDE for interaction 

diagram but with reduced capacity due to slen-

derness effect λc. The axial capacity was re-

duced from point i to point i×Pn/Po (i=A to E) 

as shown in figure 1. Finally, the resistance 

factor, ϕc, was applied for axial capacity and 

ϕb for the flexural capacity. AISC Provision 

always gives unsafe zone (shaded area) which 

makes it less accurate as shown in Figure 1. 
 

Po

Mo

Flexural Strength

A
x

ia
l 

S
tr

e
n
g
th

Proposed Equation

EC4

AISC

ECPS

Unsafe zone for AISC

Pn

Pc

P /2c

Mmax

B

A

C

D

 

Figure 1: Eurocode 4, AISC, ECP-SCLRFD ap-

proaches vs. proposed method 
 

[4]  ACI approach (ACI318-14) [4]: 

Composite columns are treated like the 

concrete reinforced column. The strain com-

patibility method is used in which the flexural 

and axial strength of a member calculated by 

the strength design method of the Code re-

quires that two basic conditions be satisfied: 1) 

equilibrium; and 2) compatibility of strains. 
 

2.4.1. Axial compressive strength 

ACI318-14 specifies that the maximum 

(nominal) axial load acting on composite col-

umn shall be limited to 0.8ϕP0, where Po is the 

cross section pure axial strengths and limited 

to the critical buckling load. [Clause 22.4]. 

Po = 0.85fcAc+ FyrAr+ FyAs ≤ Pcr = π2 EI/ 

(KL) 2 [4-1] 

Where:  

fc     compressive strength of concrete 

Ac     net area of concrete 

Fyr  yield strength of longitudinal rein-

forcement 

Ar  area of longitudinal reinforcement 

Fy  yield strength of steel shape 

As  area of steel shape 

ϕ  resistance factor for compression = 

0.65 

EI  flexural stiffness for short-term loading 

is taken as 0.4EcIg or 0.2EcIg +EsIs

 [Clause 6.6.4.4], 

Ec  concrete elastic modulus 

Es  steel elastic modulus 

Ig  gross section moment of inertia 

Is  includes the section moment of inertia 

for steel and reinforcing bar 

The nominal axial compressive strength 

Pn for an encased composite column is limited 

to 0.8P0 owing to a minimum eccentricity un-

der axial load and limited to critical buckling 

load. EI seems to be conservative to account 

for the variations in stiffness due to cracking, 

creep and nonlinearity of concrete [Mirza] 

[33]. 

2.4.2. Second order effect 

The ACI318-14 approach uses moment 

magnification approach and moment magnifier 

δ [Clause 6.6.4.5.2]. The column (slenderness) 

moment strength is equal to cross-section (ma-

terial) strength divided by δ Eqn. [1-8] with 

stiffness reduction factor equal =0.75 as shown 

in Figure 1. The column is considered short 

neglecting second-order effect if the column 
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slenderness ratio, KL/r ≤ 34+12 (M1/M2), 

where M1/M2 ≤ 0.5 [Clause 6.6.4.5.2]. 

Where 0.2

0.2

c c s ss

c c s ss

E I E I
r

E A E A

+
=

+

  [4-2] 

 

2.4.3. Flexural and axial load (interaction 

diagram) 

Third approach is based on a strain com-

patibility analysis and static equilibrium at the 

limit state to develop a thrust–moment (P–M) 

interaction relation with using the following 

assumptions [Clause 22.2]: 

• Plane section remains plane. 

• Rectangular stress block for concrete com-

pressive stress distribution, having a magni-

tude of 0.85fc, is used for the concrete with 

(a = β1c) height measured from the fiber of 

maximum compressive strain, Where c = 

distance from the extreme fiber to the neu-

tral axis location and β1=0.85-0.05(fc`-27.6) 

and limited to 0.65≤ β1 ≤ 0.85. 

• Tensile strength of the concrete is neglected. 

• Strain hardening of steel shape and rebar is 

neglected. 

• To get the interaction diagram for the col-

umn we use 0.003 as maximum strain for 

extreme compression fibers and change neu-

tral axis position over the section, then get 

resistance of the section to moment and 

normal force 

• Relative slip between structural steel and 

concrete is ignored 

• The area of compressed concrete displaced 

by steel structure or reinforcing bars was 

removed in strength calculation. 

[5]  CSA approach [5] 

It is similar to ACI approach in most 

provisions except for: 

• Nominal compressive strength, Pn [Clause 

10.10]: 

Pn =0.8 (α1 ϕc fcAc+ ϕr FyrAr+ ϕs FyAs)  

     [5-1] 

Where, α1 = 0.85 – 0.0015 fc` ≥ 0.67 

(height of concrete rectangular stress 

block), resistance factor ϕc = 0.65, ϕs = 0.9, 

and ϕr = 0.8.  

• The second-order effect can be neglected if 

the column slenderness ratio, KL/r ≤ [25 – 

10(M1/M2)]/ [Pf / fc`Ag] ^ 0.5 [Clause 

10.15]. 

• The Whitney stress block, having a magni-

tude of α1 fc, is used for the concrete with 

height a = β1c measured from the fiber of 

maximum compressive strain which lim-

ited to 0.0035 [Clause 10.1]. Where 

β1=0.97 – 0.0025*fc`≥ 0.67 (fc` in Mpa). 
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Figure 2: Material and column strength interaction 

diagrams.  

 

[6]  Proposed Interaction Equation: 

Hsu [37] proposed an equation for N-M in-

teraction diagram solved with numerical pro-

cedures for composite columns: 
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where αx and αy = numerical coefficients 

for shape of uniaxial interaction diagrams in 

Mx- and My-axis, respectively; Pnbx, Pnby are 

nominal balanced load for bending about x-

axis and y-axis, respectively; and Mrx and Mry 

= reference nominal bending moments that 

take different values depending on location of 

nominal axial load Pn 

In the present study, the proposed formu-

la for N-M interaction diagram for composite 

columns is similar to Hsu [37] equation as fol-

lowing: 

 
max

1

2
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α is determined from interaction diagram 

points ABCD used by Eurocode 4 procedure. 
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Parameter β accounts for the simplifica-

tions in the calculation method, and equal to 

1.0 for major bending, 0.9 for minor bending. 

β values are chosen to give the best fit with test 

results From the statistical analysis, the pro-

posed equation gives a better agreement with 

Eurocode4.  

Note that: 
1

2
u c

P P−
 is a positive value for all cas-

es.  

At the end of this paper, a solved exam-

ple using this equation was presented. 

3. Comparison between test re-

sults and predicted strengths. 

The tests strength of 399 specimens have 

been compared with the predicted one using 

the different codes, Eurocode 4, ECP-

SCLRFD, AISC, ACI, and CSA. The comput-

ed strength used for various codes is un-

factored strength by using material resistance 

factor (partially safety factor) equal to 1.0 to 

study the reliability of each approach. For ACI 

provision, stiffness reduction factor (ϕK= 0.75) 

was not included in these analyses when com-

pared with the test results. The coefficient αM 

used in Eurocode 4 was neglected.  

The concrete strength fc` was defined as the 

strength obtained from the standard 150 mm 

diameter by 300 mm high cylinder tests. For 

some physical tests, the cube strengths were 

used. These cube strengths were converted to 

the equivalent standard cylinder strengths us-

ing following L’Hermite [38] equation [1]: 

10
` 0.76 0.2log

19.6

cu

c cu

f
f f

  
= +   

        

[1] 

For ECP-SCLRFD, AISC and Eurocode 

4, the evaluation of expected strength is by in-

terpolation while, for ACI and CSA material 

interaction diagram is divided by δ for each 

point to get column interaction diagram and 

evaluation of expected strength by interpola-

tion on column interaction diagram as shown 

in figure 2. 

Figure 3 shows the normal frequency 

distribution curve for strength ratio pre-

pared for all of 399 column tests results used. 
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Figure 3 (b, e) indicate the least scatter about 

the line of equality with a nearly bell-shaped 

normal distribution for Eurocode 4 and pro-

posed equation. While, for ECP-SCLRFD and 

AISC plotted in figure 4(c, d) indicate the 

widest spread distribution. The mathematical 

verification of these observations is shown by 

the strength ratio statistics given in tables 2 

(a–b), particularly by the coefficients of varia-

tion (COV. ++). Lower coefficient of variation 

indicates a more reliable computational meth-

od. The coefficient of variation of the strength 

ratios ranges from the highest value of 0.428 

obtained for AISC to the lowest value of 

0.186, 0.176 obtained by Eurocode 4 and pro-

posed equation respectively. Figure 4 shows 

comparison of strength ratios between different 

codes and proposed equation. This statistical 

observation provides valuable information on 

the accuracy and reliability of the proposed 

equation for Eurocode 4 in the prediction of 

the strength of concrete encased composite 

columns. 

Based on the above comparative results, 

the following observations are obtained: 

1. With an average strength ratio of 1.076 and 

a coefficient of variation of 0.174, proposed 

equation gives a better agreement than the 

polygon ABCDE interaction diagram for 

Eurocode 4.  

2. Figure 4 shows the comparison between 

proposed equation with Eurocode4, ECP-

SCLRFD, and AISC using statistical distri-

bution of strength ratio using various ap-

proaches against frequency percent of tested 

specimens. The proposed equation gives a 

good agreement with test results as com-

pared with AISC and ECP-SCLRFD. 

3. AISC and ECP-SCLRFD compute the col-

umn strengths least accurately of others 

codes procedures studied. 

4. Without doubt, Reinforced concrete codes, 

ACI and CSA, give a good agreement in 

calculating strength, while Eurocode 4 gives 

easy hand calculation with better accuracy 

especially using the proposed equation. 

5. The ECP-SCLRFD approach treats the de-

sign of composite columns as a steel col-

umns using equations [1-1 to 1-10] which 

created for column strength influenced by 

‘residual stress’ and ‘initial out-of straight-

ness’. However, for the composite column, 

these two parameters play a minor role be-

cause the reinforced concrete portion of the 

composite column is much less sensitive to 

these parameters. These observations show 

why the ECP-SCLRFD approach gives less 

accurate strength predictions. 

6. Figure 5 shows the distribution of the 

strength ratios of codes approaches and ef-

fect of some parameters such as slenderness 

ratio kL/r, end eccentricity ratio e/h and 

steel ratio [ρs =As/Ac] on strength ratio for 

different applied codes. Using the curve fit-

ting for strength ratio test results, an equa-

tion; y(x) = a.x2 + b.x + c; was fitted for 

each figure and presented in dotted line. 

Less (a) and (b) values indicate a less effect 

of this parameter on strength ratio for the 

applied code. As shown in figure 5, Euro-

code 4 using polygon or proposed interac-

tion diagrams give the less effect of column 

parameters on strength ratio. 

7. Figure 5 shows the distribution of the 

strength ratios of codes approaches with re-

spect to the steel ratios of the 399 tested 

specimens. The steel ratios shown in this 

figure range from 2% to 14.6%. For the 
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specimens with steel ratio under 4%, it is 

observed that the average strength ratios of 

various codes increase especially for ECP-

SCLRFD. These observations indicated that 

the limitation of a minimum 4% of steel ra-

tio in an encased composite section is essen-

tial for the ECP-SCLRFD strength provi-

sions. 

8. As shown in Figure 6, the Axial-moment 

interaction diagrams of the Eurocode 4 ap-

proach with using polygon, and proposed 

interaction equation are constructed to com-

pare some test results (Mirza - Yokoo) with 

Eurocode 4 provision using ABCD polygon 

and proposed equation for interaction dia-

gram. The tests were chosen with the same 

properties as possible for each interaction 

diagram. It is shown that the proposed equa-

tion gives a good agreement as compared to 

the column test data (denoted as hollow cir-

cular symbol).  

9. It is observed that all approaches give con-

servative estimates of the column strengths, 

especially ECP-SCLRFD. 

10. The proposed method for Eurocode 4 is 

recommended because the development of 

M–N interaction curve is direct and this en-

ables easy hand calculation to be done. 

11. It was found that ECP-SCLRFD gives the 

least accurate results compared with other 

provisions. In addition, ECP-SCLRFD rules 

specially require at least 4% steel ratio of 

the composite section. However, the other 

codes rules have no such limitation on steel 

ratio. 

4. Conclusions and Recommen-

dations 

1. The proposed equation enables easy hand 

calculation instead of interpolation used by 

polygon ABCDE interaction diagram. It 

states:- 

 
max

1

2
1         (Proposed Eq.) 6 2

1

2

u c

u

o c

P P
M

M
P P





 
−   

  + = − 
   − 
 

 

2. Eurocode 4 gives the best agreement with 

test results for composite column design. 

While, ECP-SCLRFD [1] gives conserva-

tive values for strength ratio. 

3. ACI and CSA give a good agreement in cal-

culating strength, while Eurocode 4 gives a 

simple calculation with better accuracy. 

4. From the studied parameters in figure 5, 

slenderness ratio kL/r, end eccentricity ratio 

e/h and steel ratio [ρs =As/Ac], Eurocode 4 

gives a good curve fitting for strength ratio 

than other codes. 

5. Symbols 
Ac area of concrete. 

Ar  longitudinal reinforcement. 

As area of steel shape. 

B  width of section 

bf  steel section flange width 

c1, c2, c3  numerical coefficients,  

   

c1=0.7, c2=0.6 and c3=0.2 for encased compo-

site columns. 

e/h  eccentricity ratio. 

e  eccentricity of axial load at col-

umn ends about major axis 

Ec  Young’s modulus of concrete 

Em  modified modulus of elasticity  

Es Young’s modulus of steel 

fc`  compressive strength of concrete 

fcu  compressive strength of concrete cube 

fys  yield strength of steel 

fyr  yield strength of longitudinal bars 

Fcr  critical stress of the composite column 
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Fmy  modified yield stress 

H  geometrical height of section 

hs steel section height 

KL  Buckling length of column 

KL/r  slenderness ratio 

Mo  nominal moment capacity without axial 

load 

Mu  factored moment 

M1, M2  the smaller and the larger re-

quired moments applied at both ends of 

the column, respectively 

M1/M2 end moment ratio (smaller to larger 

moment ratio) 

Ptest  experimental strength of column 

Pcalc  calculated strength of column by using 

the proposed code method. 

P0  composite column capacity under uni-

axial compression 

Pcr  critical load of column 

Pn  nominal axial compressive capacity 

Pu  factored axial load 

Pc nominal concrete section capacity 

(0.85fc`/ γc*Ac) 

r  radius of gyration. 

rm   radius of gyration of the steel shape, it 

shall not be less than 0.3 times the 

overall width of the composite column 

in the plane of the bending. 

tw steel section web thickness 

tf flange thickness 

δ  moment magnifier 

𝜙b  resistance factor for bending, taken as 

0.9 

𝜙c  resistance factor for compression, tak-

en as 0.85 

𝜆c  slenderness parameter 

𝜆` relative slenderness 

δ` Steel contribution factor 

ρs steel section ratio As /Ac 

ρr longitudinal bars ratio As /Ac 

γc partially safety factor for concrete  

γs partially safety factor for steel section 

γr partially safety factor for longitudinal 

bars. 

αm reduction factor for moment 

α interaction diagram shape factor (pro-

posed method) 

β reduction factor for moment (proposed 

method). 
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Example: check on the safety of this column  

Column properties: kl= 3000mm, B=280mm, 

H=280mm, hs=200mm, bf=200mm, tf=9mm, 
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tw=6mm, fcu= 51.8N/mm2, fyr= 420N/mm2, 

fys= 248N/mm2, Ar=603mm2 (4ϕ14) under 

these straining actions: 

1. Pu = 3000 KN, Mu = 0.0    

(case 1) 

2. Pu = 1000 KN, Mu = 120.0 KN.m (major 

bending) (case 2) 

 

Case 1: (axial capacity) [using Eurocode 4 

provision] 

Ac = B*H–As – Ar = 69937 mm2. 

Po =0.67fcu Ac+ Fyr Ar+ Fy As = 4611 KN 

Pn =0.67fcu /γc Ac+ Fyr/γr Ar+ Fy/γs As = 

3592 KN 

EIx= 0.6EcIcx+ EsIsx+ ErIrx =2397KN.m2, EIy 

=1700KN.m2 

Pcrx = π2EI/(KL)2= 26310 KN, Pcry = 18658 

KN.  λx`=√(pO/Pcrx) = 0.419, λy`=√(pO/Pcry) 

= 0.497. 

ϕx = 0.5 [1+0.49 (λx` – 0.2) + λx`^2] = 0.64.

 

ϕy = 0.5 [1+0.34 (λy` – 0.2) + λy`^2] = 0.614. 

χx = 1/[ϕx+( ϕx
2 – λx`

2)^0.5]=0.887 ≤ 1.0, χy = 

0.885. 

Pu = 3000 ≤ χminimum Pn = 0.885*3592 = 3180 

KN.  (Safe) 

Case 2: (axial capacity with major bending 

[proposed interaction diagram])  

a. Neutral axis position is located at hn = 

78.21mm from the middle of the section, 

giving Mo = 191.8 KN.m (material stress 

used are design strength [0.67fcu/γc, fy/γs, 

fyr/γr] for concrete, steel, longitudinal rein-

forcement, respectively.   

b. Mmax (maximum moment can be carried) = 

222.5 at which axial load capacity = 

0.5Pc=0.5*0.67fcu /γc Ac= 1613 KN 

max

max

1
ln 1

2
1  where =1.59 

1 0.5
ln

2 0.5

o

u c

u

c
o c

o c

M
P P

MM

M PP P
P P






   −−         + = = 
    −   

−   

While β = 1.0 for major bending, β = 0.9 for 

minor bending. 

c. Second order effect 

(EI) eff .II x = 0.9(0.5EcIcx + Er Ir  + Es Is) = 

2017 KN.m2. 

Pcrx,II = 22134 

Mdesign = [Mu + eimpPu ] (
1

1−
𝑃𝑢

𝑝𝑐𝑟

) = 148.4KN.m 

While eimp = L/200 (major bending), L/150 

(minor bending). 

( )
max

1

2
0.16 0.65 0.81 1.0    Safe  

1

2

u c

u

o c

P P
M

M
P P





 
−   

  + = + =  
   − 
 

 

Note that this example is solved using Euro-

code 4 provisions with using proposed interac-

tion equation. 

 

 

 

Table 1: Summary of limitations between applied codes: 

Code Ec fc` fy ρr ρs 
A slenderness parame-

ter 

ECP-

SCLRF

D 

Ec =22000 -31000 for fcu=25-50 

Mpa, respectively. 

25≤fcu≤50M

Pa 
fy ≤350MPa No limit ρs ≥4% No limit 

CEN 

2004 
22000 * ((fc` + 8) / 10) ^ 0.3 

20≤fc`≤50MP

a 

235≤ fy ≤ 

460MPa 
ρr ≤ 6% 

0.2≤δ`≤0.

9 2.0   

ACI 4700 `cf
 

fc` ≤ 17MPa fy ≤ 350MPa 1%≤ ρr ≤ 8% No limit 
Short column 

KL/r≤[34+12(M1/M2] 

AISC 

1.543*W `cf
 fc (Mpa), W 

(KN/m3) 

21≤ 

fc`≤69MPa 
fy ≤ 517MPa 0.4% ≤ ρr ρs ≥1% No limit 
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CSA 
( )

1.5

3300 6900
23

c
cuf

 
+  

 
 

fc (Mpa), W (KN/m3) 

No limit fy ≤ 350MPa 1% ≤ ρr ≤ 8% No limit 

Short column KL/r 

≤[25– 10(M1/M2)] /[Pf 

/ fc`Ag] ^ 0.5 

Table 2-a: Comparison between various codes and proposed equation for calculating columns strength ratio, 

(Ptest/Pcalc.).  

 

Summary ACI CSA Eurocode 4 AISC 
ECP-

SCLRFD 

Proposed 

Eqn. 

Typ

e 
n* 

Mean
+ 

COV.+

+ 

mean
+ 

COV

. ++ 

mean
+ 

COV

. ++ 

mean
+ 

COV

. ++ 

mean
+ 

COV

. ++ 

mean
+ 

COV

. ++ 

A** 
16

1 
0.928 0.208 0.94 0.158 1.1 0.168 1.367 0.481 1.296 0.181 1.1 0.168 

B** 64 1.189 0.204 1.129 0.16 1.074 0.16 0.945 0.201 1.08 0.192 1.096 0.18 

C** 
15

6 
1.089 0.314 1.082 0.237 1.093 0.215 1.008 0.248 1.431 0.256 1.051 0.184 

D** 18 0.997 0.096 1.362 0.114 0.997 0.096 0.997 0.096 0.997 0.096 0.997 0.096 

All** 
39

9 
1.036 0.273 1.045 0.217 1.089 0.186 1.142 0.428 1.3 0.244 1.076 0.176 

 

Where:  n*  indicates number of tested sample. 

A**  indicates tested column with uniaxial load. 

B**  indicates tested column axial load with bending about the minor axis. 

C**  indicates tested column axial load with bending about the major axis. 

D**  indicates tested column pure bending. 

All**  indicates tested column stands for all beam-columns tests. 

Mean+  indicates the average of strength ratio (Ptest/Pcalc) for tests.  (Mean for All** = Σ [n* 

x mean+] / Σ n*) 

COV. ++   is Coefficient of variance = [standard deviation /mean+]. 

 

Table 2-b: Summary of comparison between various codes and proposed equation for calculating columns 

strength ratio 

 

typ

e 
 ACI CSA Eurocode 4 AISC 

ECP-

SCLRFD 

Proposed 

eqn. 

A*

* 

Research-

ers 
n* 

Mea

n
+

 

COV. 

++ 

Me

an 

CO

V. 

Me

an 

CO

V. 

Me

an 

CO

V. 

Mea

n 

COV

. 

Me

an 

CO

V. 

Janss[13&2

3] 
30 0.86 0.11 0.86 0.1 1 0.11 1.22 0.21 1.18 0.13 1 0.11 

Ste-

vens[19&23

] 

39 1 0.2 1 0.19 1.26 0.17 1.78 0.65 1.34 0.24 1.26 0.17 

Chen-

Astan.[30] 
13 0.84 0.13 0.89 0.12 0.97 0.1 1.08 0.13 1.21 0.12 0.97 0.1 
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Loke[16] 5 0.8 0.07 0.82 0.08 1.15 0.12 1.65 0.22 1.37 0.09 1.15 0.12 

Roik-

Schw.[11] 
1 0.8 --- 0.82 --- 1.15 --- 1.65 --- 1.37 --- 1.15 --- 

Han[20] 6 0.95 0.04 0.99 0.03 1 0.14 1.01 0.14 1.26 0.13 1 0.14 

Han-

Kim[29] 
5 0.88 0.09 0.91 0.09 1.05 0.06 1.13 0.09 1.27 0.08 1.05 0.06 

Janss[13,23

] 
23 0.87 0.1 0.89 0.1 1 0.14 1.27 0.26 1.24 0.15 1 0.14 

Ste-

vens[19&23

] 

6 0.95 0.02 0.98 0.02 1.32 0.06 1.36 0.06 1.73 0.09 1.32 0.06 

Janss[13&2

3] 
5 0.86 0.11 0.88 0.11 1.22 0.09 1.39 0.13 1.44 0.17 1.22 0.09 

Chen[18] 4 1.07 0.21 1.08 0.2 1.11 0.11 1.5 0.29 1.27 0.11 1.11 0.11 

Proctor[9] 7 0.84 0.15 0.87 0.16 1.1 0.11 1.3 0.24 1.38 0.1 1.1 0.11 

Suzuki[12] 17 1.1 0.34 1.07 0.13 1.05 0.08 1.15 0.25 1.29 0.12 1.05 0.08 

B*

* 

Stevens 

[19&23] 
23 1.16 0.14 1.12 0.08 1.16 0.12 0.95 0.15 1.07 0.14 1.16 0.15 

Johnson[7] 1 0.98 --- 0.99 --- 1.03 --- 0.77 --- 1.06 --- 0.98 --- 

Janss[13&2

3] 
9 1.18 0.05 1.2 0.05 1.03 0.11 0.88 0.11 1.11 0.18 1.01 0.14 

Loke[16] 11 0.92 0.24 0.88 0.09 1.02 0.15 0.99 0.27 1.07 0.17 1.03 0.24 

Roik-

Man.[10] 
6 1.35 0.15 1.42 0.13 1.19 0.24 1.19 0.18 1.41 0.19 1.28 0.21 

Yokoo[28] 3 1.55 0.12 1.07 0.13 0.93 0.11 0.86 0.12 1.05 0.05 1.03 0.13 

Morino[8] 8 1.41 0.11 1.28 0.08 1.01 0.08 0.91 0.14 0.97 0.18 1.08 0.06 

Bon-

dale[15] 
3 1.17 0.39 1.02 0.11 0.83 0.1 0.7 0.16 0.79 0.08 0.89 0.11 

C** 

Jahnson[7] 3 0.98 0.2 1 0.2 1.17 0.22 1.09 0.23 1.42 0.17 1.11 0.2 

Loke[16] 2 0.96 0.01 0.98 0.01 1.15 0.01 1.09 0.02 1.4 0.03 1.14 0.01 

Roik-

Schw.[11] 
17 0.98 0.11 0.99 0.12 1.03 0.32 0.86 0.1 1.32 0.14 0.93 0.09 

Roik-

Man.[10] 
8 0.95 0.15 0.96 0.14 1.11 0.19 0.94 0.18 1.28 0.16 1.09 0.2 

Mirza[21] 16 1.23 0.13 1.25 0.13 1.03 0.12 0.9 0.11 1.21 0.12 1.01 0.11 

Roik-

Diek.[22] 
6 1.06 0.07 1.09 0.07 1.19 0.08 1.08 0.07 1.65 0.13 1.17 0.07 

Han[20] 4 0.98 0.06 1.03 0.05 1.08 0.07 1.04 0.08 1.69 0.11 1.05 0.06 

Han-

Kim[29] 
15 0.89 0.06 0.91 0.07 1 0.08 0.91 0.09 1.37 0.12 0.98 0.07 

Ku-

ramato[17] 
17 1.29 0.27 1.25 0.15 1.24 0.13 1.18 0.12 1.78 0.11 1.16 0.1 

Kim-

Park[14] 
1 0.83 --- 0.89 --- 0.55 --- 0.5 --- 0.71 --- 0.54 --- 

Morino[8] 8 0.93 0.12 0.92 0.1 1.02 0.16 0.99 0.18 1.16 0.16 1 0.13 

ZHAO[6] 10 1.02 0.12 1.03 0.11 1.03 0.18 0.88 0.24 1.44 0.19 1 0.19 

Rickles [24] 8 1.27 0.04 1.28 0.05 1.16 0.05 1.12 0.05 1.33 0.06 1.13 0.06 

Yama-

da[25] 
5 2.39 0.29 2 0.19 1.9 0.08 1.76 0.09 2.69 0.14 1.77 0.07 

Naka[26] 3 1.03 0.03 1.04 0.02 0.96 0.03 0.94 0.03 1.17 0.09 0.95 0.04 

Waka.[27] 3 0.8 0.07 0.91 0.16 0.95 0.04 0.92 0.05 1.28 0.07 0.94 0.04 
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Yokoo[28] 16 0.99 0.28 0.95 0.24 0.99 0.08 0.97 0.09 1.17 0.09 0.97 0.1 

Bon-

dale[15] 
3 0.97 0.06 0.98 0.06 1.19 0.08 1.65 0.54 1.98 0.27 1.18 0.09 

Proctor[9] 9 0.94 0.18 0.98 0.1 1.06 0.09 0.89 0.08 1.54 0.14 1.02 0.09 

Suzuki[12] 2 1.12 0.13 1.12 0.13 0.91 0.13 0.88 0.13 1.11 0.11 0.91 0.13 

D** 

Naka[26] 1 0.91 --- 1.16 --- 0.91 --- 0.91 --- 0.91 --- 0.91 --- 

Waka.[27] 1 1.45 --- 1.37 --- 1.13 --- 1.12 --- 1.24 --- 1.12 --- 

Suzuki[12] 16 1 0.1 1.37 0.11 1 0.1 1 0.1 1 0.1 1 0.1 

. 

 

 

  

  

 

Figure 3: Statistical distribution of strength ratio using various approaches against frequency percent of 

tested specimens (n=399).   

 

  

Figure 4: Comparison between proposed equation with Eurocode 4, ECP-SCLRFD, and AISC using 

statistical distribution of strength ratio using various approaches against frequency percent of tested 

specimens (n=399). 
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i) ECP-SCLRFD 

 

   

j) Proposed Equation 

Figure 5: Effect of some parameters such as slenderness ratio KL/r, end eccentricity ratio e/h and steel ratio 

[ρs =As/Ac]% on strength ratio from different code provisions; (a) ACI; (b) CSA; (c) Eurocode 4; (d) AISC; 

(e) ECP-SCLRFD; and (f) proposed method (n=399). 

 

Note that: using statistical analysis, y(x) = a.x2 + b.x + c indicates strength ratio as a func-

tion of (x) parameters slenderness ratio, end eccentricity ratio and steel ratio that presented in 

dotted line in the figures. R2 indicates R-squared value. 

 

  

Figure 6: Comparison between nominal strengths predicted by Eurocode 4, using polygon interaction dia-

gram and proposed equation, and test results for specimens with similar properties tested by Mirza [21] and 

Yokoo [28]. 
 


