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Abstract 

A parametric study was conducted to investigate the influence of geometric factors on 
the fully encased composite column under eccentric loading about both axes of the 
steel section by using ABAQUS software. Thirty-six column specimens were assembled 
under 9 different groups by considering types of length to depth ratios (L/D ratios), 
three types of eccentricity to depth ratios (e/D ratios), and three types of steel contri-
bution ratios. For validation of the model, simulations were conducted for eccentric 
loaded composite column test specimens from current studies and published litera-
ture. These composite columns were simulated under eccentrically applied axial load 
to observe the ultimate load carrying capacity, failure behavior, and axial deformation 
under ultimate load. Generally, these were found to greatly influence to ductility and 
load carrying capacity of fully encased composite column specimens. It was found that 
the axial load carrying capacity of the composite column was reduced with an incre-
ment of the L/D ratio up to 35%. As the e/D ratio was increased, the flexural stiffness of 
the column was reduced gradually. The increment of the structural steel contribution 
ratio increased the ductility and load-carrying capacity with a smooth decline of the 
post-peak region of the curve. A load-Moment interaction diagram was plotted based 
on EBCS EN 1994-1-1:2014 from test results.

Keywords: Geometric factors, Eccentric load, Load-moment interaction diagram, 
Composite column, Finite element method

Introduction
A composite column is one of the structural members, which is a combination of con-
crete and structural steel of any shape with or without reinforcing steel bars to provide 
adequate load carrying capacity to sustain both axial and eccentric loads. The struc-
tural steel may be solid, pipe, or tube. The integral and interactive behavior of structural 
steel and concrete makes the composite column more ductile, stiff, and cost-effective. 
Both the concrete and steel sections resist external loading due to effective bonding and 
high friction. In earlier days people are improving the strength and durability of con-
crete structures by using supplementary cementitious materials, organic admixtures, 
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changing the mix design process, wrapping the fiber-reinforced polymer, etc. But nowa-
days composite columns are worldwide popular for the construction of high-rise build-
ings since it reduces the size of the column structure and increases the usable space of 
the floor plan. In addition, the composite column provides significant shear resistance to 
strong seismic loads and other lateral loads. There are three types of composite column 
sections used for high-rise buildings. They are fully encased composite column (FEC), 
and partially encased composite column (PEC) concrete-filled tube (CFT). Among these 
three sections, fully encased composite column provides corrosion protection and bet-
ter fireproofing because the steel section is fully covered by concrete. The load-carry-
ing capacity of the composite column depends upon length to depth ratio (L/D ratio), 
eccentricity to depth ratio (e/D ratio), and structural steel contribution ratio (δ). The 
slenderness of the column depends upon the L/D ratio. Recently, the structural behav-
ior of slender steel composite columns became a major concern for design engineers. In 
earlier days Mirza and Skrabek (1991) [1]. Wu et al. (2019) [2], and Lu et al. (2015) [3] 
studied short concrete steel composite column under axial load whereas Tokgoz et al. 
(2012) [4], Shanmugam and Lakshmi (2001) [5] reported about the slender compos-
ite column under eccentric loading. In recent years, several studies on composite col-
umns have been demonstrated by using different software. An H-shaped steel column 
section confined with concrete was analyzed by ABAQUS under a combination of axial 
load and the bending moment [6]. Different confinement regions were introduced such 
that the numerical model would give a good agreement with experimental results. It 
was concluded that predictions of the American Institute for Steel Construction were 
quite conserved. Besides to H-shape steel section, other shapes such as I-shape, T-shape, 
and Cross shape were analyzed by numerical method for observation of composite sec-
tion behavior for the steel sections and longitudinal reinforcement [7]. It was found that 
axial load carrying capacity and forced deformation behavior for both experimental and 
numerical methods coincided with each other. Also, the structural steel sections and lat-
eral reinforcement enhanced the post-peak strength. Both EN 1994-1-1:2004 [8] and JGJ 
138-2016 [9] codes were modified inscribing slenderness parameters and various load 
factors with the help of regression analysis [10]. Various dynamic characteristics such 
as natural frequencies, mode shapes, and damping ratios of the fully encased composite 
column under cyclic loading test was investigated by both experimental and numerical 
methods [11]. The results found that the damage at the connection zones of the col-
umn and beam were the main cause for the distinctly decreasing natural frequencies. 
A numerical study had carried out about the drop weight (geometric shape of impac-
tors) and its effects on the weak axis of rectangular hollow steel beam sections under 
the impact loading [12]. It was noticed that the maximum acceleration and deflection 
had occurred in beams, stroked by the triangular-headed impactors. By using of the tri-
angular headed impactor, a high amount of stress distribution and plastic deformation 
had been observed. The impactor was modeled with C3D8R finite element by ABAQUS. 
A finite element analysis model was developed for the prediction of concrete encased 
CFST box stub columns under axial loading [13]. Various parametric studies had been 
investigated for the influence of strength of steel and concrete, longitudinal bar ratio, the 
ratio between sectional width and diameter of CFST, spacing of stirrups, steel ratio of 
CFST, etc. Partially encased composite columns were investigated by numerical methods 
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subjected to eccentric loading [14]. It was concluded that the existing design methods 
prescribed by Eurocode 4 could be unconservative under certain circumstances. Also, it 
was noticed that increasing the width of the flange to the thickness of the flange ratio and 
the width of the flange to the thickness of the web ratio, increased the axial load carrying 
capacity of the composite column [15]. By investigating of behavior of square tubed steel 
reinforced concrete under eccentric compression, it was noticed that the initial buck-
ling of the tube occurred for the ultimate value of load when the B/t ratio is 100. But 
the buckling occurred earlier when the B/t ratio was 133 when the load reached 88 to 
94% of the ultimate load [16]. Experimental research was carried out on composite col-
umns subjected to fire under several parameters such as rotational and axial restraining 
to thermal elongation, different levels of applied load, and different slenderness values of 
the column [17]. The collected data of EN 1994-1-2 (2005) showed very conservative as 
compared to the experimental test. The fully encased steel-concrete composite column 
had higher energy absorption capacity when the columns were cast with high-strength 
concrete. These types of columns had been recommended for the construction of the 
seismic area, even if the failure mode was brittle [18]. When the axial compressive load 
was applied to a plastic pour-in form type composite column a hinge was formed and 
the brittle shear failure changed to ductile failure [19]. The necessity for more numerical 
and experimental studies on the behavior of composite columns subjected to axial load-
ing for different parameters.

Research significance
Buckling under eccentric loading is the main disadvantage of a steel column. It has been 
found that when the concrete is filled on the outer periphery of the H-shape steel col-
umn, the web components are better restrained than the flange component due to the 
less occupied area of the web portion. If the flange has not acquired a sufficient width-
to-thickness ratio, then there are chances to undergo local buckling. The buckling of the 
column depends upon several factors such as L/D ratio, e/D ratio, encased steel con-
tribution ratio, amount of longitudinal reinforcement and transversal reinforcement, 
spacing of ties, the strength of concrete and steel. Among them, some factors have 
been discussed by many researchers, and some factors are remained to discuss. In this 
research, three types of rolled steel H-section have been encased inside the four types 
of a cross-section of composite column applied under different eccentric loadings. The 
buckling of column, load carrying capacity, and failure envelope of the composite col-
umn were studied under several factors such as L/D ratio, e/D ratio, and steel contribu-
tion ratio by ABAQUS software. The novelty of the present research is an analyzation of 
the ultimate load moment interaction diagram for composite columns centrally encased 
with three different yield strength rolled steel H-Section in a higher depth. According to 
the position of the neutral axis the ultimate bending moment has been calculated for a 
composite beam centrally encased with an H-section. Also, limited research has been 
carried out for ultimate load-carrying capacity and bending moment analysis under the 
factors of L/D ratio, e/D ratio, and steel contribution ratio. The aim of the study is to 
investigate the influence of geometric factors (such that L/D, e/D, and steel to concrete 
ratio) on the fully encased composite column under eccentric loading about major and 
minor axes. Modeling and validating work were conducted through ABAQUS software 
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so that it can be easier to use the proposed model for further investigation. The objec-
tives of the present study are

 (i)  To conduct a numerical investigation on a fully encased composite column under 
several eccentric loadings with different eccentricities.

 (ii)  To perform the parametric study to explore the effect of several factors such as L/D 
ratio, e/D ratio, and steel contribution ratio.

 (iii)  To study the effect of L/D ratios on the second-order moment of the composite 
column.

 (iv)  To draw the load-moment interaction diagram from the results of ABAQUS analy-
sis.

Methods
The influence of various parameters such as L/D ratio, structural steel contribution ratio 
(δ), eccentricity to depth ratio (e/D), and spacing of transverse reinforcement (S), on 
fully encased composite columns with various L/D ratios had been investigated. In the 
present research, the structural steel contribution ratio means the area of rolled steel 
section (H-shaped steel section) to the total area of the composite column. The longi-
tudinal bars of 16 mm diameter were inserted at four corners of the composite column 
and the transversal link of 8 mm diameter was used. The total area of longitudinal bars 
was very small as compared to the area of rolled steel section. Hence the total area of 
the longitudinal bar had been decided not to consider in the structural steel contribu-
tion ratio. A total of 36 specimens of fully encased composite columns samples were 
assembled with different L/D ratios and the load carrying capacity of the above speci-
men had been analyzed with the help of finite element software ABAQUS. The typical 
view of the composite column section in the present research is shown in Fig.  1. The 
composite columns include components such as concrete columns, longitudinal rein-
forcement, and transversal links that were modeled using a combination of solid ele-
ments, truss elements, and shell elements. The modeling process of different parts of 
the composite column by ABAQUS software has been shown in Fig.  2. The S4R shell 
element was used for modeling of the structural steel section, which has six degrees of 
freedom. They are three translations and three rotations. There are five elements for the 
default number of integration points, which were sufficient for modeling the non-linear 
material behavior of the composite columns. The concrete column was simulated using 
a solid C3D8R element. Both top and bottom parts of the column were placed with two 
rigid plates to simulate the real condition of the composite column. They were modeled 
using a 3D four-node bilinear discrete rigid shell element. The various parts (concrete 
beam, longitudinal bar, tie bars, etc.) of the composite column were meshed individually 
and assembled for further process. The mesh size of 50 mm was selected for all compo-
nents of the present composite column. The composite column specimen under the pre-
sent study had a pin-ended end condition. This type of end condition was achieved by 
allowing rotational degrees of freedom around the major axis for both reference points 
at direction x-x, and axial displacement at the loaded end direction z-z. The different 
stages of ABAQUS modeling are shown in Fig. 3. The length of all columns was taken as 
3 meters and four types of L/D ratios (10, 12, 15, and 20) had been introduced by taking 
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four types of the cross-section. The analysis was carried out on the three types of rolled 
steel H-section (HEB 200, HEB 220, and HEB 240) to see the structural steel contribu-
tion ratio (δ). The grade of concrete was considered as C35/45. A static load had been 
applied to the column by taking three types of eccentricity ratios in both directions (i.e., 
0.1, 0.3, 0.5). The detailed specifications of 36 columns are shown in Table 1. The overall 
soundness of the long column depends upon the L/D ratio of the column. The diameter 
of main and transverse reinforcement was 12 mm and 8 mm respectively. The L/D ratio 
of 12 has been marked as a boundary line between short and long columns by many 
researchers [20–22]. To simulate the various structural member through ABAQUS sev-
eral material properties such as mechanical, thermal, electrical, and mass diffusion have 
to be fed as input parameters. Among them, the concrete damage plasticity model and 
the concrete smeared cracking model are very essential to simulate the concrete material 
behavior like an elastic response, plastic response, damage, and failure in the long fully 
encased composite column.

The concrete damaged plasticity (CDP) model used in ABAQUS software is a plastic-
ity-based model which arranges to analyze concrete structures under arbitrary loading 
conditions [23]. For the present research, the CDP model was prepared from a labo-
ratory test. The material mechanical properties used in the finite element model are 
described in Table 2. The stress-strain behavior of concrete and steel is shown in Fig. 4.

Fig. 1 Geometry of composite column specimen
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In the present study, the elastic-plastic model was used to define the properties of 
steel such as H-shaped rolled steel section, longitudinal reinforcement, and trans-
verse reinforcement as per EBCS EN 1994-1-1,3.3:2014 [24]. The mechanical proper-
ties of the structural steel section and the reinforcement bars utilized in the present 
study are shown in Table 3.

The structural steel section, longitudinal and transverse reinforcement, and con-
crete columns were molded with S4R shell element, truss element, and solid element 
respectively. To simulate the real conditions of the long columns, two numbers of rigid 
plates were kept at the top and bottom face of each column. They were molded by using 
3D four-node bilinear discrete rigid shell elements (R3D4). The mesh size of 50 mm 
was selected for the different components of long columns in order to produce the 

Fig. 2 ABAQUS modeling for different parts of composite column
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accurate behavior of a fully encased composite column with less computational time. 
The embedded element constraint technique was used to specify the group of ele-
ments embedded in the “host” element. In this research, the concrete was defined as 
the host element and both longitudinal and transverse reinforcement were defined as 
the embedded element. For the bond between concrete and structural steel, H section 
a “Tie” constraint pair was set, at which concrete was acting as the master surface and 
H-section was acting as the slave surface. Pin-ended end conditions had been applied to 
all column specimens, studied in this investigation. Two reference nodes were placed at 
the bottom and top of the rigid plates. The axial load was applied by using the displace-
ment control technique in increments through the top rigid body. Before going to anal-
ysis, the finite element modeling of long fully encased composite columns under biaxial 
loading was validated by a previous experimental study [25]. The finite element analysis 
results were compared with the previous experimental results in terms of peak load and 
load-deflection response. It was observed that the present numerical model was able to 
predict the experimental load-deflection curve behavior with high accuracy. The failure 
mode from the ABAQUS and experimental analysis is illustrated in Fig. 5.

Results and discussion
In total, 36 long fully encased composite columns were assembled with normal strength 
concrete and normal strength steel under eccentric loading in ABAQUS and simulated 
to examine their strength and behavior. All specimens were loaded up to the failure. 
The potential input variables were L/D ratio, structural steel contribution ratio (δ), and 
eccentricity to depth ratio (e/D). Buckling behavior, load-moment relationship, ultimate 
load carrying capacity, the corresponding moment at peak load, and failure modes were 
the output parameters that were to be investigated.

Fig. 3 Different stages of modeling by ABAQUS software
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Effect of L/D ratio

The buckling of column members was found when the members under compressive 
force became unstable due to the higher value of the L/D ratio and the high magni-
tude of the applied load. The mid-height deflection of various composite columns due 

Table 1 Specifications for different column specimen

Groups Column ID B × D L/D ex/D ey/D Steel structure

Group 1 C1 250 × 250 12 0.1 0.1 HEB 200

C2 200 × 200 15 0.1 0.1

C3 150 × 150 20 0.1 0.1

C4 120 × 120 25 0.1 0.1

Group 2 C5 250 × 250 12 0.3 0.3

C6 200 × 200 15 0.3 0.3

C7 150 × 150 20 0.3 0.3

C8 120 × 120 25 0.3 0.3

Group 3 C9 250 × 250 12 0.5 0.5

C10 200 × 200 15 0.5 0.5

C11 150 × 150 20 0.5 0.5

C12 120 × 120 25 0.5 0.5

Group 4 C13 250 × 250 12 0.1 0.1 HEB 220

C14 200 × 200 15 0.1 0.1

C15 150 × 150 20 0.1 0.1

C16 120 × 120 25 0.1 0.1

Group 5 C17 250 × 250 12 0.3 0.3

C18 200 × 200 15 0.3 0.3

C19 150 × 150 20 0.3 0.3

C20 120 × 120 25 0.3 0.3

Group 6 C21 250 × 250 12 0.5 0.5

C22 200 × 200 15 0.5 0.5

C23 150 × 150 20 0.5 0.5

C24 120 × 120 25 0.5 0.5 HEB 240

Group 7 C25 250 × 250 12 0.3 0.1

C26 200 × 200 15 0.3 0.1

C27 150 × 150 20 0.3 0.1

C28 120 × 120 25 0.3 0.1

Group 8 C29 250 × 250 12 0.5 0.3

C30 200 × 200 15 0.5 0.3

C31 150 × 150 20 0.5 0.3

C32 120 × 120 25 0.5 0.3

Group 9 C33 250 × 250 12 0.5 0.5

C34 200 × 200 15 0.5 0.5

C35 150 × 150 20 0.5 0.5

C36 120 × 120 25 0.5 0.5

Table 2 Parameters used in CDP model

Parameter Φ ε fb0/fc0 K μ

Value 35 0.1 1.16 0.667 0.007985
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to eccentric load is shown in Fig. 6. It was observed that the mid-height deflection of 
the composite column was increasing and load carrying capacity was decreasing with 
increasing in L/D ratio. It had been found that the deflection value is showing more 
for an e/D ratio of 0.3 than another e/D ratio of the same L/D ratio. This was due to 
the increase of compressive strain on one side of the column and then the other side 
as a result of increased curvature. The load-carrying capacity of the composite column 
encased with HEB 240 and lower e/D and L/D ratio was higher than the other column 
specimen. The load-carrying capacity of column C25 is more than 3.5 times of column 
C12. Local buckling of flanges was observed at the mid-height of the specimen. When 
the local buckling occurred at the mid-height, high stresses and strains were developed 
in the corner areas. The strain localization near corner areas was leading to inelastic 
buckling. The resisting capacity of the composite column decreased in the post-buck-
ling phase, after attaining the maximum buckling load. When the load level reached 
40% of the ultimate capacity of steel section HEB 240, i.e., 2500 kN, the first crack 
appeared in the middle of the front face of the column. As the load was increased, 
the horizontal cracks appeared at the tension side of the column when the load level 
reached 4500 kN. Due to excess bending moment, the mid portion of the column had 
deflected towards the right side. The concrete of the compressive zone started to crush 
after reaching the peak load of 5500 kN, and the tensile zone was filled with horizon-
tal cracks. It was found that the load carrying capacity was gradually decreasing as 
the vertical deflection developed. The analysis through ABAQUS was continued till for 
getting a large horizontal deflection at the mid-height.

The load carrying capacity (PFEA) for the first three groups of HEB 200 steel structures 
was found from the ABAQUS analysis (finite element analysis) as shown in Table 4 and 

Fig. 4 Stress-strain curve for compressive and tensile behavior of concrete

Table 3 Mechanical properties of steel section and reinforcement bars

Material Yield stress 
(MPa)

Ultimate 
stress (MPa)

Density (kg/m3) Young’s 
modulus (GPa)

Poisson ratio

HEB 200 235 360 7850 210 0.3

HEB 220 275 430 7850 210 0.3

HEB 240 355 490 7850 210 0.3

Reinforcement bar (12 
mm Φ and 8 mm Φ)

500 545 7850 200 0.3
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compared with the factored strength predicted by EBCS EN1994-1-1: 2014 [24]. It has 
been noticed that the load carrying capacity obtained from the Finite Element Analysis 
is less than the factored strength predicted by EBCS EN1994-1-1: 2014 except for an 
L/D ratio of 25. It indicates that beyond the L/D ratio of 20, ABAQUS is not showing 
the exact buckling of the composite column. Similar results were found for the other 
two types of steel structures, i.e., HEB 220 and HEB 240. Looking at the comparisons 
between the composite column’s strength obtained from finite element analysis and the 
design code of EBCS EN1994-1-1: 2014, it can be concluded that the predictions of this 
code are quite conservative.

Fig. 5 Load displacement curve for both experimental and ABAQUS analysis
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Fig. 6 Load lateral displacement curve for various steel sections
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Effect of e/D ratio

The behavior of fully encased composite slender columns under bending was highly influ-
enced by the initial load eccentricity ratio. Due to the increase of higher e/D ratios, the flex-
ural compression in the cross-section had increased and reduced the load carrying capacity 
of the column. The impact of eccentricity on the load-lateral displacement response for 
slender columns is shown in Fig. 6. It was found that as the e/D ratio was increased, the 
flexural stiffness of the column was reduced gradually. Columns with a small e/D ratio were 
showing the same ductile behavior with high flexural stiffness. A nonlinear load-displace-
ment curve was observed for the columns for a higher e/D ratio of each type of steel section 
and it was a lower value due to the increment of mid-height second-order displacement. 
A linear ascending load-deflection curve was seen for the column of both e/D ratios 0.1 
and 0.3. However, a relatively flat curve was found for the column sample of e/D ratio 0.3 
(group 2, group 5, and group 8) whereas the flatness was absent for the columns of e/D 
ratio 0.1. This flatness behavior with mild slope was seen for the columns group 8). A linear 
ascending load-deflection curve accompanied by a sharp decline in post-peak behavior was 
observed for the columns of group 7. At low eccentricity, the cover spalling was mild and 
slow, which was leading to a less brittle failure. As the eccentricity was increasing, the cover 
spalling was quick and rough and leading to a brittle catastrophic failure.

Effect of structural steel contribution ratio

In the present research, three different structural steel contribution ratios said 44%, 
52%, and 62% by using three different types of steel sections HEB 200, HEB 220, and 
HEB 240. Those structural steel contributions had been investigated to examine their 
effect on the strength and behavior of slenderer fully encased composite columns in 
the present research. It was noticed that the structural steel contribution ratio highly 
influenced the load-carrying capacity of the columns and their behavior. When the 
structural steel contribution ratio increased the ductility, as well as load carrying 
capacity of the column, was enhanced with a smooth decline of the post-peak region of 
the curve. Columns with lower structural steel contribution ratios had shown a sudden 
decline in the post-peak load lateral deflection curve. The bending moment reported in 

Table 4 Comparison of load carrying capacity between ABAQUS analysis and EBCS EN 1994-1-1: 
2014 prediction formula

Group No L/D ratio PFEA PESEN4 PFEA/PESEN4

Group 1 12 3993.81 4341.07 0.91

15 3468.09 3557.83 0.97

20 2630.04 2815.55 0.93

25 2226.58 2150.9 1.03

Group 2 12 4985.45 5078.16 0.98

15 4024.61 4152.14 0.97

20 3279.71 3285.87 0.99

25 2669.57 2509.2 1.1

Group 3 12 5517.79 5539.13 0.99

15 4399.9 4444.98 0.98

20 3185.69 3282.45 0.97

25 2428.27 2393.45 1.01
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Fig. 7 consists of the first moment calculated based on an initial eccentricity of 0.3 and 
the maximum bending moment caused by lateral mid-height displacement at the peak 
load. It can be pointed out that the axial load produced a large bending moment at the 
mid-height of the column and its initial eccentricity of the loading in the second-order 
effect. The ultimate load carrying capacity was enhanced by 0.56% and 5.14% when the 
structural steel contribution ratio was increased to 52% and 62% respectively, com-
pared with that of the column with a structural steel contribution ratio of 44%. When 
the structural steel contribution had increased from 44 to 52% and 62% respectively, 
the corresponding bending moment was increased by 0.61% and 5.17% respectively. 
It indicates that the structural steel contribution ratio had significantly influenced the 
strength and behavior of the slender fully encased composite column. Similar types of 
observations were found for other steel contribution ratios.

Load versus moment response

Since an eccentric compressive force was acting on the column specimens, an additional 
bending was developed in the member. The produced internal bending moment was 
larger than the predicted bending moment on the undeflected structure. The analysis of 
a structure involving second-order effects depends upon the deformed geometry. The 
second-order analysis provides the deflection of a structure due to the external load and 
determines the effect of deflection on the internal forces generated. The second-order 
effect is generally employed for the verification of the stability of the steel structure. 
According to EBCS EN 1994-1-1: 2014, second-order effects can be neglected if the load 
factor for elastic instability exceeds 10. The load factor is nothing but the ratio between 
the elastic critical load and the corresponding applied to load. The second-order effects 
can be found by using the following formula [25].

(1)Mx,Ed,II = K1Mx,Ed,I + K2Mx,Ed,Imp

Fig. 7 Effect of structural steel contribution ratio on maximum bending moment for eccentricity of 0.3
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Where

Again

The second-order moment was determined by using Eq. (1) and shown in Fig. 8. It was 
found that the second order moment of composite columns was highly increased as the 
L/D ratio of that column had increased. The second order moment for an L/D ratio of 12 
found as very less as compared to the L/D ratio of 25. Those columns having a large value 
of L/D ratio exhibited a large value of mid-height lateral displacement than the columns 
with lower L/D ratios. The second moment of inertia for the L/D ratio of 25 for the group 
3 column found as highest value compared to others. This happened due to the appli-
cation of load with high eccentricity on a small cross-sectional area of the column. Due 
to this, the buckling resistance was decreased. It was noticed that as the grade of steel 
increased the second order moment value decreased. The second order moment was half 
for HEB 220 and one-fourth for HEB 240 with respect to HEB 200. The total moment for 
the column specimens with a lower L/D ratio was governed by the moment due to initial 
eccentricity. However, as the L/D ratio increased, the second order effect was included 
and the behavior changed into a nonlinear pattern because of large deflection. Since the 
variation of the total moment did not find as uniform, it is quite difficult to discuss the 
effect of the slenderness ratio on the total moment at the peak load. Because the columns 
with a higher L/D ratio are governed by the second order displacement.

K1 =
0.66

1−
NEd

Ncr,xeff

and K2 =
1.0

1−
NEd

Ncr,xeff

Ncr,xeff =
π2(EI)eff

L2

Fig. 8 Effect of slenderness ratio on the second order moment
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Load versus moment curve of fully encased composite column based on EBCS EN 

1994‑1‑1:2014

The load moment interaction curve is the locus for the cartesian coordinate of moment and 
load which defines the limits of strength of the cross-section of column structure under com-
bined compression and bending. The interaction diagram has been constructed for bending 
the major axis and minor axis based on plastic stress distribution equations given by EBCS 
EN 1994-1-1:2014. The reduction factor of strength and effect of slenderness was not consid-
ered for the plotting of these curves. The load moment curves were generated for the normal 
strength of materials and columns of HEB 200, HEB 220, and HEB 240. From the numerical 
analysis, the ultimate load-carrying capacity was determined. The plastic stress distribution 
of a fully encased cross section for the major axis and the minor axis is shown in Fig. 9. Four 
numbers of salient points are shown in Fig. 9a, b. Point A represents the axial strength with-
out any eccentric moment, whereas the flexural strength of the section is shown by point B. 
Point C is representing the load at the plastic neutral axis and point D is showing the maxi-
mum flexural strength capacity when the composite column was loaded by the axial load. 
From both figures, one can notice that both points C and B are in the same line. That means 
the maximum flexural strength can be achieved at the neutral axis level. The stress diagram 
for corresponding salient points A, B, C, and D is shown in Fig. 9c. The notations fyc and fyd 
are the stresses of the reinforcing bar and rolled steel section respectively. Point A of the 
interaction diagram is defined as a resistance force against the axial compressive load with-
out any bending moment. The axial load and moment at A can be defined as

And

(2)PA = fcbh+ fysAs + fyrAsr

(3)MA = 0

Fig. 9 Load moment interaction curve for major and minor axis
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Where, b and h be the width and height of the composite section respectively, As is the 
area of rolled steel section and Asr is the area of the reinforcement bar. Similarly, point D of 
the interaction diagram is defined as the resistance moment against the eccentricity with 
the presence of axial compressive force PD. The axial load and moment at D can be defined 
as

Where d is the effective depth of composite column and Zs is the plastic section modulus 
@ X-axis for rolled steel section. It can be defined as follows:

Point B can be defined as the resistance bending moment of the composite section with 
zero magnitude of axial load, i.e., eccentricity is ∞. If Xu is the depth of neutral axis, the 
value of Xu can be found out by taking three cases as follows:

Let, bf = width of flange
 tf = thickness of flange
Xu = depth of neutral axis
b = side of column
d’ = effective cover of reinforcement
As = area of steel H-section
Asr = area of reinforcement
Φ = diameter of longitudinal reinforcement
Zs = plastic section modulus of steel H-section
fc = stress of block concrete
fys = stress of steel H-section
fyr = stress of longitudinal reinforcement bar
The position of neutral axis for individual case is shown in Fig. 10.

Now,

(4)PD = fcb
h

2

(5)MD = fc
bh2

8
+ Zsfys + fyrAsr d −

h

2

(6)Zs =
bf h

2

4
−

(

bf − tw
)

h2w

4

Case 1 : bf − tf ≤Xu≤
b

2

∑

FB = 0

(7)fcbαXu +
As

2
fys +

Asr

2
fyr −

As

2
fys −

Asr

2
fyr = 0

(8)fcbαXu = 0
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Which is not possible. It indicates that the Case-1 will not be exist practically.

Again,

(9)Xu = 0

Case 2 : 0 < Xu <

(

bf − tf
)

and Xu ≥

(

d′
∅

2

)

∑

FB = 0

(10)fcbαXu +
As

2
fya +

As

2
fyr −

As

2
fya −

As

2
fyr − 2

[

tf fya
(

bf − tf − Xu

)]

= 0

(11)Xu =
2tf fya

(

bf − tw
)

fcbα + 2tf fya

Fig. 10 Stress distribution diagram at point B for different cases
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Again,

Now,

In Fig. 9a, b, point C refers to the location of neutral axis which shows the same flexural 
capacity of point B and double of axial load of point D.

For the composite column specimens, the prediction of flexural strength from the 
plastic stress distribution method defined in EBCS EN 1994-1-1:2014 were found as 6 
to 17% greater than from the strain compatibility method described in Eurocode 4. The 
reason behind this is that the gross section of center-located steel did not yield a large 
deformation.

Conclusions
The present research was aiming to explore the strength and behavior of fully encased 
composite columns under bi-axial loading. A total of 36 columns were numerically ana-
lyzed to assess the influence of various key parameters such as L/D ratio, e/D ratio, and 
structural steel contribution ratio; related to the geometry of H-shaped steel column 
encased by concrete. The following conclusions were drawn from the present research.

 (i)  The axial load carrying capacity of the composite column was reduced with the 
increment of the L/D ratio beyond 15.

 (ii)  Failure occurs by crushing concrete on the compression side and tensile damage of 
concrete on the tension side, then yielding structural steel and longitudinal rein-

(12)hn =
b

2
− Xu

(13)

MB = fcb�Xu

(

b

2
−

�Xu

2

)

+ Zsfya + Asr fyr

(

b

2
− d�

)

−

[

2tf
(

bf − tf − Xu

)

fya

(

b

2
− Xu −

(

bf − tf − Xu

2

))]

Case 3 : 0 < Xu <

(

bf − tf
)

and Xu≤

(

d′
−

φ

2

)

∑

FB = 0

(14)fcbαXu +
As

2
fya − Asrfyr −

As

2
fya − 2

[

tf
(
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)

fya
]

= 0
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forcement for columns with a lower L/D ratio. For columns with a larger slender-
ness ratio, the failure mode is only due to tensile damage of concrete and a flexural 
buckling of the column.

 (iii)  The ultimate load-carrying capacity and ductility of the fully encased composite 
columns were enhanced when the structural steel contribution ratio was increased.

 (iv)  The ultimate load-carrying capacity of fully encased composite columns was grad-
ually reduced due to the increment of the e/D ratio.

 (v)  EBCS EN1994-1-1:2014 predicted the strength of fully encased composite columns 
made with normal strength materials regarding a simplified design method by cal-
culating the P-M interaction curve and second-order effects.

Recommendations and future studies
 (i)  The current study is limited to the bi-axial loading conditions only. An investiga-

tion should be done on the behavior and strength of fully encased columns made 
with normal strength materials under tri-axial and cyclic loading.

 (ii)  The numerical model may be extended to incorporate the effects of geometric 
imperfections and residual stresses on the behavior of fully encased composite col-
umns under various loading conditions.

 (iii)  The present research is limited to H-section steel profile and square shape cross 
section column. Further investigation is needed with other types of steel profiles 
and different cross sections.

 (iv)  Further study is needed to extend the effects of the dynamic loading on the behav-
ior of composite columns with high-strength materials may be investigated.
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