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The computational technique of the full ranges of the second-order inelastic behaviour evaluation of steel–concrete
composite structure is not always sought forgivingly, and therefore it hinders the development and application of
the performance-based design approach for the composite structure. To this end, this paper addresses the advanced
computational technique of the higher-order element with the refined plastic hinges to capture the all-range be-
haviour of an entire steel–concrete composite structure.Moreover, this paper presents the efficient and economical
cross-section analysis to evaluate the element section capacity of the non-uniform and arbitrary composite section
subjected to the axial and bending interaction. Based on the same single algorithm, it can accurately and effectively
evaluate nearly continuous interaction capacity curve fromdecompression to pure bending technically,which is the
important capacity range but highly nonlinear. Hence, this cross-section analysis provides the simple but unique
algorithm for the design approach. In summary, the present nonlinear computational technique can simulate
bothmaterial and geometric nonlinearities of the composite structure in the accurate, efficient and reliable fashion,
including partial shear connection and gradual yielding at pre-yield stage, plasticity and strain-hardening effect due
to axial and bending interaction at post-yield stage, loading redistribution, second-order P-δ and P-Δ effect, and also
the stiffness and strength deterioration. And because of its reliable and accurate behavioural evaluation, the present
technique can be extended for the design of the high-strength composite structure and potentially for the
fibre-reinforced concrete structure.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Steel–concrete composite structure can exploit the higher strength
and stiffness frombothmaterials. Therefore, the composite construction
are widespread worldwide, in particular the high-rise buildings and
long-span structures. Unfortunately, the composite structure is also
critical to the intricate behaviour from both materials; specifically the
behaviour of the composite member is not simply equal to the summa-
tion of both individual steel and concrete section. In fact, the composite
structure can behave more likely as the steel or concrete structure,
which depends on the material proportion between steel and concrete
in the composite section. For example, if the proportion of steel in the
composite section is over the rough threshold percentage 0.04%, the
member can be regarded as the composite structure. If not, it is regarded
as a reinforced concrete structure. More precisely, the cracking behav-
iour at pre-yield stage which is dependent of the steel proportion of
the section should govern the classification between concrete and
composite structure. For the sake of investigating the intricate behav-
iour of a composite structure, a great number of researchers conducted
the comprehensive experiments of the composite members, which are

divided into two main groups, such as the composite beam and beam-
column member. In regard to the composite beam, a large volume of
experimental research [1–3] was carried out for more than a few
decades, of which the partial shear connection is of much interest. In re-
gard to the composite beam-column experimental research, the nonlin-
ear composite behaviour mainly consists of the buckling of composite
column [4,5], confinement effect [6], the local plate buckling of compos-
ite column [7], etc.

On the one hand, other scholars studied the composite behaviour by
using the numerical approach. For example, there are great amount of
numerical approach [8–10], which specifically focus on the partial shear
connection of the composite beam at pre-yield stage. They studied this
nonlinear behaviour of partially shear-connected slip at the interface
comprehensively. However, this slip is not sensitive to the global behav-
iour of a whole composite structure. From the practical viewpoint, the
partially shear-connected interface of a composite beam can bemodelled
by the effective flexural stiffness approach [11], which can adequately
capture the deteriorated flexural stiffness due to the slip at interface at
pre-yield range. This approach attracts a number of researchers [12,13],
who presented the nonlinear analysis of a composite beam.

The partial shear interaction is less severe and not critical to the
composite beam-column member that can be normally ignored. How-
ever, the composite beam-columnmember is vulnerable to thematerial
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yielding due to interaction between axial and bending actions.
Therefore, many researchers, such as [14], developed the cross-section
analysis to determine the ultimate capacity of the concrete section or
steel–concrete composite section in the context of the plastic zone
method [15–18]. Unfortunately, the well-known setback of the plastic
zone method is inefficient convergence and time-demanding stress
numerical integration process.

The counterpart of the plastic zone method is the plastic hinge ap-
proach, which simulates the overall material behaviour of the element
section at the hinge (i.e. at element node), and further the lump-sum
spring stiffness in terms of the load–deformation relationship
characterises the material condition of the element section. The plastic
hinge approach always ensures the reliable numerical convergence
thanks to the load–deformation relationship being consistent and
compatible with the conventional finite element method (i.e. stiffness
method) as well as eliminating the time-demanding numerical
integration process that is used in the plastic zone method. In order to
characterise the material condition in alignment with the plastic hinge
approach, the cross-section analysis [13,19] is therefore indispensable
to evaluate the lump-sum material condition of the non-uniform and
arbitrary element section. And, on the basis of this, a few scholars
[20–22] presented the numerical nonlinear analysis of awhole compos-
ite structure.

In order to strengthen the modelling capacity, promise the efficient
solution as well as facilitate the effectiveness in computer modelling,
this study presents a second-order inelastic numerical analysis of an
entire composite structure in context of the higher-order element
with the refined plastic hinge. In regard to the material nonlinearities,
the inelastic analysis comprises the cross-section analysis (for the
non-uniform and arbitrary composite section under the interaction

between axial load and bending), which is extended from the previous
work [13], but well align with the refined plastic hinge approach [20]
(for gradual yielding, full plasticity and strain-hardening effect due to
interaction). In regard to the geometric nonlinearities, the second-
order analysis is based on the higher-order element formulation with
element load effects (for the P-δ and P-Δ effect, large deformation
behaviour, snap-through buckling, pre- and post-buckling), which can
provide the accurate first- and second-order element load solutions
[23,24].

2. Higher-order displacement-based element with element load
effect

The higher-order transverse displacement interpolation function of
an element not only fulfils the compatibility condition in Eqs. (2) &
(3), but also the force equilibrium equation in Eqs. (7) & (8) in order
to derive a higher-order element, as originally proposed by Chan and
Zhou [25]. Themid-spanmomentM0 and shear force S0 are respectively
introduced into Eqs. (4) & (5) as shown in Fig. 1, which enable to
measure additional deflection due to element load effect and the
second-order coupling effects [23,24]. Further, the elastic material law
follows in the higher-order element function.

v xð Þ ¼
Xp
i

cixi ð1Þ

in which ci is unknown coefficient solved from boundary conditions
given from Eqs. (2) to (8); p is polynomial of order up to 5 in this
sense. In the transverse deflection v in the y direction,

v ¼ 0 and
∂v
∂x

¼ θz1 atζ ¼ 0 ð2Þ

v ¼ 0 and
∂v
∂x

¼ θz2 atζ ¼ 1; ð3Þ

while the equilibrium equation of bending and shear force given by

EIz
∂2v
∂x2

¼ Pv−Mz1 1−ζð Þ þMz2ζ þM0 ð4Þ

EIz
∂3v
∂x3

¼ P
∂v
∂x

þMz1 þMz2

L
þ S0 ð5Þ

where

ζ ¼ x
L
: ð6Þ

EIz
∂2v
∂x2

¼ PvþMz2−Mz1

2
þM0 at ζ ¼ § ð7Þ

EIz
∂3v
∂x3

¼ P
∂v
∂x

þMz1 þMz2

L
þ S0 atζ ¼ § ð8Þ

Nomenclature

fy, fry yield stress of the steel section and reinforcement bar,
respectively

fc ideal compressive yield stress of concrete
Ig gross second moment of area (uncracked) for those of

composite If with full shear connection and steel Is
section

M0, S0 bending moment and shear force at mid-span,
respectively

M0, S0 equivalent bending moment and shear force at mid-
span, respectively

Nf/Cf degree of partial shear connection
Pc, Mc axial force capacity and bending moment capacity,

respectively
S plastic section modulus (cracked) for those of compos-

ite Sf with full shear connection and steel Ss section
yc, yp centroid (plastic centroid) and plastic neutral axis,

respectively
αx effective depth of the ideal concrete compressive yield

stress block
αn parameter for the biaxial bending interaction capacity

domain
δA cross section area of a strip of layer
εs, εc yield strain of steel material and concrete material,

respectively
εsu, εcu ultimate strain for ductility of steel and concretemateri-

al, respectively
σ, ε, ϕ normal stress, normal strain and curvature of the fibre,

respectively
ϕi, ϕf, μ initial and full yield function, and hardening parameter,

respectively
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