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Abstract— This paper presents an analytical study on the behavior of composite column that consist of an exterior wood panel with
concrete encased steel (CES) core, hereafter referred to as Engineering Wood Encased Concrete-Steel (EWECS) columns. A detailed
three-dimensional (3D) nonlinear finite element model is developed to study the response and predict the seismic performance of
EWECS columns subjected to both axial and cyclic loads by using finite element program, ANSYS APDL v.14. A reference model is
validated with previous test results and is used as a reference for the parametric study. The parameters considered in the parametric
study are the thickness of the wood panel and the compressive strength of concrete. The analytical results obtained from the finite
element analysis can accurately simulate the behavior of the EWECS column on the experimental study. The results show that the
EWECS column has excellent seismic performance. Moreover, the results of the parametric study show that the thickness of wood
panel has the greatest influence on the seismic behavior of the EWECS columns, with the increment of flexural capacity of 15% by
addition of 10 mm thickness of the wood panel. Meanwhile, the increase of concrete strength has not much influence on the flexural
capacity of the EWECS columns, in which the flexural capacity of the EWECS column only increases around 3% with the increase of
concrete strength from 35 to 60 MPa.
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has single H-section steel (Fig. 1), which is subjected to both
I. INTRODUCTION constant axial and lateral cyclic loads. The performance of
the column is examined regarding hysteresis characteristics,

Building structure-using wood has been widely used in "% : )
axial deformations, and failure patterns.

many countries, such as in Japan due to the friendly
environment and culture. However, the wooden structure has
been strictly limited in order not to have more than three
stories based on the Building Standard Law of Japan [1]. To EWECS beam-
overcome this problem, a new hybrid structural system has
been proposed [2], called engineering wood encased
concrete-steel (EWECS) structural system, as shown in Fig.
1.

In this structural system, the column consists of concrete
encased steel (CES) core with the wood panel as a column
cover, hereafter referred to as EWECS column. The use of a
wood panel in the column has many advantages, not only
economical but also structural benefits. The wood panel can
be used directly as a formwork for the column during

EWECS columns

column joint

EWES beams

concrete placement, which reduces the construction cost. In woody shell  concrete H-steel

the structural point of view, the wood panel act as core 5/}}//_ //1,/ _/f\)(///////

confinement and resistance to internal forces and buckling of % 5

the column. Therefore, the EWECS column is possible as an f 5 j 4

alternative to SRC columns, which have difficulty in / ) ? 4

constructing the steel section and reinforced concrete [2], [3]. IHosteel A f/’ ﬂ 9
An experimental study on the seismic performance of Y A P Z 777

EWECS columns has been done in Japan [2]. The columnFig. 1 EWECS structural system and cross section of EWECS columns [2]
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To validate the experimental results, a numerical study isstrain relationship is designed on the FE model developed by
carried out. The nonlinear finite element model is a powerful Saenz [7]. The tensile relaxation is characterized by a sudden
tool, and it can provide the researcher with much relevantreduction of the tensile strength to 0.6, &fter reaching the
information that cannot be supplied by the experimental testtensile cracking straire.,. After this point, the tensile
[4]. This study aims to develop a finite element (FE) model decreases linearly to zero stress at a strain ofeg,»as
using ANSYS APDL 14.0 [5] to predict the seismic shown in Fig. 4. Additional concrete material data, such as
performance of EWECS column subjected to both constantthe shear transfer coefficient for open cragksdnd closed
axial and lateral cyclic loads. cracks B.) are needed for the concrete constitutive material

ANSYS is capable of handling dedicated numerical data. A shear transfer coefficient suggested by Al-Mahaidi
models for the behavior of concrete under static and]8] is included in the analysis, with a value of 0.75 and 0.9
dynamic loading [6]This software has proven its reliability  for p; andp,, respectively. Five-parameter model of William-
in many benchmark studies and is considered suitable for thaVarnke is applied as the fracture criterion in the concrete
current task. The developed model is considering themodel [9].
nonlinear behavior of the material. The results of the

numerical model are compared with the test results. 40
Furthermore, a parametric study is performed with - N
parameters of wood panel thickness and concrete /"—-
compressive strength. 0 /
g 25 /
Il. MATERIAL AND METHOD §. 20 /

A. The Geometry of 3D FE Model 5o //

Details of the experimental program regarding the 10
geometry of steel section, concrete, and wood panel are 5 /
described in Fig. 2. The specimen had 1600 mm height and .

400 mnf section area. A wood panel covers the specimen
with a 45 mm thickness, while the core section is concrete
encased steel. Steel encased in the column had a cross shape
section H-section of 300.220.10.15 mm. The dimensions and
geometrical configuration of the test specimen are used to
construct the FE model. Concrete, steel, and wood panel are
modeled as a block and solid cube with an equivalent length
representing the total area of the specimen. The mesh density
is chosen so that the element aspect ratio is nearly equal to
one. This provides adequate accuracy and fair computational
time in modeling the EWECS column. The total numbers of
element used are 5095 elements.

a 0,001 0,002 0,003 0,004 0,005

Strain

Fig. 3 The idealized compressive stress-strain curve for concrete

f.

Ly 6:," g
Fig. 4 Idealized tensile stress-strain curve for concrete [7]

2) Encased Steel: The vyield strength of the encased steel
used in the FE model is 293.6 and 313.3 MPa for flange and
web, respectively.
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Fig. 2 Detail of test specimen and 3D model view of EWECS column ——web

o

B. Material Properties 0 0,002 0,004 0,006 0,008
Strain

1) Concrete: The compressive strength of the concrete ) ) ) )
Fig. 5 Stress-strain relationships for steel

used in the model is 35 MPa. A peak concrete strain of
0.0025 is used in the analysis. Fig. 3 presents the

. . The constitutive model of the encased steel used in this
compressive stress-strain curve for the concrete. The stresss-

tudy is a perfectly elastic-plastic criterion, as shown in Fig.
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5. At first, this curve is elastic; then it is assumed to be while unbonded for the material interface between wood and
perfectly plastic (bilinear isotropic model). This curve is concrete is performed by slightly reducing the constitutive
suitable for representing stress-strain characteristics ofmodel of wood panel. This assumption is applied because, in
normal and high-quality steel section. Von Mises vyield the previous experimental results (the comparison of seismic
criterion is applied in a constitutive model of the steel. behavior between EWECS column with and without shear
studs), bonded and unbonded between adjacent materials
(wood and concrete) are not much influenced for flexural
'capacities of the columns [12].

3) Wood Panel: The compressive strength and modulus
elasticity of the wood panel are 46.2 MPa and 13700 MPa
respectively. Some existing concrete models built in the
program by many researchers might be used in the analysis
with some modifications because the design to allow the
force to be applied in the parallel direction to the annual
growth ring of the wood [10]. The stress-strain relationship
is modeled with the linearly increasing model with slightly
reduced (5%), as shown in Fig. 6.
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Fig. 7 Solid65 and Solid185 ANSYS elements [5]
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D. Boundary Conditions

10 — Realoe Cune The boundary conditions are made to consider the test
"""" Reduced ot Curve setup, as seen in Fig. 8. An anchor plate/ stub (700.700.400

0 mm) is used in the model at the top and bottom of the
0 0002 0004 0006 0,08 0,01 column. The final boundary conditions of the FE model are
Strain shown in Fig. 9. Nodes at the bottom edge of the column are

Fig. 6 Stress-strain relationships for wood panel restrained in all translational DOF, and top of the column are

restrained in the vertical y-direction. The nodes at the two
In this FE analysis, the maximum tensile strength of the edge lines of the stub column are coupled in the horizontal
wood is taken as 5 MPa due to the unbonded connectiordirection to ensure all the nodes associated with this line
between concrete and wood panel, and also it considers thenove together.
lower tensile strength in the direction perpendicular to the
wood grain. The shear transfer model for concrete developed:=, | oads

by Al-Mahaidi [8] is included with the modified shear The loads are applied to the FE Model as follows:
transfer coefficientp. of 0.35 for wood. The fracture . Constant axial load, approximately 1031 kN, is

criterion of wood is adopted by following the rule of the applied to the top stub of the column. This is
five-parameter model of William-Warnke [9] for concrete represented in the FE model by applyin'g a point

with the input of wood material characteristics. pressure of 1.4 kN on the stub elements with a total

nodal of 717.

C. Element Type . The lateral cyclic load is represented in the FE model

There are two types of elements used to model the by applying the displacement at the top edge of the
materials in the EWECS Column. ANSYS SOLID185 is stub column. Story drift controls the increments of
used in this model to steel and wood, while SOLID65 to the lateral loading cycles, R, defined as the ratio of lateral
concrete one. These elements are a 3D hexahedral element displacement to the column heighth. The lateral
defined by eight nodes, which have three translational DOF load consists of one cycle to each R of 0.5, 1, 1.5, 2, 3,
at each node in the nodal x, y, and z directions, as shown in 4% and followed by half cycle to R of 5%, as shown
Fig. 7. The SOLID185 element has the capability of plastic in Fig. 10.

deformation, hyperelasticity, stress stiffening, creep, large
deflection and strain. The element also has mixed nonlinears. Nonlinear Solution
formulation that can be used for simulating deformations of
incompressible elastic-plastic materials. The SOLID65
element has the capability of plastic deformation, creep,
cracking in three orthogonal directions, and crushing in
compression. This element also has a treatment for nonlinea

The applied cyclic displacements are divided into a series
of increments called load steps and load substeps. The
automatic time stepping option is enabled in this analysis to

redict and control the load step size increments. Newton—
. : aphson equilibrium iterations are updated the model
material properties [5]. . . stiffness in ANSYS [13]. In this study, the convergence

The FE model in this study is considered perfectly bonded . i ia for the elements are based on displacement. ANSYS
for the material interface between steel and concrete [11]’convergence tolerance default values of 5% for displacement
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checking are initially selected. It is found that convergence is &
difficult to achieve using the default values due to the
associated large deflections and the highly nonlinear A I\
behavior of the concrete elements. Thus, in order to obtain 2 A

convergence of the equilibrium iterations, the convergence
tolerance limits are increased to 10% for the displacement-

checking criterion.
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Fig. 9 Boundary conditions and loads in the FE model
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I1l. RESULTS ANDDISCUSSION
A. Validation of Proposed Model

1) Hysteresis Characteristicss. The experimental
hysteresis loop (shear force vs. story drift) for the EWECS
column is compared to those obtained from the numerical
analysis, as shown in Fig. 11. The maximum shear force for
the FE model is 778 kN obtained at R of 5%. This is
approximately 6.8% higher than the results obtained from
the experimental (725 kN). It is clear from the figure that the
FE and test results are almost the same in each stage of
cyclic loading. The different percentage of lateral shear force
in each stage of loading cycles from the FE analysis and the
experimental results is around 2-8%.
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Fig. 11 Comparison of the hysteresis loop of EWECS coloetween test
and numerical results

2) Axial Deformation: Fig. 12 shows the comparison of
the longitudinal elongation versus story drift for the test
specimen and the FE model. The red and blue solid lines
represent the history of deformation for the FE model and
test specimen respectively. As shown in the figure, the slope
of incremental elongation of the test specimen for each cycle
is slightly higher than that of the FE model. It is found that
the maximum deformation of 2.62 mm at R of 5% is
observed for the test specimen, while the maximum
deformation in the FE model is 3.34 mm at R of 5%.
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Fig. 12 Comparison of axial deformation of EWECS columns between test
and numerical results

3) Failure Mode and Principal Stress Distribution: In the Infill Concrete Encased Stex
previous experimental study, the brittle failure of the wood Fig. 14 Failure patterns in infill concrete and encased steel
and severe damage of the column are observed significantly
after R of 3%. By removing the wood panel after testing, itis  The principal shear stress in the wood panel, asvisho
observed that the infill concrete has crushed at both top andnsjde the oval shape in Fig. 13, shows that the crack
bottom of the column in flexure and no local buckling gccurred in the location where the wood panels are
occurred at the encased steel. This failure mechanism is alsgssembled by using wood glue at a shear stress of
observed in the FE model. Figs. 13 and 14 present thegpproximately 7.24 MPa (maximum principal shear stress).
comparison of failure patterns between the test specimen ancthis corresponds to the tangential shear strength of normal
numerical model. wood suggested by Calderoni [14] is averaged at 7.44 MPa.
The stress in the each of material is also analyzed toThe crack occurs in this location; it might be atiteble to
validate the FE model. A major strain of 0.002 has beenthe weak shear strength of the connection using wood glue
reached in the encased steel of EWECS model at story drifiduring construction of the specimen. Cracks are also formed
0.51%, as indicated that the steel has first yielded in red inat the opposite side. They propagate along the column height.
the Fig. 15 (a). The elastic modulus of the steel is 156700These results indicated that the FE model satisfactory
MPa, with corresponding stress equal to the yield stress 324portrays the behavior of the column.
MPa. On the other hand, the first yield in the corner region
both of the top and bottom of the steel during experimental
is at R 0.57%. The minimum principal stress distribution in I
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the FE model illustrates that first crack in the concrete starts -2582-03 -¢.59901

at R of 0.3% in the strut zone, and propagate to the
horizontal direction, as seen in Fig. 15 (b). .711E-03
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Fig. 15 (a)First yield in the steel web and (b) first crack in the concrete
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RS0 B. Parametric Study of EWECS Column

Fig. 13 Failure patterns in wood panel From the above numerical analysis of EWECS column,
the FE model can provide an accurate prediction for its
seismic behavior, which has been compared to the
experimental program. A parametric study is performed to
deeply understand the EWECS column behavior and identify
a possible material that has more significant influence on the
column. The parameters studied are wood panel thickness
and concrete compressive strength. These parameters are
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chosen because of the importance of the material in TABLE Il
structural resistance, and it can improve seismic behavior RESULTS 0FPARAMTEJE'TCH%;’E;”SZFOEF\%ggggSN'—EE"NSW'THVARY'NG
without significantly changing the column dimensions.

There are three different values used in each parameter, a$ podel | W& Strength | Stiffness Energy
shown in Table 1. The numerical model, which is validated (kN) (kN/mm) | Diss. (kJ)
with the test results, is called the reference model (Model R) | A (35 mm) 678.1 9.23 194.0
in the parametric study [15]. R (45 mm) 778.4 10.61 214.6
TABLE | B (55 mm) 900.3 12.23 228.8
PARAMETER VALUES SELECTED FORPARAMETRIC STUDY
Parametric Value 2) Compressive Srength of Concrete:  The concrete

compressive strength used in this parametric study is based
on the comparison of the seismic behavior of EWECS
columns between those using standard and high strength
concrete. The features of other structural elements in

1) The thickness of the Wood Panel: Wood panel is a  humerical simulations of parametric analysis remain
column component that provides the core confinement andconstant. The related data for parametric analysis is similar
resistance to bending moment, shear force and columnto reference model analysis. Fig. 17 and Table 3 show the
buckling. The thickness of the wood panel is varied to comparison of hysteresis loops and seismic performance
evaluate the influence of this parameter on the column(stiffness, strength, and energy dissipation) of EWECS
behavior. The thickness used in the parametric analysis iscolumns with respectively having variation the compressive
determined by the commonly used thickness of the woodstrength of concrete.

panel ranges from 40-60 mm. The material properties of the  The model with concrete compressive strength of 50
wood, such as the compressive strength, elastic moduluspMpa (Model C) displays a stiffness of 9% higher than the
and other coefficients, are the same as those in the referenceference model (Model R), whereas the model with
model. Fig. 16 presents the shear force versus story drificoncrete compressive strength of 60 MPa (Model D)
(hysteresis loop) of EWECS columns with having variation displays a 2.71% greater than Model R. A higher
in the thickness of the wood panel. These curves i”UStratecompressive strength of concrete lead to a higher energy
the differences between the stiffness, strength, and energyissipation around 8-12%. Model C displays a 3.4% increase
dissipation of each model, as listed in Table 2. in maximum flexural capacity, while Model D displays a
The model with wood panel thickness of 55 mm (Model 3.7% increase in maximum flexural capacity to resist the
B) displays a stiffness of 13% higher than the referencelateral load. These results indicate that the increase of
model (Model R), whereas the model with wood panel concrete compressive strength does not much influence on
thickness of 35 mm (Model A) displays a 14% smaller than the maximum flexural capacity of the EWECS column.
Model R. The addition of 10 mm thick of wood panel can
increase the flexural capacity by around 15%. A thicker of 1090
the wood panel lead to a higher energy dissipation of around  soo
6-10%. The results of simulations indicate that the thickness ¢
of wood panel has a significant influence on the seismic
behavior of the column.

Thickness of wood 35 mm, 45 mm (R), 55 mm
Comp. strength of concrete 35 MPa (R), 50 MPa, 60 MPa
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Fig. 17 Comparison of the hysteresis loop of EWECS columns with
varying the compressive strength of concrete
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Fig. 16 Comparison of the hysteresis loop of EWECS columns with (kN) (kN/mm) Diss. (kJ)
varying the thickness of the wood panel R (35 MPa) 778.4 10.61 214.6

C (50 MPa) 804.9 10.98 232.3

D (60 MPa) 807.3 10.95 240.3
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IV. CONCLUSION [4]

In general, the hysteresis loop, axial deformation, and
failure mode of the FE model of EWECS column
satisfactory portray the behavior of the test column both in 2!
elastic and plastic ranges. The FE model has a stabl®
spindle-shape hysteresis characteristic by having little
damage on the column even at a final story drift. A good
correlation exists in all stages of cycling loading. 7]
Individually, the FE results for the peak loads are slightly
higher than the test results (within 2-8%) in each stage of|g]
cyclic loading.

The results of the parametric analysis demonstrate that thﬁg]
most significant influence parameter on the seismic behavior
of EWECS columns is the thickness of the wood panel, in
which the addition of 10 mm thick of wood panel increases
the flexural capacity around 15%. Meanwhile, the increase[10!
of concrete strength does not much influence on the flexural
capacity of the EWECS columns. The flexural capacity of
the EWECS column only increases around 3% with the [11]
increase of concrete strength from 35 to 60 MPa.

(12]
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