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Nonlinear Finite Element Analysis of Flexural Laminated Veneer
Lumber (LVL) Sengon Slender Beam

Effendi, M.K.! and Awaludin, A.2*

Abstract: Laminated Veneer Lumber (LVL) is one of the engineered wood products consisting of
wood veneers that are glued and pressed together. In this study, the behavior of LVL Sengon
slender beam is numerically investigated by means of nonlinear finite element analysis (FEA),
where only half of the experimental beam was modeled due to symmetry of the load configuration.
The LVL Sengon wood material used Hill failure criterion with isotropic hardening rules, and its
mechanical properties in both tension and compression are modelled according to its mechanical
properties in tension obtained from the clear specimen test. The contact analysis is defined for
each contacting and contacted elements. The FEA results well agreed with the experimental
results in term of the load-deflection curve and failure mode of the beam. It is found that the lateral
support has no effect on the stiffness of the beam. The beam stiffness and ultimate load increase

by the increase of beam height-to-width ratio (d/b).

Keywords: LVL; slender beam; failure criterion; finite element analysis; lateral support.

Introduction

Housing construction in Indonesia is expected to
increasingly continue in the coming years. Houses are
generally built using reinforced concrete material.
This reinforced concrete material is one of a large
share of global emissions [1]. The process of wood
processing from raw materials to production or the
cradle-to-gate process produces lower CO2 emissions
compared to concrete, steel, or brick constructions [2—
5]. Therefore, building structural materials with wood
materials should be introduced in Indonesia to
overcome these COz emission issue. In addition to
having the advantage of low CO2 emissions, this wood
material has disadvantage in some cases in which
larger beam or column dimensions are required for
heavy building construction. It is very difficult to get
large or extra-large size of wood on the market. One
way to overcome this problem is to use laminated
wood products.

Laminated Veneer Lumber (LVL) is one of the
engineered wood products consisting of wood veneers
that are glued and pressed together. Sengon
(Paraserianthes falcataria) wood is very familiar to be
used for LVL material because it is easy to cultivate
and has a very short planting age of about 5 years [6].
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LVL Sengon wood has started to be widely used as
building structural elements [7-9]. This LVL can be
used for beam construction elements. However, for the
use of slender beams which are having a large d/b
ratio are prone to overturning/torsion [10]. This
torsion can be overcome with lateral restraints. The
study of lateral confinement on the beam at support
has been carried out by Awaludin, et al. [11]
experimentally and numerically using finite element
analysis. The nonlinear load-displacement response
was obtained from the experimental results, while the
finite element analysis produced a linear response
only. For laminated beams with a large d/b ratio
loaded without lateral supports, Xiao et al. [12]
conducted experimental and finite element analysis.
Study on the flexural behavior of wooden beams given
lateral confinement at the center of the span has been
studied numerically by Hu, et al. [13] and a numerical
study on the behavior of high beams, by modeling
geometric imperfections using slips subjected to
lateral reinforcement has been studied by Klasson et
al. [14]. So far, contact analysis was not taken into
account in the finite element analysis.

The aim of the present work is to numerically predict
the flexural capacity of LVL Sengon slender beam by
means nonlinear finite element analysis (FEA). The
analysis includes the contact analysis between
contacted and contacting body. This study uses a
commercial FEA sotware, MSC Marc/Mentat [15].
Experimental specimen [11] is used for the compa-
rison of the FEA present study. To provide researc-
hers and engineers a better understanding of the
LVL Sengon slender beam, parametric study about
influences of lateral support depth and height-to-
width (d/b) ratio of beam cross-section are also
investigated by means of the present FEA model.
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Research Method

This paper presents a numerical simulation of LVL
slender beam by using the three-dimensional finite
element model. The non-linear material and non-
linear geometry of the beam are analyzed by means of
finite element package, MSC Marc/Mentat [15]. A full
scale LVL beam made by several layers of thin
Sengon wood tested by Awaludin, et al. [11] was
chosen to validate the numerical model.

Geometry of the LVL Beam

The modeled LVL slender beam specimen is obtained
from the available experimental test carried out by
Awaludin, et al. [11]. The beam was tested until
failure under a three-point bending test, as shown in
Fig. 1. Laminated Veneer Lumber (LVL) beams is
made by 25 layers of Sengon wood veneer with a
thickness each approximately 2 mm. The beam is
2500 mm long, and it has dimension of 50 mm wide
and 250 mm height. At both ends, the lateral supports
are given with C-section steel profile to avoid rotation
at supports. The length of the lateral supports is 50
mm, thus the effective span of the beam is 2400 mm.
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Figure 1. Geometry of the LVL Beam for FEA Study

Finite Element Modeling

In the FEA model created, LVL beam is modeled as
three-dimensional element. The LVL Sengon wood
layers, the steel loading transfer plate, and the steel
support plate are modelled using the 3D solid
elements, type 7 in MSC Marc/Mentat [16]. The
element has eight nodes and three degrees of freedom
at each node, translations in the nodal x, y, and z
directions.
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Figure 2. Local Axes of Sengon Wood Element
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Table 1. Material Properties of Sengon Wood

Parameter Tension
MoE El 7083 MPa [17]
E, 7083 MPa [17]
E,  60.26MPa
Poisson’s Ratio v, 0.225 [18]
0.005 18
U, [18]
0.225
l)23
Tensile Stress o, 46.69 MPa (17]
Yield Stress o,  4669MPa
Shear Modulus Glz 919.6 MPa
919.6 MP.
(313 a
G 919.6 MPa

23

Hill failures and Hill yield criterion with isotropic
hardening rules were used for the LVL Sengon
material. The Hill yield criterion can be thought of as
an extension of the von-Mises yield criterion [19]. The
wood mechanical properties in both tension and
compression are modelled based on the mechanical
properties in tension. Based on this assumption, as
seen in Table 1, the tension mechanical properties are
used as the material input. Material properties for
uniaxial behavior of LVL with anisotropic plasticity
model for multi-layer sandwich beam with random
stacking sequence is used in the analysis of a notched
shear block test specimen and a single-bolt connection
[20]. For the present FEA study, the Sengon layers
behavior is assumed to be the multi-layer sandwich
beam with random stacking sequence. The local
direction axes of Sengon wood can be seen in Figure
1. The input of elastic modulus of Sengon layers is
assumed to be the same value with respect to local
direction 1, and local direction 2, which is 7083 MPa,
whereas elastic modulus of 60.26 MPa is assigned in
local direction 3. The shear modulus is assumed the
same value with respect to local direction 1, 2 and 3,
respectively which is 919.6 MPa. The LVL Sengon
layers are assumed as elastic perfectly plastic
material with respect to both parallel-to-grain and
perpendicular-to-grain as can be seen in Figure 2. The
tensile strength with respect to X axis is taken as
46.69 MPa while the tensile strength with respect to
Y and Z axes is 10% of the X axis stress [21].

The steel support and steel loading transfer plate
materials are modeled as the linear-elastic material.
For the specimens considered, only half of the
experimental beam was modeled due to symmetry.
The mesh of the test specimen can be seen in Fig. 3.
The mesh for steel support is 25x25x25 mm size and



Effendi, M.LK. et al./ Nonlinear Finite Element Analysis of Flexural LVL / CED, Vol. 24, No. 2, September 2022, pp. 85-92

the number of elements is 4 solid elements. To obtain o(+)
reasonable results with the experimental results, the Cyx |- z o
LVL Sengon layers mesh is 25x25x2 mm. This mesh - Ex T .
size produces a total mesh of 12500 solid elements. oy EE 7
This number of solid elements are considered to have E. N§_ " 2 k iﬁgx
given converged results. Because of the computer’s & o/
. L X &(+) ~ x
capability, the FEA model running time is very long if

more than 12500 solid elements are used. The mesh =1 Oyry
of steel loading solid tube is made by dividing the tube -
. . . yX
into triangular elements in the near center of the 0)
mesh and rectangular elements in others. The loading

elements are 84 solid elements. Figure 3. Geometry of the LVL Beam for FEA Study
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Figure 3. The mesh of LVL Sengon Beam
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Figure 4. The Load and Support Conditions
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The boundary conditions and loading conditions on
the FEA LVL beam model were set the same as the
beam conditions during the experiment. This con-
dition, if they are not properly defined, will affect the
results of the FEA so that it produces a different
response from the experiment. To model the half-span
beam, all degrees of freedom of node translation in the
X direction at the right cross section are restrained,
U: = 0. Loading is carried out with displacement
control where the load element is given a displace-
ment in the direction of U: by 40 mm downwards,
negative Z direction. In the load element, the tran-
slational degrees of freedom, Us, Uy, and the rotation
of Ry, Ry, R: were set to zero. For the supports, to
model the pin support, the degrees of freedom U., Uy,
U: were set to zero on the middle nodes on lower nodal
element supports. The condition of the beam element
above the support where the lateral support is
installed, the degrees of freedom U, were set to zero.
Illustrations of load and boundary conditions are
shown in Figure 4.

Contact Conditions

From the experiment [11], there was contact between
the steel loading transfer plate and the LVL Sengon
beam. In addition, there was also contact between the
steel supports and the LVL Sengon beam. The
contacted and contacting elements are composed of
contact body type deformable elements. Contact
analysis is the contact type touching. This type allows
the contact elements to separate each other. Contact
also occurs between the Sengon layers of the LVL
Sengon beam. The contact analysis type for the each
Sengon layers is glue. The glue type means that the
contact element should be treated as one part. The
details of the contact pairs can be seen in Fig. 5. By
defining the contact table in MSC Marc/Mentat, the
contact pairs are defined. The default parameters in
the contact table are used in this study.

Hill Failure Indicator

There are some of the widely used theories for
analyzing material failures, such as Tsai-Hill, Tsai-
Wu, and failure criteria Hoffman, maximum stress
and strain maximum [22-25]. The Tsai-Hill failure

indicator, 0, is used in the analysis and may be

expressed as Eq. 1:

O, =+ FA(G) = \/H (611 _0-22)2 +F (0-22 _633)2

+G(0y—0,,) +2No? + 2L’ +2Mo?
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Where: O-lyl’azyz’o-:syz’ O-lyZ’GZyiS’O-l
and shear in yield condition with respect to the axes,
respectively. The Hill failure is deemed to occur when
the indicator reaches or exceeds the value of 1. The
constants Riz, Ree, Rss, Riz, Res, Ris represent that
ratio of the yield stress in a given direction to the
reference (von Mises) yield stress. Hill’s criterion does
not describe hardening, it only describes the yield
criteria. The Hill potential is combined with isotropic
hardening models. The Hill model is then used to
determine the actual yield stress value in six
directions. The von Mises criterion is often used to
estimate the yield of very ductile materials, with the
same yield strength in tension and in compression
[26].

Results and Discussion
Load-Deflection Response

A half of the LVL Sengon beam is modelled in the
analysis. The response of the LVL beam under static
load at midspan of the beam is represented by the
graph of load versus displacement. The load is the
summation of the two times vertical reaction forces.
The displacement is measured at mid-section of the
midspan of the beam. Figure 6 shows the load-
displacement curves of the beam by both experiment
and FEA study [11] and the present FEA simulation.
The experimental load-deflection curve obtained from
testing in the laboratory in which the maximum load
1s 27.88 kN and maximum displacement is 28.59 mm,
respectively [11]. In FEA Sengon LVL beam behaves
in linear response because the material is assumed to
behave elastically and linearly [11]. As shown in the
Fig. 6, the present FEA results show tri-linear shaped
load-displacement curve. The beam behavior of
present FEA study results is linear up to a load level
of 10 kN (p1), after which a small non-linearity was
initiated and then continued increasing until about 20
kN (p2) and the second non-linearity until the load
corresponds to 38.59 mm displacement reached about
25.7 kN (p3). This load (ps) is almost the same as the
load given by the experiment 27.88 kN where the
difference is about less than 10%.
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Figure 5. Contact Analysis.
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Figure 6. Load—deflection Response
Failure Mode

Figure 7 shows the failure mode of the LVL slender
beam obtained from the present FEA. According to
the test results as shown in Figure 7(b), it also
indicates that the local damage was occurred at the
upper side of the beam close to the loading point and
at bottom side of the LVL beam. The failure mode of
present FEA results shows the same phenomenon as
that of experimental results. The Fig. 7(a) display the
isometric view and Figure 7(c) shows the side view of
the present FEA of the finite element analysis. The
lateral deformation was found 12 mm under the steel
loading transfer plate as shown in Figure 7(a) when
the load reaches ultimate of 25.7 kN. There is no
indication of separation between the LVL layers
because in the FEA modeling LVL layers are
considered as fixed at contact surface.
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(a) FEA Isometric View

(b) Experimental View

(c) FEA Side View

Figure 7. Failure LVL Sengon Beam (a) FEA Iso-
metric View (b) Experimental View (c) FEA Side View

Failure Index

The failure of the LVL beam is evaluated by the Hill
failure criteria. The evaluation of Hill failure criteria
was carried out by MSC Marc/Mentat software. The
software displays the failure index for each layer of
the LVL beam. From the Fig. 8, it displays the failure
index above 1. The display is set to be above 1 which
means the layer/beam is failure. The failure is
occurred in the bottom mid-span of the beam and
below the loading until the mid-section of the beam.
From the Figure 8, the experimental failure also
occurs in the bottom mid-span of the beam and at the
beam below the loading point. Failure of the finite
element analysis is almost the same as that of the
experimental result.

Influences of Lateral Support Depth

The possible failure mode of lateral torsional buckling
(LTB) is prone to happen in a slender beam. With all
the same material parameter as present study, a
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Figure 8. Failure Index

parametric study of the lateral support depth on load-
displacement behavior is examined. The parametric
study could be performed as the present FEA model
has proven its capability produce the numerical
results with high degree of agreement with the
experimental results. To study the lateral torsional
buckling, additional lateral supports are provided to
the beam in the plane of the compression of beam 25
mm and 50 mm from top fiber along the beam and at
both end supports. The beam will be given a 40 mm
displacement loading at mid span of the beam. As
seen in Figure 9(a), LVL beam with lateral support at
both supports only produces a linear response load of
10 kN, whereas with addition 25 mm and 50 mm
lateral supports linear response are 20 kN and 25 kN,
respectively. All beams, after generating linear
response, experienced short plastic condition followed
by an increasing load. Ultimate beam load with
lateral support at both supports only, at both supports
plus 25 mm from top fiber along the beam, and at both
supports plus 50 mm from top fiber along the beam
produce loads of 25.7 kN, 27.8 kN and 30.5 kN,
respectively. The stiffness of all beams, load per unit
deflection, is about 1.4 kN/mm. The lateral support
depth has no effect on the stiffness of the beam. The
failure mode of the beam in the plane of the
compression of beam 25 mm and 50 mm from top fiber
along the beam and at both supports can be seen in

Figure 9(b).
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Influences of Ratio of Height-to-width (d/b) of
Beam Cross-section

The same procedure is used to study the influence of
height-to-width (d/b) ratio of beam cross-section on
the load-displacement behavior of LVL beam. The
beam size parameter is 50x100 mm, 50x150 mm,
50x200 mm, and 50x250 mm. The beam is restrained
laterally at both end supports and is given displace-
ment control maximum 40 mm. From Fig. 10, the
beam size 50x100 mm and 50x150 mm shows the
linear response during the analysis, on the other
hand, the beam size 50x200 mm and 50x250 mm
shows the nonlinear response during the analysis.
The load capacity of the higher depth of the beam size
is higher than the lower depth of the beam size. The
load corresponds to 28.59 mm displacement of the
beam size 50x250 mm, 50x200 mm, 50x150 mm, and
50x100 mm, are 3.86 kN, 11.4 kN, 19.8 kN, and 25.7
kN, respectively. The results of this analysis are in
good agreement with the study conducted by Oka
[27]. The beam size has effect on the beam load
capacity. The higher depth of the beam, the higher
load capacity of the beam. The stiffness of beam size
50x250 mm, 50x200 mm, 50x150 mm, and 50x100
mm, load per unit deflection, are about 0.09 KN/mm,
0.31 kN/mm, 0.74 kN/mm, and 1.4 kN/mm, respec-
tively. The beam size has effect on the stiffness of the
beam, the higher depth of the beam, the higher
stiffness of the beam.
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Figure 10. Parametric Study Influences of Ratio of Height
to Width (d/b) of Beam Cross-section

Conclusions

This study develops nonlinear finite element analysis
of LVL beam using MSC Marc/Mentat where the LVL
Sengon layers is assumed as perfectly-plastic mate-
rial. The glue contact is applied to Sengon beam
elements, while touching contact is applied between
LVL Sengon beams and steel supports as well as load
plates. This proposed FEA model improves numerical
model previously developed by co-author of this
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paper. The results of this proposed FEA model show
that the load-deflection results have a similar trend
with the experimental results including in the
nonlinear response. The load at the maximum dis-
placement of 38.59 mm is less than 10% difference
where the FEA is about 25.7 kN and experimental
result is about 27.88 kN, respectively. The failure
mode of proposed FEA at maximum displacement
38.59 mm shows the same phenomenon as that of the
experimental results including the local damage
below the loading steel. The local damage according to
the failure index of FEA results show the same
location as that of experimental results. The results of
the FEA also show that the ultimate beam load with
lateral support at both supports is increasing with the
higher lateral support depth. The lateral support
depth, however, has no effect on the stiffness of the
beam. The ultimate beam load is increasing by the
higher ratio of height-to-width (d/b) of beam cross-
section.
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