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Abstract. Timber is one of engineering materials that behaves elasto-plastic
property. However, the number of research that considers the elasto-plastic
property of timber to analyse or to predict ultimate load of timber beam is limited.
The application of perfectly elasto-plastic property for timber is proposed to predict
the ultimate strength of solid and glulam beams. Three yield criteria for timber are
introduced, i.e. yield criterion I, 1l and Ill. All criteria are developed based on
orthotropic and microstructure property of timber. The existing criteria proposed
by Tsai-Wu and Hill are also considered. These criteria were used to develop the
theoretical model in order to predict the ultimate load of timber beams (solid and
glulam). The ultimate loads predicted by perfectly elasto-plastic model (using yield
criterion Il1) are in close agreement with experimental results. The predicted load-
deflection curves using perfectly elasto-plastic model (using yield criterion Il1) is
found to be approaching experimental load-deflection curves for most beams.
Therefore this shows that the timber can be idealised as a perfectly elasto-plastic
material. It can be concluded that the yield criterion Il is the best criterion for
solid and glulam timber beam. This new yield criterion is significant for
development of theoretical model to predict ultimate load for timber beam.

1. Introduction

Simple elastic approach is normally applied to analyse timber beam structure. This
approach assumes that the beam is elastic up to failure. However, timber behaves
elasto-plastic property and there is a lack of research to consider this property to
predict ultimate load of the beam.

Existing code of practices proposed elastic approach to predict ultimate
strength of timber beam [1, 2]. In the ASTM D3737-92, the method of transformed
section is proposed to predict ultimate strength and to take account the effect of
inhomogeneity that present in glulam beam structure. A number of USDA
researchers [3, 4, 5, 6, 7] applied a method of transformed section to predict ultimate
strength of timber beam. Those researchers assumed that timber property is elastic
up to failure and neglecting the actual property of timber, i.e. elasto-plastic.

A few researchers such as Nwokoye, Bazan, Zakic and Buchanan [8, 9, 10,
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11] consider elasto-plastic property of timber to predict ultimate strength of timber
beam. The prediction of ultimate strength is based on simplified stress-strain curves
and considering force equilibrium in typical section of the beam. However, elastic
analysis is still applied to predict ultimate strength. Nwokoye [8] simplified the
stress-strain curve as perfectly elasto-plastic curve. Bazan and Buchanan [9,11]
simplified strain-softening part of stress-strain curve as linear relationship. On the
other hand, Zakic [10] simplified the elastic part as parabolic and plastic part as
perfectly plastic curve.

The application of perfectly elasto-plastic theory is widely used to analyse
soil structure but limited for timber structure [12]. The load predicted by this theory
converges to certain amount and after that the load is remain constant. The constant
load is called a limit load or a collapse load P.. An excessive amount of deformation
occurred when the load approaching P, and the material is assumed fails at this
stage. The typical load-deflection curve under perfectly elasto-plastic theory is as
shown in Figure 1.

Load, P

Deflection, &
o -—

Figure 1 Typical plastic collapse phenomenon and definition of limit load

Under perfectly elasto-plastic theory, the material is assumed yield when
the stress states in the yield locus diagram reaches the boundary of yield locus and
depend on the type of yield criteria. There are a few types of yield criteria, but only
two of them match to timber. Under Hill's criterion [13], the orthotropic property of
material is considered and the material is yielding if distortion strain energy
approaches a critical value. Hill proposed an ellipse shape for yield locus and
centred at origin point.

The application of Hill's theory is limited for the material that not
influenced by Bauschinger effect. Timber is influenced by Bauschinger effect, thus,
the application of Hill's criterion is conflicted to timber property in certain case.

In order to consider the Bauschinger effect that presents in orthotropic
material, Tsai and Wu [14] modified Hill's ellipse and shifted to a new position. The
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centre of the ellipse is not at the origin point. The different values of uniaxial yield
stresses in compression and tension are considered.

The yield criterion proposed by Tsai and Wu is an improvement to Hill's
criterion. However, Tsai and Wu proposed an ellipse shape for yield locus and
verified to graphite-epoxy material. From existing researches related to timber
material, however, there are no reports that consider the ellipse shape of yield locus
for timber material.

The elasto-plastic property of timber was documented by Suhaimi and
Zainai [15]. Timber can be idealised as a perfectly elasto-plastic material. The
stress-strain curves obtained from compression tests (parallel and perpendicular to
grain tests) converge to perfectly elasto-plastic curves. The load-deflection curves
from beam test also converge to perfectly elasto-plastic curves. The plastic property
of timber is also found significant.

The idealisation of timber as perfectly elasto-plastic material and the
application of perfectly elasto-plastic model to analyse timber beam structure may
become the initial stage and useful part in the design of timber beam structure. The
actual property (elasto-plastic) of timber is considered, thus the application of
perfectly elasto-plastic model to predict the close possible value of ultimate load
becomes possible.

2. Perfectly elasto-plastic model

Perfectly-elasto plastic model can be represented in Figure 2. The yield locus in this
figure represents the strength of timber. Any stress state (cy, oy, Ty) in the yield
locus can not exceed the boundary of yield locus. Any stress state inside the yield
locus (such as point A and B) corresponds elastic behaviour of the material. The
plastic flow (dsP) is assumed take place when the stress state reaches yield locus
(such as point C and D in Figure 2). To ensure the work increment due to external
load is always positive value, the yield locus should be convex and the plastic strain
increment vector, deP, at any point of the yield locus is normal and outward direction
to the yield locus. The plastic strain increment vector, de®, is related to the yield
function, f, as follow [12]:

dSijp:kﬁf/aGij

1)
Where A>0 is a positive scalar proportionality factor. 'i* and 'j' are the parameters
that relates to coordinate axes, x and y. Equation 1 is a well known as normality
rule.
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Figure 2 A pictorial representation of perfectly elasto-plastic model

The plastic work increment is assumed equal to zero and can be stated as a

dot product between two vectors do and de”, as follow:

dWP=do.deP=0

)
Equation 2 indicates that both vectors are perpendicular. The stress increment
vector, do, is perpendicular to the strain increment vector, de®, and its direction is
along the tangential line of the yield locus (refer Figure 2). Thus, all stress states are
allowed to move along the yield locus and can not exceeded outside region of the
yield locus.

3. Possible yield criteria for timber

Three possible yield criteria for timber are introduced and namely as yield criterion
I, 11 and I1l. All criteria are develop based on orthotropic property of timber or
behave different value of uniaxial yield stress according to timber axes. The
possible yield criteria were introduced to overcome the limitation of existing yield
criteria discussed in Section 1.

3.1. Yield criterion |

Yield criterion | is proposed to consider the different values of uniaxial yield
stresses according to orthotropic axes and to take into account the effect of
Bauschinger that presents in timber. Under a combination of stresses o, and oy (see
Figure 3), the timber is assumed yield if the stress o, reaches anyone of the uniaxial
yield stress X or X;, or the stress o, reaches anyone of the uniaxial yield stress Y or
Y. The possible yield locus diagram under yield criterion | is shown in Figure 4.
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Figure 4 Yield locus I, I, 111

3.2. Yield criterion Il

Yield criterion Il is developed based on Tresca's criterion and improvement has been
made to consider orthotropic property of timber [16]. The material is assumed yield
if the shear stress at any plane of timber's element (refer Figure 3) approach a critical
value or shear strength. The shear strengths are assumed unequal value according
different directions in the timber's element. The yield locus diagram under this
criterion (namely as yield locus 1) is shown in Figure 4.

3.3. Yield criterion 1l

A new yield locus, namely as yield locus Il1, is superimposed from yield locus | and
yield locus Il and take account of the Bauschinger effect (unequal values of
compression strength and tension strength) that present in timber. It is the next
possible yield locus for timber. Under yield criterion 111, the material is assumed
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yield if the shear stress at any plane of timber's element approaches a critical value,
or normal stresses (o4 or o) reach its yielding values. The yield locus I11 is shown
in Figure 4. Any points on the yield locus 111 should be inside or at the boundary of
both types yield locus | and Il. For example, the point A (see Figure 4), which is on
yield locus 111 is inside of yield locus Il and at the boundary of yield locus I.

4. Experimental tests

Experimental tests were conducted to verify the perfectly elasto-plastic model for
timber. Four solid beams and four glulam beams made up of Meranti timber were
prepared and tested according to ASTM D198-84 [17]. The beam is tested
according to two point loads. The dimension of the beam is shown in Figure 5. The
beam size is design so that the failure of beam occurred in the region of bending.

Load Load

- 2 &

595 mm | 410 mm | 595 mm
I T

1600 mm

Figure 5 The beam test

5. Analytical model and elasto-plastic analysis

Analytical model is developed based on boundary element method by incorporating
the perfectly elasto-plastic property for timber material. The development of
analytical model is discussed in detail in references [18] and [19].

The elasto-plastic analysis is applied to analyse all solid beam and glulam
beam specimens. Several yield locus as outlined in Section 3 and existing yield
locus as outlined in Section 1 were considered in the proposed analytical model.
The typical yield locus is shown in Figure 6 and was plotted based on experimental
results given in reference [18].
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Figure 6 Typical yield locus diagram for Meranti timber

6. Analytical predictions and comparison with experimental results

The load-deflection curves are plotted based on the result of elasto-plastic analysis.
The typical curves are shown in Figure 7. Figure 7(a) shows load-deflection curves
for solid beam specimen, while Figure 7(b) shows load-deflection curves for glulam
beam specimens. Five load-deflection curves were plotted in each diagram. The
first curve is plotted based on yield criterion | prediction, while other curves are
plotted based on the predictions using yield criteria I1, 11l and existing yield criteria
proposed by Tsai-Wu and Hill. The load-deflection curve from experimental data is
also plotted in each diagram for comparison and to verify the perfectly elasto-plastic
model for timber.

From Figure 7, the load-deflection curves from perfectly elasto-plastic
predictions are linear at elastic stage and non-linear at plastic stage. At the linear
stage, the load-deflection curves (for all types of yield criteria) coincide with
experimental curve. The slope of load-deflection curves decreased at non-linear
stage. At a certain part of load-deflection curves, the slope approach to zero and the
curves extends toward horizontal direction. At this stage, the limit load is reached.

It is found that the value of limit loads varies according to the types of yield
criteria and shows that the values of limit load are dependent to the type of yield
criterion. The limit load is greater for yield criterion I and Tsai-Wu’s then followed
Hill's criterion and yield criteria Il or I1l. The limit loads from yield criteria | and
Tsai-Wu are approximately equal. On other hand, the limit load from yield criteria
Il and 11
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Figure 7 Typical load-deflection curves for (a) solid, (b) glulam beam specimens

are almost equal. In addition, the load-deflection curves from yield criteria 1l and 111
are seem coincide.

For solid and glulam beams, the load-deflection curve from yield criteria Il
and 11 are found approaching to experimental curve at elastic and plastic stage. The
limit load from these criteria is approaching to experimental limit load. The load-
deflection curves from other yield criteria give bad predictions in comparison with
experimental curve.

By referring to Figure 6, yield locus Il and Il are approximately coincide
and shows that the yielding of timber material under yield criteria 1l and Il are
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approximately equal. Thus, the limit load prediction using yield criteria 1l and 11l
gives same result. However, yield criterion 11 is much reliable due to the
consideration of Bauschinger effect (refer Section 3.3).

The prediction of ultimate load using perfectly elasto-plastic model (using
yield criteria I11) is found good for Meranti beam. Based on reference [18], the
predictions of ultimate load using yield criterion 111 are capable to give good result
for most solid and glulam beam specimens. The mathematical errors for ultimate
load is relatively small compared with actual ultimate load for most beam
specimens. The application of perfectly elasto-plastic model using yield criterion 111
is proposed for Meranti beam.

7. Concluding remarks

To conclude this paper, the following remarks are noted:

1. The comparison of perfectly elasto-plastic prediction and experimental results
can strengthen the idealisation of Meranti timber as perfectly elasto-plastic material.
2. Based on load-deflection curve, the plastic property of timber is found
significant.

3. The ultimate load prediction using perfectly elasto-plastic model (using yield
criterion I11) is in close agreement with actual ultimate load. The load-deflection
curve predicted by this model almost coincides with experimental curve.

4. The prediction of ultimate load using perfectly elasto-plastic model is found good
and proposed for Meranti beam. This model considers actual elasto-plastic property
of timber and capable to give exact prediction for ultimate load.
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