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Orthotropic failure criterion for timber

D.F. Haasbroek! and L. Pretorius?

Abstract

Timber is an organic, orthotropic material of which the
strength is currently not fully utilised in structural designs.
Most design codes treat timber as an isotropic material
with special clauses to compensate for the weaker sirength
across the grain. Several safety factors are used to accom-
modate the large variations in the strength of timber. In
the orthotropic approach presented here, the unidirectional
properties of timber are assumed as constant. It is also as-
sumed that the large strength variation which is observed
between samples of the same group can mostly be attributed
to the grain slope variation in a sample. The finite element
method is employed to model grain slopes around a prede-
termined defect in a sample. The sample is then forced
to fail at this defect, and the finite element model is then
analysed at the failure load to determine which stress com-
bination led to the failure. The results indicate that the
strength of a timber section can be predicted on the basis
of the observed grain directions if the unidirectional mate-
rial strengths are known.

Nomenclature
a; fitting coefficients
b section width
d section depth
e error between predicted and real failure indices
fo permissible bending stress
fi strength along grain
fa strength across grain
fio strength for inplane shear
n number of specimens to be fitted
Y neutral axis depth for section

E Young’s modulus
or sum of squared error term for n specimens
FI failure index
I inertia of section
M applied bending moment
w

pointload at midspan
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) deflection at midspan

Ob calculated bending stress

i the three orthotropic stresses
Ofail  stress at failure

oy calculated stress along grain
) calculated stress across grain

012 calculated inplane shear stress

Introduction

The main topics presented in this work are:

e The current design method of permissible stresses for
structural timber.

e Problems with the current method of grade stress de-
termination.

e The proposal of an alternative failure criterion for tim-
ber, based on orthotropic stresses.

e The evaluation of the orthotropic failure criterion con-
sisting of experiments, finite element stress evaluation
of the failure region and a least squares fit of the re-
sults.

e Orthotropic material properties are determined by
comparing predicted and actual failure indices by
means of the multidimensional method of least
squares.

e The shear modulus for timber is determined by means
of a sensitivity study.

Permissible stress methods

Current timber design methods in South Africa are based
on permissible stresses.[1] Thus, the real factor of safety is
never determined and failure is assumed to occur when an
1sotropically determined stress exceeds a certain prescribed
value. The design code discourages the application of ten-
sile forces across the grain in order to compensate for the
orthotropic behaviour of timber. The state of failure is not.
considered. This method is simple to apply but is mostly
over-conservative.

A few clauses of the South African Timber Design
Code, SABS 0163-1980, will be discussed.

The permissible bending stress in timber beams 1s
given by the SABS Timber Code[l] (regulation 6.2.1)
which specifies that

My
op = —I—y < fo (1)



Equation (1) can be simplified for a rectangular sec-
tion with width b and depth d by substitution of the fol-
lowing:

bd® _  d
I=17i9=3
which results in o

The permissible stress fy, is determined from the grade
stress of the timber. The basic grade stresses are 4, 6, 8,
10, and 12 MPa. Since the higher stress grades are mostly
unavailable, most designers standardise on 4 MPa timber.
The grade stress is modified by various factors to find the
permissible stress. Quality of manufacture, consequences
of failure, load duration, and loadsharing with other mem-
bers are taken into account and normally the permissible
stress exceeds the grade stress.

Stress grading

Determining the grade stress of a specimen is called stress
grading. A machine is used to bend the timber being
graded about the minor axis of the cross-section and mea-
suring the resultant deflection. This deflection is then used
to predict the Young’s modulus in the longitudinal direc-
tion (normal to both the minor and major axes).

The maximum deflection of a linear, homogeneous,
1sotropic simply supported beam loaded with a single
pointload at midspan can be calculated as:[2]

WL
T 48FEI (3)
which can be rewritten as
WL3
T 4816 (4)

and with W, L, and I constant, E is dependent on é only.
If 0.1 is now assumed as directly proportional to the
(isotropic) Young’s modulus, we get

WL b 5)

Ol = k1B =k 4805~ 3

Note that ofa; is measured about the major axis and é
about the minor axis.

The grade stress of a particular specimen is taken as
the lower fifth percentile value of the predicted strength of
the test batch, divided by a safety factor of 2.2.[3]

Inadequacies of stress grading

Apart from the relatively poor correlation [4] (0.67) be-
tween the minor axis bending deflection and major axis
bending strength the following weaknesses of the system
were identified:[5]
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e A knot on the edge of the beam is much more detri-
mental to major axis bending strength than a knot on
the neutral axis. In minor axis bending (stress grad-
ing) I in equation (2) is reduced by subtracting the
size of the knot from b. In the case of major axis bend-
ing (the real application) an edge knot would cause I
to be reduced by subtracting the size of the knot from
the depth of the beam d which is raised to the power
three. To compensate for this, visual grading requires
that timber with edge knots be classified as of a lower
strength.

e The Young’s modulus in the vertical direction is not
constant for all planks cut from the same log, since
the tangential and radial moduli differ. In Figure 1
the modulus in the vertical direction for plank 1 is the
same as the radial modulus, whilst that for plank 4 is
the same as the tangential modulus.

e Warp, twist, and other distortions are not accounted
for since the test jig forces the planks flat.

e Planks curved about the minor axis (due to shrinkage
during drying etc.) will also give inaccurate results.

e The process is not fully automated as visual sorting
is still needed to remove planks with edge knots, lon-
gitudinal cracks and excessive warp.

At present planks with defects are removed or statis-
tically accounted for (using the lower 5th percentile value).
This means that the effect of these defects on the strength
of a specimen is never calculated.

Tangential direction

Planks cut from the log

Tangential direction

Figure 1 Schematic illustration of the different material
directions in planks cut from the same log.

Orthotropic failure criterion

The orthotropic failure criterion, which will be presented
next, is based on a simplification and combination of the
Von Mises failure criteria for cellular structures and the
Hill criterion for layered composite materials.[6]
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This approach is based on the assumption that the
major cause for the variation in the load capacity of tim-
ber beams in bending is the grain slope variation around
defects. The orthotropic material moduli of timber along
and across the grain are therefore assumed as different and
constant for the length of a specimen. A quadratic failure
surface (Figure 2) is assumed to describe the relationship
between the two dimensional stress components. Note that
principal stresses cannot be used since the stresses have to
be in the material directions, which again means that a
shear stress has to be included in the criterion. The pro-
posed criterion can be stated as:

)@ o

This can be visually represented by Figure 2.

N
—
N
S
Sy
(sV} i e
5 W O
v/’; \':</ /\

- s

& <
P 1 >
NG Py s

. S
/ \ N Lo \ S
/ \ e \
/ R PN ;

/ T
g e .
o’ (v

% 7
\S N 9/1’09 J)®
N

(©

Figure 2 Graphical representation of a quadratic
failure surface

To evaluate this failure criterion it is necessary to

o find samples of which the grain slopes can be deter-
mined in the failure region and then to determine the
failure loads as shown in Figure 3

o find representative values for the orthotropic material
properties (moduli, Poisson’s ratios and strengths) of
the samples

e find a system to determine the critical material
stresses at the failure loads (finite element analysis)

e determine the correlation between the predicted and
the real failure loads

Experimental evaluation

Since timber is an orthotropic material, the stress calcu-
lated in equation (2) is more probably an indication of
the maximum bending moment that the beam can take
than the actual highest stress state in the material at that
time. The orthotropic stresses are calculated taking the
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grain slopes into account and using the value calculated
with equation (2) as the load.

Each timber sample analysed was tested to failure in
a jig (shown in Figure 3).

P(N)
Load from
test machine
(Steel beam ] Dimensions
iL 106x32
[ Timber test picce J? H J
TTS“PPO t Knot/defect SupponI
P12 P2
0 550 mm 550 mm 550 mm 0
Bending moment
0,275P diagram (Nm)

Figure 3 Diagrammatic sketch showing the test jig and
the applied bending moment over the length of
the span

Table 1 Experimental results for 12 samples

Pointload Bending stress
Specimen (kN) (MPa)
1 10.90 50.02
2 11.85 54.38
3 4.50 20.64
4 15.50 71.13
5 13.30 61.03
6 6.45 29.59
7 7.35 33.73
8 10.25 47.03
9 7.10 32.58
10 3.90 17.90
11 9.70 44.52
12 15.65 71.82

The grain slopes in the failure area were also recorded
to facilitate the computation of the orthotropic failure
stresses.

Finite element model

The finite element method was selected to compute the
orthotropic stresses in the sample at the point of failure
because of its ease of use and reliability.

In the finite element method a body is discretised such
that the stiffness of the body is represented by a finite
number of stiffnesses placed at certain points (nodes). If
the displacement of the nodes is known, the displacement
of any arbitrary point inside the body can be calculated
with displacement functions. A group of nodes are linked
by displacement functions to form a finite element.



This method reduces the number of displacements to
be calculated (for each point in the body) to a finite num-
ber (only at the specified nodes). The applied loads are
also discretised and placed on nodes. A set of equations
relating the applied loads to stiffness and deflection is as-
sembled and solved after the application of boundary con-
ditions. The computed deflections are used to determine
deformations.[7; 8] The stresses are then determined from
these deformations. A higher number of nodes for the same
body will generally yield results of higher accuracy.

A commercial finite element analysis package [9] was
used to calculate the orthotropic stresses at the point of
failure.

From Figure 3 it can be seen that a constant bending
moment is applied across the probable point of failure. If
we assume that plane sections remain plane during bend-
ing at points far enough away from the defect being inves-
tigated, only a small part of the actual beam needs to be
modelled.

In the finite element model (Figure 4) no effort was
made to refine the model at the defect, as the knots of the
various samples can be of any size and at any vertical po-
sition in the beam. A prerequisite for the model was that
the knot be modelled as close to the vertical centre-line of
the mesh as possible. A rather coarse mesh of 21.2 mm
by 20 mm of 50 elements and 66 nodes was used as shown
in Figure 4. Even though a finer mesh should give better
results, the effective response time would then be too long.
A linear 4 noded plane stress element with orthotropic fea-
tures was used.

43 93 & -
| 109 W [
} SCIEN 7T Ll
: % < 5
N &> LY T\o‘o: X
A\ t
4l AR r
21N |6 bnbi J
o145 67 221
12 34 56

Figure 4 Geometry of finite element model

Method of least squares to determine material
constants

Orthotropic material moduli were needed as input for the
finite element analysis. Experiments to determine these
moduli gave only partial results (Tables 2, 3, and 4).

Table 2 Experimental results for longitudinal (0°)

specimens
Tensile Young’s Compression
strength modulus strength
(MPa) (GPa) (MPa)
X 74.40 12.30 64.6
SD 7.24 1.77 12.5
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Table 3 Experimental results for lateral (90°) specimens

Tensile Young’s Compression
strength modulus strength
(MPa) (GPa) (MPa)
X 3.730 0.400 5.00
SD 0.296 0.073 1.23

Table 4 Poisson’s ratio for
longitudinal (0°) specimens

) Poisson’s ratio
X 0.470
SD 0.091

Published values for the ratios of the other moduli to
the longitudinal modulus were used to approximate the
missing values in the rightmost column of Table 5.[10; 11]
More accurate values for the orthotropic material prop-
erties of the sample are later determined by an itera-
tive multidimensional application of the method of least
squares.[12]

Table 5 Comparative material moduli ratios for
Australian pine, Douglas fir, and experimental results

Material Austra- Douglas Experi-
constants lian pine fir ments
Er 0.10 £, 0.068 EL 0.033 £,
Er 0.05 £y, 0.050 EL, -
Grr 0.060 Er 0.078 EL -
GrLr 0.075 EL 0.064 Ey, -
GRrr 0.018 £ 0.007 EL -
VLR 0.40 0.292 0.47000
VRL 0.04 0.036 0.00153
vLr 0.40 0.449 -
vrL 0.10 0.029 -
VRT 0.50 0.390 -
VTR 0.25 0.374 =

The basic finite element input files for all 12 timber
specimens tested were identical except for the 50 grain
slopes and the applied end-moment of each sample, which
were unique, to model the knot and failure load, respec-
tively.[11]

As the stresses in the output file were in the global
XY-directions, they had to be rotated to the local grain
slope direction of each element. The results are now called
orthotropic stresses and are used in a spreadsheet with the
approximate material strengths to determine the failure
index from equation (6) as follows:

FI= \/alaf + as03 + azo} (7)

The initial fitting coefficients are determined by tak-
ing the reciprocal of the square of each material strength.
Since the failure index is the ratio of the applied load to
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the failure load and all the samples were analysed at the
failure load, the failure index is taken as unity throughout.
This induces an error in equation (7). By squaring both
sides of equation (7), the error can be defined as the dif-
ference between the two sides. In equation (8) the error is
defined as the difference between the predicted and actual
failure indices. Also in equation (8), an expression for the
sum of the squares of the error, for the test batch is shown
and a method to determine the smallest error is found.

e =a10? + az03 + azol -1

n
E = Z (alof + ay0% + azo? — 1)2
1

and to minimise F

OFE -
e =0= ; (a10? + az03 + azo3 — 1) o? (8)

Equation (8) can be written in matrix format as:

Y01 Yojod Yoiod | [ a > 120?
Yofod Yoi Yoiod || ax | =| ) 1%3
Yofod Yo3ed o3 ][ as Y1203

(9)

The summation is for all the samples used in the ex-
periment and the stresses are only those of the most critical
element of each sample. Critical in this case is the element
with the highest failure index as defined in equation (7).

Application of equation (9) yields new coefficients (the
reciprocal of the square of each material strength) which
are used to calculate new failure indices for each sample.
The stresses of the most critical element are used in equa-
tion (7) and the whole process repeated until stability is
reached.

Since the failure index can be defined as the load ap-
plied divided by the load capacity of the sample, equation
(7) can be used to calculate the predicted load limit.

The quality of the solution is evaluated by plotting the
predicted load limits against the failure loads and fitting
the results with linear regression.

Since the reliability of the material moduli used in the
finite element analyses (Table 5) also had to be evaluated,
a sensitivity study for the least reliable value, the shear
modulus of the timber, G2, was undertaken. This meant
that the full study had to be repeated for various values
of the shear modulus.

Conclusion and recommendations

The material strengths determined experimentally (Tables
2 and 3) read in combination with Table 4 indicate that
the shear modulus for the timber tested is in the range of
0.15 to 0.2 GPa.

The last column in Table 6 lists the correlation at-
tained by fitting the experimental failure results with the
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Table 6 Summary of values for material strengths
generated by the sensitivity study of G2
Gi2 fi f2 frz Corre-
(GPa) (MPa) (MPa) (MPa) lation
0.10 69.00 8.21 4.99 0.775
0.15 70.50 7.09 5.89 0.790
0.50 65.80 5.31 10.21 0.832
1.00 64.10 6.95 11.76 0.846
1.10 63.80 7.08 12.01 0.848
4.18 60.10 6.53 14.81 0.866
10.00 55.36 2.82 23.98 0.857

values in the previous three columns. An important con-
clusion is that the failure criterion used here is not very
sensitive to variation of the shear modulus in the loading
configuration considered, since a variation of 0.1 — 10.0
GPa in the shear modulus caused a variation of 70.5 —
55.36 MPa in the longitudinal fibre strength.

The orthotropic failure criterion for timber, which was
suggested, seems to have better timber strength predic-
tion capabilities than that of the stress grading method
currently in use.

If the method of determining grain slopes in timber
samples can be sufficiently automated and if the results
from the current stress grading method can be used, the
method proposed here can make it possible to selectively
and reliably grade timber to a higher category than is cur-
rently the case.
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