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Abstract

The presence of knots significantly influences the mechanical behavior of timber. This research presents a parametric finite element
analysis of the effect of knot characteristics on the flexural capacity of timber beams. Parameters include knot radius, longitudinal and
vertical positions, length, and diving angle. The generation of the FE model is based on a technique developed in a previous research
stage. The validation of the model is done via bending tests on a set of beams as well as a number of independent research studies.
The numerical model accurately recreates the three-dimensional geometry of the knot and related fiber deviations. The capacity of the
beams under bending is evaluated via the Tsai-Wu failure criterion. Findings reveal that the presence of knots in the tension zone leads
to an early tensile failure and insufficient utilization of compression capacity, the decrease of bending capacity may rise significantly
(up to 39% in this investigation), the knot inclination may positively or negatively influence the behavior depending on the diving angle,

and moderate knot length can be detrimental to flexural capacity.

Keywords

knot, timber, fiber deviation, parametric finite element modelling, Norway spruce

1 Introduction

Wood has played a significant role in construction through-
out human history as one of the most fundamental build-
ing materials. Despite the advancement of artificial mate-
rials such as steel and concrete in our modern age, wood
has preserved its role in engineering design by means of
its excellent mechanical properties and aesthetic appear-
ance. Renewability and good strength-to-weight ratio ren-
der it a competitive alternative, further supported by sci-
entific progress in wood research enabling more accurate
and efficient design.

Wood, however, poses various challenges for engi-
neers and researchers. Natural characteristics are differ-
ent between species and may vary even within the same
species, restricting the applicability of the results obtained
from test specimens. The material properties cannot be
engineered as opposed to artificial materials. Due to its
complex inhomogeneous microstructure, wood is essen-
tially an orthotropic material, and therefore the analyti-
cal approach to the fundamental mechanical behavior is
limited. The study of its mechanical behavior is further
complicated by the presence of natural features like knots,
splits and grain slope deviations.

Parallel to grain, wood is customarily considered linear
elastic and brittle in tension. In contrast, nonlinear material
behavior of some kind is used in compression in the vast
majority of studies; see, e.g., numerical analyses in [1—4].
For the description of stress-strain relationship beyond the
elastic limit, one may consider several variants, such as
completely plastic (e.g., [, 6]), bilinear (e.g., [7-9]), high-
er-order (e.g., [10]), and even tri-linear [11]. Hill also sug-
gested a bilinear anisotropic stress-strain relationship that
may be used to predict orthotropic linear elastic—quasi-rigid
behavior in tension and orthotropic linear elastic—per-
fectly plastic or bilinear behavior in compression; this
model is applied in several studies, e.g., [12—15].

The numerical modelling of timber is mainly based on the
finite element method. It is practically inescapable in model-
ling complicated setups such as the above-mentioned cases
of knots or fiber deviations. In order to successfully quantify
the real influence of knots on the structural performance of
timber, computational models have to be fine-tuned to pre-
cisely recreate the three-dimensional state of stresses.

Knots and related grain deviations are considered the
primary natural defects, and they have a negative impact on
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the stiffness and overall capacity of timber elements [16].
The knot-related fiber deviations cause a local stress con-
centration, leading to an early tensile failure and ineffec-
tive compression capabilities [17]. The strength grading
of timber structural elements would be more efficient if
the influence of such defects were well known. The most
affected properties are longitudinal tensile strength, modu-
lus of rupture (MOR), compressive strength parallel to the
grain, and modulus of elasticity (MOE). Knots often cause
stress discontinuities in their vicinity and a deviation of the
surrounding fibers in the tangential and radial planes.

Different non-destructive methods can be applied to
measure the fiber deviation, e.g., X-ray technique [18], the
CT-direction process (Computer Tomography) [19], laser
confocal microscope [20], and the application of the tra-
cheid effect scanning [21].

Live knots, which are organic parts of the wood mate-
rial, are distinguished from dead knots, which are mechan-
ically separated from the enclosing material. In terms of
modelling, cases of rigid or elastic solids, as well as open-
ings (voids), can be considered.

Numerical analysis was presented to evaluate the stress
concentration due to knots approximated as openings.
According to the findings, the normal stress distribution
is sensitive to the distance between the knot’s center, the
extreme compression fiber of the timber beam, its diame-
ter, and the amount of loads [22]. When knots were approx-
imated by openings as opposed to solids, there were no
significant differences in flexural strength, elastic modu-
lus (MOE), or deflection [23]. Another investigation was
carried out in which a two-dimensional numerical model
was constructed and calibrated using four-point bending
to investigate the influence of holes on timber beams’ ulti-
mate flexural capacities [24].

Knots can alternatively be represented by a cone or cyl-
inder with a dive angle in the (LT) plane [25, 26]. For Pinus
sylvestris L, the location of the rupture in relation to
the position and size of knots and grain deviations was
numerically predicted. Four-point bending and 2D numer-
ical investigation were performed to test timber beams
with knots approximated by openings and solids located
throughout the beam height; however, the grain deviations
around the knot were not smoothly constructed [27].

The stiffness and strength of wood components are
mainly affected by associated knot fiber deviations.
Localized fiber deviations cause extreme stress concen-
trations when the knot is situated in the tension side of
a wood structural element under bending; however, stress

concentrations are not significant for knots in the mid-
cross-section [28]. The impact of knots and associated fiber
deviations on the modulus of elasticity variations were
investigated numerically by [29]. Other similar studies
were also presented [30, 31]. A two-dimensional paramet-
ric finite element model was evaluated to investigate the
influence of the size and position of knots on the behavior
of structural timber members; knots were approximated
by both openings and cylinders. However, these models
cannot consider the effect of the diving angles and knot
position along the beam longitudinal axis; the live-knot-
model best replicates the actual behavior for knots on the
compression side; nevertheless, the opening model proved
most reliable for knots on the tension side. Beam bending
strength decreased as knot size increased when the knot
was located in the tension zone of the beam [32].

Moreover, the effect of size, position, and diving angle
of different types of knots also located along the beam
height, represented by elliptical oblique and rotated cones,
on the bending strength of wood was parametrically inves-
tigated. It was found that the inclination has a beneficial
impact on face knots when compared to similar perpen-
dicular face knots since an inclined knot has a larger net
cross-section [33]. Yet, the diving angle should be consid-
ered in two different directions, both up and down; there-
fore, it sometimes has a negative impact on the ultimate
flexural capacity of the timber member. Furthermore, the
effect of knot size and timber density on bending strength
and stiffness was analyzed. It was found that changes in
density and knot size substantially impact mechanical
stress grades [34].

This study presents a parametric finite element anal-
ysis on the influence of size, position, and diving angle
of conical knots and their associated grain deviations on
the bending strength of Picea abies (Norway spruce) tim-
ber beams. Four-point bending tests were used to validate
the three-dimensional finite element models. A number of
independent studies in the literature were also processed
to provide additional verification of the model used in
this study. According to the techniques and findings, the
three-dimensional numerical model may be regarded as
a model for the complete structural element at a macro-
scale that can accurately replicate the behavior of the
entire defected timber element instead of just examining
the impacts of knots. As a result, this output is intended
to provide a better understanding of the natural heteroge-
neity and anisotropy of wood, enabling more effective use
of the material.



2 Methodology
2.1 Timber beam properties considered for numerical
simulation
The parametric finite element study presented here to
investigate the effect of the characteristics of a conical
knot on the flexural behavior of timber beams involved five
parameters:

1. position of the knot along the beam longitudinal axis

(X-axis),

2. position of the knot along the beam height (Y-axis),

3. knot radius,

4. knot diving angle (inclination), and

5. knot length.

The parametric investigation was carried out by combin-
ing the mathematical programming software MATLAB
with the general-purpose finite element software ANSYS
APDL to offer the user comprehensive and convenient
control over the parametric simulations. The coupling is
entirely automatic and does not require user intervention
until the results are found and extracted.

A considerable number of characteristics are required for
a comprehensive description of the wood material. The mate-
rial properties applied for this specific study were adopted
based on the literature. For a complete description, see [35].

2.2 Numerical modelling

The numerical simulations were performed with the help
of the general-purpose finite element modelling package
ANSYS. The linear elastic orthotropic material model was
considered with unlimited capacity in tension, whereas it
was combined with perfect plasticity beyond the linear
range in compression; this can be represented by the Hill
potential material model incorporated in the software.
A bilinear anisotropic stress-strain relationship is used
to enable the individual components of tension and com-
pression yield stresses. The plastic or yield surfaces corre-
sponding to the Hill model have an anisotropic work-hard-
ening and associated flow rules.

The four-point bending setup was numerically repro-
duced by constraining the nodes located at a distance
of 50 mm from both ends (i.e., at the supports) against
vertical (Y) and horizontal transverse (Z) movements.
Furthermore, one node located at the top at the mid-span
of the beam was constrained against horizontal longi-
tudinal (X) movement to avoid the rigid body motion.
Displacement-controlled loading was applied at 350 mm,
and 650 mm of the beam with a magnitude gradually
increased up to 25 mm for all beams. It is recommended
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to use the 8-node solid element SOLID45 with a reduced
integration since it is compatible with the anisotro-
pic Hill material model. A 5 mm uniform meshing was
assigned to the clear wood, the knot, and its surroundings.
The knot was represented by the same solid element type.
Common nodes were merged, and no contact elements
were introduced.

Knots have a distinctive fiber pattern that differs from
that of clear wood. The orthotropic directions of clear wood
often do not apply for knots because of the irregularity
and complexity of fiber distribution inside. Therefore, the
behavior is approximated as isotropic. The material char-
acteristics of the knot (modulus of elasticity and Poisson's
ratio) were considered the same as the transverse direction
material properties of the timber beam. The fiber arrange-
ment in the knot and the clear timber are shown on a micro-
scopic scale in Fig. 1.

The numerical model could parametrically generate
knots and corresponding fiber deviations and assess and
predict load-deflection curves of solid wood beams sub-
jected to four-point bending. Fig. 2 illustrates the loading
and boundary conditions of the numerical model.

For the generation of the knot geometry, a procedure
introduced by the authors in a previous study [35] was
employed. It is based on cutting up the specimens along
vertical longitudinal planes, measuring and digitizing the
fiber pattern around the knot in each slice to enable the
creation of its three-dimensional numerical counterpart.

@ (b)
Fig. 1 Microscopic fiber patterns: (a) knot fiber distribution, scope
(horizontal) is 538 um, (b) clear wood fiber distribution, scope
(horizontal) is 610 pm

Fig. 2 Three-dimensional FE model
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The generated fiber paradigm is also confirmed by visual
inspection. The technique is illustrated in Fig. 3 via one of
the test specimens analyzed in this study. (The experimen-
tal program is detailed in the next subsection.)

In this parametric study, all knots have a conical shape
defined by several parameters. With the geometry of the
knot given by the user, such as diameter, length, diving
angles, and positions, the fiber paradigm in the disturbed
zone is generated in each ply for the ANSYS simulations.
As the fibers define the local principal axes of the orth-
otropic material, the material coordinate system in each
finite solid element must be reoriented to follow the natu-
ral fiber deviation induced by the knot in its vicinity. Fig. 4
also shows a numerical model for one of the studied cases.
Fig. 5 illustrates the material coordinate system orienta-
tions for one of the investigated studies.

2.3 Experimental procedures and validation of the
numerical model

Two approaches are introduced for the validation of the
finite element model: (1) experimental analysis performed
by the authors and (2) FE and experimental studies per-
formed by other authors.

Fig. 3 Beam specimen (S3) containing a knot: (a)—(d) plies of the test
specimen, and (¢)—(h) the respective finite element mesh

Fig. 4 Three-dimensional fiber paradigm in numerically generated
slices across the beam thickness

)

S x§ :J—J_JILLKH_\ [

H 5 Ard e gERE ERTNIE AT

T a :jj:%—t_ it

ALyE i i inks

?"ff?-?’:? LT
?‘f‘ 5’:5’-? 34 THTET
SR S
y-g*_gv:f.;’ A RN § s LT
iardis? ;ﬁg"ff e
il i -s’g; S AR e
i Saany R T
i k.r A iy }éTxT, LT j'ij':j‘:j"
- sty i é}— HU T T
i et -r, I T e T
e 1 T
_jj: I Tj‘TTi g 2 j'-j‘jj’ig;ijj::?g;;_
e iR e
S S
E e piasis payimpIAiaY A

éf Al i

Fig. 5 Material coordinate system orientation in the finite element

model in the vicinity of a knot

In the first approach experiments performed by the cur-
rent authors was used. The author's experimental study
was evaluated on six timber beams for the validation of
the computational model [35]; see Table 1. The tested
beams were sawn from Norway spruce wood. The sim-
ply supported specimens had a 900 mm clear span and
a cross-section of 100 mm x 100 mm subjected to four-
point bending delivered through a hydraulic jack in the
center of the beam, allowing the beams to bend under con-
tinually increasing load. A load bridge was employed to
transmit force at one and two-thirds of the span to accom-
plish four-point bending. A displacement-controlled force
at a 3.5 mm/min rate was applied until the beam failed.
The vertical movement of the loading device's head was
adequately monitored and recorded. Experimental results
proved that knots have a considerable impact on timber
strengths. The existence of knots influences the global
and local fiber orientation, which affects the mechanical
behavior of the timber element.



Table 1 Specimen specifications (bending test). Columns refer to the

specimen ID, presence of knot, ultimate mid-span deflection and force,

respectively
Specimen Knot Disp. (mm) Load (kN)
S1 N 34.03 67.24
S2 N 35.65 70.01
S3 Y 21.70 51.06
S4 Y 18.22 42.82
S5 Y 20.80 50.68
S6 Y 23.88 43.23

The load-deflection curves obtained in the four-point
bending tests [35] serve as a basis for the validation of
the numerical model. The model considers linearly elastic
and perfectly plastic behavior in compression and unlim-
ited tension capacity, assuming no plasticity in tension.
The numerically generated curves obtained by applying
the Hill anisotropic material model are displayed against
the measured load-deflection curves, and the endpoint of
the curve corresponds to the actual tensile strength.

Furthermore, tensile failure was experienced in the sur-
roundings of the knot, resulting in a considerable decrease
in ultimate capacity: approx. 28% for a particular case (S3)
where the knot had an apparent diameter of 35 mm, 36 mm
of length, and essentially no diving angles. It was situated at
the mid-span of the beam, in the extreme tension zone. It can
be interpreted such that the early tension failure occurred
due to the local fiber deviation around the knot, and the
load-deflection curve displayed moderate non-linearity.

The second approach is based on a few previously pub-
lished independent studies where experimental and numer-
ical investigations were carried out regarding the effects of
knots on timber behavior. In one study, the authors investi-
gated the mechanical similarities between knots and open-
ings through an experimental analysis [23]. Fig. 6 shows
the sketch of the test arrangement for one of the investi-
gated beams containing a cylindrical knot, as well as our
reproduction of the three-dimensional finite element mesh
in the vicinity of the knot. The numerical model could pro-
duce the same experimental load-deflection response using
the specified wood properties and dimensions (see Fig. 6).
Force load at 12 mm displacement in the experiment and
the simulation was 400 kN and 396 kN, respectively.

In another paper, a parametric finite element study was
introduced to investigate the effect of knot size and posi-
tion on the modulus of rupture (MOR) of timber using
the ANSYS APDL language [33]. The authors applied
the Tsai-Wu failure criterion to determine the failure
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Fig. 6 Case study 1 for the validation of the model using Ref. [23]
(a) test beam, (b) constructed FE mesh

initiation. The knot in this case study was cylindrical with
a diameter of one-sixth of cross-section height located at
the mid-span of the beam at different vertical positions
(one-eighth and two-eighths of the height from the bot-
tom). It was found that the MOR increased by 75.6% when
the knot was moved from the former position to the lat-
ter. In the present work, the beams were remodeled using
our technique and the material properties provided by the
referenced paper, yielding an increase of 73% in MOR,
almost identical to the reference.

In the third study [27], the authors conducted experi-
ments on beam specimens and respective finite element sim-
ulations to determine the ultimate load. The Tsai-Wu failure
criterion was used in the numerical calculations to catch the
failure initiation. In one of the investigated cases, the ulti-
mate load of 7.9 kN and 8.4 kN was obtained in the test
and the simulation, respectively. The schematic represen-
tation of the test arrangement, the finite element mesh and
the Tsai—Wu contour plot at failure are shown in Figs. 7(a),
(b) and (c), respectively. In the present work, the model
of the test specimen is reconstructed, yielding an ultimate
load of 8.2 kN. The mesh and the Tsai-Wu plot in the vicin-
ity of the knot are shown in Fig. 7(d) and (e), respectively.
The technique applied in the present work both provided
a more realistic mesh and a more accurate approximation of
the test results than in the referenced paper.

3 Results and discussion
3.1 Load-displacement curves and failure prediction
The load-deflection curves produced by the authors' own
experimental program were used to validate the numerical
models. The simulated load-deflection curves in both lin-
ear and nonlinear ranges closely resemble those found in
the experiments.

Non-linearity is only considered under compres-
sion because timber cannot become ductile in ten-
sion. Compression ductility is thoroughly utilized in the
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Fig. 7 Case study 3 for the validation of the model using Ref. [27]
(a) test arrangement, (b) sketch of the FE mesh around a knot applied
in the reference, (c) sketch of the respective Tsai—Wu contour plot
indicating the failure spot, (d) FE mesh applied in the present work,
(e) respective Tsai—Wu plot

knot-free specimens, which indicates the nonlinear com-
ponent of the load-displacement curves. However, knots
cause local fiber waviness, significantly impacting the
beam's ultimate flexural capacity. The effect of fiber devi-
ations is determined by the knot's location, length, diame-
ter, and diving angles.

The experiments revealed that the tensile failure was
confined to the knot vicinity causing ultimate tensile fail-
ure with a significant loss in the maximum flexural capac-
ity, emphasizing the significance of knot-induced local
fiber waviness. The premature tension rupture caused by
the local fiber deviation due to the presence of the knot
causes the load-deflection curve to undergo moderate
non-linearity. This type of failure prevents the full utili-
zation of the compression capacity of the wood, resulting
in insufficient ductility.

Local grain deviation generates stress concentrations
(normal and shear) around the knot, yielding localized fail-
ure followed by total beam damage, especially for knots
found in the tension zone. A suggested failure criterion
was proposed by [36] for analyzing the failure in aniso-
tropic materials that take orthotropy and interaction influ-
ences into consideration and different strengths in tension
and compression. For failure evaluations, the Tsai—-Wu
failure criterion is introduced as F.g, + 0.0, = 1, where

joicy
o, are the stresses in Voigt notation (i = 1,..., 6) and F,

and F, are experimentally determined strength param-
eters. Failure occurs when the expression reaches or
exceeds unity. The unit value of the TWSR of ANSYS
(the inverse of the Tsai—Wu failure index) indicates initial
failure; however, the TWSR index should be interpreted
as a damage initiation index as it provides details about
the specimen's damage initiation [37]. The maximum per-
missible material strength values (stress or strain) must be
defined for the damage initiation criteria. The material is
considered to be homogenous, and the ultimate permis-
sible strength for every finite element is equivalent. This
task aims to identify the qualitative and quantitative fail-
ure patterns expected by Tsai—Wu. The pattern indicates
that failure initiation takes place near the knot. After iden-
tifying the initial deterioration, damage progression rules
may be used to track material degradation in a detailed
configuration [38]. Experiment findings verified that the
failure was localized to the deviated fiber zone without
causing damage to the knot itself.

3.2 The effect of the position of the knot along the
beam's longitudinal axis

The loss of ductility highlights an essential distinction
between timber beams with and without knots. At the
same stress level, the presence of the knot induces early
tensile failure in the wood, and as a result, a lower ulti-
mate load can only be reached.

In this parametric study, the knot has a conical shape
with a length of 50 mm, a visible diameter of 30 mm, div-
ing angles of zero degrees, the distance from the edge
of the knot to the extreme tension fiber is 5 mm, and the
longitudinal position is set to be multiples of 50 mm, see
Fig. 8. Table 2 presents the obtained maximum capacities
of the timber beams in terms of the knot position.

Results showed that the effects of the knot on flexural
behavior are minor when it is found near the support.
A recognizable drop in ultimate capacity of 10.42% was
achieved when the knot was located at 25% of the beam's
entire length. However, when the knot was situated in the
beam mid-span, the loss of load-bearing capacity reached

—

Fig. 8 Positioning the knot along the beam longitudinal axis
(X =300 mm)




Table 2 Capacity vs knot position along the longitudinal axis X

Position X Capacity Position X Capacity

(mm) (kN) (mm) (kN)

No knot 82.415 500 50.452

100 81.400 550 50.430

150 80.530 600 50.284

200 80.390 650 54.690

250 73.901 700 61.951

300 61.951 750 73.901

350 54.691 800 80.390

400 50.284 850 80.530

450 50.430 900 81.400
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Fig. 9 Loss of capacity versus relative position of the knot along the
beam longitudinal axis

39%, as illustrated in Fig. 9. The longitudinal position
also affects the failure mode. When the knot is close to
the support, a typical tension failure at mid-span develops
(Fig. 10(a)), while if it is located in a high bending moment
zone (i.e., near mid-span), the failure is initiated in the
vicinity of the knot in the disturbed fiber zone (Fig. 10(b)).

3.3 The effect of the position of the knot along the

beam height

In this section, the knot has a fixed diameter of 30 mm,
diving angles of 0 degrees, and a length of 50 mm, and it
is located in the middle of the beam span. The paramet-
ric vertical position Y is given by the lowermost point of
the knot from the bottom edge of the beam, see Fig. 11.
Table 3 presents the obtained numerical values of the
maximum capacities for each beam configuration.

The Tsai—Wu failure criterion reveals different stress
behavior and failure mechanism for different knot positions.
If the knot is located in the tension zone, the cross-section
area effective for tension is significantly reduced, and the
stress state is disturbed due to fiber deviations leading to
early failure. In this study, the maximum loss of capac-
ity reached 69% for the lowermost position of the knot.
However, if the knot is located in the compression zone,
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Fig. 10 The inverse of the Tsai—Wu failure index (a) typical tension
failure - (b) failure due to the knot

Fig. 11 Positioning the knot throughout the beam height

Table 3 Capacity vs knot position (Y axis)

Position Y (mm) Capacity (kN)
0 25.412
5 50.438
10 61.957
15 65.212
20 65.212
25 70.803
30 73.251
65 77.730

the load-bearing capacity is only marginally affected, and
elastic-plastic compression stresses are more effectively
utilized, leading to both higher capacity and ductility of the
beam. Capacity versus vertical position is shown in Fig. 12.
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Fig. 12 Loss of capacity versus relative position of the knot throughout
the beam height measured from the bottom

3.4 Effect of knot radius
Fiber deviation is mainly affected by the size of the knot.
The larger the knot, the more significant disturbance it
creates in the fiber paradigm. The knot in this investiga-
tion has a 50 mm constant length, 0 degrees for vertical
and horizontal diving angles, and is situated at the beam
mid-span. The only parameter in this study is the knot
radius; see Fig. 13.

Table 4 and Fig. 14 clearly show a significant reduction
of the ultimate capacity of almost 40% when the knot has
a radius of 20 mm (40% of the whole cross-section).

3.5 The effect of the knot diving angle

In this section, the diving angle of the knot (the vertical
inclination) was considered. The knot is considered coni-
cal with an apparent diameter of 30 mm (30% of the beam
height), located in the mid-span of the beam and at a dis-
tance of 5 mm from the extreme tension fibers with vari-
able dive angle. The variation in the fiber orientations in

10 mm I 20 mm I
30 mm I 40 mm l

Fig. 13 Finite element mesh for various knot radii

Table 4 Capacity vs knot radius

Knot radius (mm) Capacity (kN)
0 82.415
5 69.024
10 62.523
15 50.452
20 49.552

40 - 3
S
; 30 - a
E
§ 20 |- .
S
5]
2 10 - .
Q
[

0 | |
0 5 10 15 20

Ratio of knot radius to cross-section height [%]

Fig. 14 Loss of capacity versus knot radius

@ (b)
Fig. 15 Mesh of the knot and its vicinity at (a) —25 degrees diving angle,

(b) +5 degrees diving angle

the LT plane is generated automatically. Fig. 15 shows
examples of a negative diving angle (inclination upward)
and a positive one (downward).

Table 5 and Fig. 16 show the load-bearing capacity in
terms of the diving angle. It is observed that the negative
diving angle (Fig. 15(a)) increases the part of the cross-sec-
tion area under the knot in the tension zone where the brit-
tle failure usually occurs, resulting in an enhancement in
the ultimate capacity (by up to 25% in this study) in com-
parison to the zero diving angle. However, a positive div-
ing angle has an opposite effect (Fig. 15(b)), as it reduces
the net cross-section in the tension zone and causes a drop
in the ultimate capacity.

3.6 The effect of the knot length

In the last parametric study, the length of the knot varied
between zero (no knot) to the full cross-section width. The
knot was located at the mid-span of the beam at a distance



Table 5 Capacity vs knot diving angle
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Table 6 Capacity vs knot length

Vertical diving angle (degree) Capacity (kN) Length (mm) Capacity (kN)
5 36.005 0 82.415
0 50.452 10 69.558
-5 50.479 20 59.009
-10 54.647 30 53.404
-20 58.511 40 50.932
25 58.437 50 50.273
-30 58.479 60 46.185
35 58.441 70 42.822
-40 61.811 80 38.174
100 36.839
60 |
— 50 60 ]
R b
> 40 - | — 50
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Fig. 16 Loss of capacity versus knot diving angle

of 5 mm from the bottom edge of the beam in the tension
zone. It was found that the failure was localized and con-
fined to the knot vicinity in all the cases.

Table 6 and Fig. 17 show the capacity of the beam in
terms of the knot length along the cross-section width. It
is observed that the capacity rapidly drops initially when
the length increases, indicating that even a short knot can
be detrimental to the mechanical behavior due to the stress
disturbance it creates. A full-length knot leads to a loss of
55% in this study.

4 Conclusions

A numerical technique was developed to recreate the fully
three-dimensional finite element model of the vicinity of
the knot parametrically in terms of the user-defined geo-
metric properties of the knot.

The parametric investigation was presented in this
study to numerically evaluate the impact of knots in timber
beams on the flexural load-bearing capacity with the help
of the finite element method. This comprehensive paramet-
ric study involved all significant geometric properties such
as knot size (diameter and length), location (both longitu-
dinally and vertically), and the diving angle. The three-
dimensional fiber paradigm was parametrically generated

10 20 30 40 50 60 70 80 90 100

Ratio of knot length to cross-section width [%]

Fig. 17 Loss of capacity versus knot length

in the finite element models based on a technique provided
by the authors, which could accurately produce the three-
dimensional fiber deviations induced in the knot vicinity.

The model was partly validated by the authors' own

experimental program involving Norway spruce beams
subjected to four-point bending tests and partly by numer-
ical and experimental data available in the literature
from independent research studies. The model validation
resulted in a good agreement between the experimental
and simulated load-deflection curves and failure predic-
tions for the tested specimens in bending. The general
observation regarding the numerical and experimental
investigations presented here is that knots located in the
tension zone cause an early tension failure attributed to
considerable fiber inclination around the knot and, there-
fore, the ineffective utilization of fiber strength. This,
in turn, results in unsatisfactory compression capacity uti-
lization as well. The main findings of the parametric sim-
ulations are summarized as follows:

1. Knots located in the tension zone in high bending
moment sections (mid-span) cause the largest loss
capacity (39%); however, other locations also have
a negative effect due to the extent of the disturbed
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fiber paradigm around the knot. Horizontal position
has a negative effect even if not in the maximum
bending moment zone.

. Knots located in the compression zone have consid-

erably less effect on capacity as well as ductility.

. Lower capacity was obtained for bigger knot radii

since they induced large fiber deviations.

. A diving angle with an upward inclination positively

affects the load-bearing capacity, whereas a down-
ward inclination acts contrary by reducing the net
cross-section available for tension.

. Loss of capacity monotonously increases with knot

length, and the most rapid change is observed for
short knots, indicating that even a short knot can be
critical to mechanical behavior.
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