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Introduction 

The finite element approach is used primarily in timber 

numerical modelling. On the one hand, computational 

models must be fine-tuned to anticipate the three-

dimensional state of stresses due to wood's anisotropic and 

complex behaviour. In compression, wood follows the 

elastic-plastic constitutive law, yet in tension parallel to the 

grains, it is brittle [1-3]. Elasticity describes an element's 

capacity to deform under moderate stress and then return to 

its original undeformed shape once the load is removed. 

Furthermore, compression plastic deformation or tensile 

failure will occur when subjected to a higher loading value. 

Tension is a common cause of timber component failure; it 

causes the beam compression zone's plastic capacity to be 

underutilized [4]. The ultimate flexural capacity of timber 

structural components has been predicted in several 

approaches [5-7]. The Tsai-Wu strength hypothesis is the 

most accepted failure criteria for estimating the ultimate 

load-bearing capacity of anisotropic materials. 

Tests are frequently used to derive material constants for 

numerical analysis. The wood properties vary widely based 

on various factors, including species, age, moisture content, 

density, and location. Properties can also vary from one 

sample to another and are frequently mainly indicative [8-

11]. The elastic limit in tension and the material's nonlinear 

compression behaviour are key characteristics of the 

overall bending behaviour.  

 In terms of stress-strain characteristics, failure modes, 

and preferred fibre orientation, wood anisotropy is 

analogous to transversely isotropic fibre-matrix composite 

material anisotropy, although it is more sophisticated. 

Fortunately, the linear orthotropic material model with nine 

material constants may be utilized to characterize the elastic 

behaviour of wood at any time. Several earlier researchers 

have examined the difficult behaviour of wood beams by 

developing linear and nonlinear mechanical models based 

on experimental data and using the finite element method 

(FEM), which is a reliable numerical method [12-16]. The 

application of constitutive models with appropriate material 

characteristics is required for numerical analysis. Timber 

requires a more sophisticated definition than fibre-

reinforced composites, which are frequently linearly 

orthotropic elastic with brittle rupture. Unfortunately, the 

linear orthotropic model is only applicable in the linear 
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closely spaced knots and related fibre deviations on the flexural failure mechanism of wood 

beams. The model considers the effects of the position of the knots along the beam's 

longitudinal and vertical axis. The numerical models were validated by bending tests 

performed on six timber beams. The actual three-dimensional geometry of knots and related 

fibre deviations were determined accurately based on an algorithm proposed previously by 

the authors. The elastic-plastic constitutive law of Nordic Spruce wood was considered based 

on the Hill anisotropic model. The failures were numerically predicted with the help of the 

Tsai-Wu failure criterion. The validated numerical models can also be used based on visual 

inspections. The user needs only to define the position and size of the knots and the space 

between them. Moreover, the model allows defining different fibre patterns in the knot 

vicinity. The model considers a fixed knot located in the tension zone at the mid-span of the 

beam and a moving knot adjusted at horizontal and vertical centre-to-centre distances d and 

v from the fixed one. Results revealed that regardless of the distance d (where v = 0), the 

failure will initiate at the same load levels for both knots. However, moving the adjacent knot 

diagonally (v not equal to 0) causes shear failure between the knots. The part of the clear 

wood between the knots is ineffective if the knots' centre-to-centre distance is less than three 

times the knot diameter. 

mailto:khaled.saad@emk.bme.hu


 

 
range. Beyond that, nonlinear stress-strain relationships are 

required, especially in the compression area, where a 

variety of different types, such as totally plastic, have been 

used (e.g. [17,18]), bilinear (e.g. [19-21]), higher-order 

(e.g. [22]). A tri-linear stress-strain diagram was proposed 

to evaluate the failure behaviour of wood under 

compression parallel to the grain [23]. Hill also suggested a 

bilinear anisotropic stress-strain relationship that may be 

used to estimate orthotropic linear elastic–quasi-rigid in 

tension and orthotropic linear elastic–perfectly plastic or 

bilinear in compression where two straight lines represent 

the stress-strain curve's plastic component with differing 

slopes [24-27]. See Fig. 1 for model illustrations. More 

suggested models can also be found in [28,29]. 

 

Fig. 1. Stress-strain relationship for wood under tension and compression 

parallel to the grain. (a) compression parallel to grain as suggested by [25], 

(b) [30]. 

As a function of the Euler's angles (λ, ρ), an investigation 

was carried out to analyze the changes in the elastic 

properties of wood members in the L.T. and L.R. planes, 

represented as a material that is linearly elastic and 

orthotropic, as well as several tests [31,32]. The finite 

element approach was used to analyze the behaviour of 

spruce (Picea abies) wood beams, and the Generalized 

anisotropic Hill model was proposed. Three-point static 

bending and compression tests were used to validate the 

model and determine the characteristics of the material 

being studied [33]. 

 Knots and related grain deviations are the most 

prevalent natural flaws, and they reduce the overall capacity 

of wood components [34]. Knots reduce tensile strength 

owing to grain deviation and stress redistribution, although 

compression strength parallel to the undisturbed grain 

direction is unaffected. There are two sorts of knots: "dead 

knots" are no longer attached to the main body of wood, and 

"live knots" are still attached to the main body of the wood. 

Furthermore, undergrown knots are more prone than dead 

knots to cause grain deviation and tension loss. The 

material properties of wood, such as strength and stiffness, 

are greatly influenced by global and local fibre deviations. 

They also cause a localized stress concentration, resulting 

in early tensile failure and poor compression capability 

usage [35]. The longitudinal tensile strength, MOR, 

compression strength parallel to the grain, and MOE are the 

most concerning parameters. Knots usually cause stress 

discontinuities in their surroundings and a tangential plane 

deviation of the surrounding fibres (L.T.). The knot's 

inhomogeneity with the surrounding wood composition 

will also contribute to the loss of strength. Furthermore, the 

knotted wood's density is double that of the knot-free 

wood's average density. 

 Several non-destructive methods, such as the laser 

confocal microscope, can be used to assess fibre deviations 

[36], the application of the tracheid effect scanning [37], X-

ray scanning technique [38], the CT-direction process 

(Computed Tomography) [39]. Mathematical models were 

also designed to describe the principles of branch and knot 

generation [40-42]. To construct a 2D in-plane pattern for 

the knots, grain angles, and density variations, an x-ray 

scanner was used. The out-of-plane component (diving 

angles) was not, however, assessed. Knots spaced at least 

200 mm apart were proven to decrease stiffness more 

effectively than a single knot. Forty-four specimens of 

lumber were evaluated under tension to determine tensile 

strength; the pith was detected in 44% of the observed 

failed parts, whereas knots in the centre of the wood section 

were identified in 10% of the failure sections [38]. [37] 

proposed a non-destructive approach to creating the 3D 

fibre pattern for the Norway spruce timber by investigating 

the relationship between the diving angle and the grayscale 

image of the reflected light by applying the tracheid effect 

scanning to identify the in-plane and out-of-plane angle 

(fibre direction) in the knot vicinity. The models were 

verified by the mathematical model created by [42]. The 

behaviour of Scots pine (Pinus Sylvestris) wood was 

investigated using transversally isotropic 3D finite element 

models (five independent material characteristics for the 

elastic behaviour). The authors provided a 3D analytical 

wood material model to predict the behaviour of defected 

timber beams while taking into account the impacts of any 

existent elliptical, rotating, and oblique cones as a 

representation of the knots. The knots generate a 

discontinuity in the stress distribution, which causes the 

strength to be reduced. Shear and perpendicular to grain 

stress components emerge in the fibres around the knots. 



 

 
Parallel to fibre stresses, these stresses are more significant. 

Furthermore, different Young's moduli (𝐸𝑐 and 𝐸𝑡) were 

explored for tension and compression. 

 A 3D flow-grain analogy was used in another study to 

compute the grain deviation in the knot vicinity, which 

involved making the knot's contour a solid barrier while 

running laminar flow through the beam and measuring the 

velocity components in each element [43]. The 3D flow-

grain analogy is an approach in which laminar flow flows 

through the specimen, turning the knots into solid barriers; 

instead of generating a mesh in the shape of the streamlines, 

the elementary Cartesian velocity components are 

recorded. After that, a solid analysis will be carried out. 

Solid elements will be used to replace fluid components, 

and the fibre deviation will be computed using velocity 

vector relationships. The wood is surrounded by a fluid-

filled top prismatic pipe, with knots functioning as the 

fluid's wall boundaries. 

 The impacts of fibre orientations and knots on the 

variance of the MOE were also statistically shown to develop 

appropriate machine strength grading procedures [2]. A 

three-dimensional finite element model was suggested to 

investigate the impact of knots on the strength decrease of 

Norway spruce wood. The knot's cross-section is considered 

oval, and its axis might be nonlinear. The diving angle can 

be used to illustrate the radial fibre deviation's orientation [3]. 

When assessing the strength and failure mechanism of wood 

specimens, the diving angle, also known as an out-of-plane 

angle, must be considered; it can approach the description of 

fibre orientation out of the plane of the beam face [44]. 

Furthermore, considering the existence of knots and their 

related fibre deviations, a three-dimensional finite element 

model was utilized to estimate the mechanical properties of 

Norway Spruce wood boards [45]. 

 Analytical methods can also be used to determine the 

knot geometry and related fibre deviation. A mathematical 

model was proposed to characterize the knots and their 

accompanying fibre deviation boundaries in three 

dimensions, assuming that second and third-order 

polynomial functions might approximate the borders. The 

tangent R(P, 𝑅𝑖𝑜) is used to calculate the fibre deviations; 

this can be approximated by the distance between the tree's 

pith and a specific growth layer near the knot (𝑅𝑖𝑜), the 

distance between the knot's centre and any examined 

location (P), and other variables related to the type of wood 

member [42]. 

 The most significant stress concentration is usually 

seen near the member's edge, where knots form. The knots 

in the centre of the member have the lowest stress 

concentrations. The area behind the knot is also thought to 

be inefficient and incapable of overcoming tension [46]. 

The impact of knot size and position on the behaviour of 

structural wood components was investigated using a two-

dimensional parametric finite element model. Openings 

and cylinders were used to estimate the knots. 

 On the other hand, these models do not account for the 

effect of dive angles [47]. Furthermore, the impact of the 

knot's size, placement, and diving angle on bending was 

parametrically investigated using elliptical oblique and 

rotating cones [48]. Knot density and size effect on bending 

strength and flexural stiffness was also studied [49]. 

 Knots in structural wood are considered a severe 

problem. When identified in the tension zone, they decrease 

the stiffness and ultimate capacity of wood components. In 

particular numerical research, knots were represented as 

holes. Due to the existence of knots represented by holes at 

the tension zones of the beams during bending, [50] 

examined the local stress concentration quantitatively. 

They discussed how the size and location of the hole 

affected the stress distribution in Pinewood, which was 

treated as a linear elastic orthotropic material. The distance 

between the knot's centre and the base surface, its diameter, 

and the quantity of loads were connected to the distribution 

of normal stresses. The stress ratio between the weakened 

and non-weakened beams decreases as getting closer to the 

neutral axis. Another study discovered a reduction in 

bending stiffness when knots were also represented by 

apertures, with a 50 mm diameter providing an 83% 

reduction in bending stiffness [1]. 

 Furthermore, theoretical and experimental research 

investigations have shown that openings can simulate 

knots. The authors found no significant differences in the 

timber beams' estimated ultimate forces and strengths 

(MOR, MOE, maximum force, and deflection). On the 

other hand, an opening would not offer a signal of 

impending failure. Natural knots of different locations, 

sizes, and forms were found in the beams, and each sample 

was then defected by an opening with a matching fibre 

pattern. When both techniques' load-deflection curves were 

evaluated, they displayed comparable properties. The final 

loads were not appreciably different [51].  

 A comparable investigation was also conducted. To 

investigate the behaviour of recycled timbers with fastener 

holes and their effects on ultimate flexural capacities, the 

authors developed an analytical two-dimensional finite 

element model combined with the Tsai-Wu strength theory 

for anisotropic materials, which was validated with a 

destructive four-point bending experimental investigation. 

The distance between the edge of the hole and the extreme 

compression or tension fibres should not be less than 6 mm. 

On the ultimate flexural capacity of the member, the effects 

of different bolt hole sizes positioned at the midspan of the 

beam with variable locations relative to the edge of the 

compression and tension edges were investigated. The 

fastener hole at the beam's mid-span provides the section's 

most significant flexural resistance decrease. For failure 

prediction, a "load-stepping" technique was used, in which 

every failed element (reaching one according to Tsai-Wu) 

was removed from the analysis and treated as a localized 

failure, resulting in a "net effective section" that was then 

used in the subsequent analysis step. The load-deflection 

curves were recorded using the load-step method until the 

global failure was attained. 25.4 mm holes with centres 19 

mm (6.3 mm away from the edge) and 12.7 mm (touch the 



 

 
edge) away from the tension edge had the lowest ultimate 

load capacity. Because these holes are so near to the tension 

edge, it may be concluded that a hole so close to the edge 

has similar consequences as one that contacts the edge [52]. 

 On the other hand, Knots are depicted as a cone or 

cylinder with a diving angle perpendicular to the 

longitudinal wood fibre. Because the inner geometry of the 

knot is unknown, in most cases, assumptions and 

approximations should be used, such that a cone can be 

used to depict the knot with an inclination toward the log's 

pith. Examples of such approximations are shown in [53]. 

Using finite element modelling and an orthotropic elastic-

plastic constitutive equation for wood in the plane stress 

state, the final flexural capacity of defective Pinus sylvestris 

L. beams exposed to four-point bending was projected. The 

location and magnitude of knots and grain variations were 

used to predict the rupture region. Experiments were also 

conducted to validate the models [54]. A knot represented 

by an opening, an adherent knot attached to the rest of the 

beam, and a partial contact knot with the rest of the beam 

were all modelled. The first model was the most accurate in 

predicting the bending failure load for the knots in the 

tension zone. A related study developed a three-

dimensional analytical material model to anticipate the 

behaviour of timber beams while accounting for the effects 

of any existing knots in the form of elliptical, rotating, or 

oblique cones [43]. Because the material qualities of 

timber, such as strength and stiffness, are susceptible to 

local fibre orientations, the impact of grain deviation caused 

by the presence of the knot must be investigated. Knots 

frequently cause a stress disturbance in their immediate 

surroundings, and the resulting grain deviations reduce 

tensile strength and cause stress redistribution. 

Nonetheless, they have a negligible impact on compression 

strength parallel to the undisturbed grain direction. 

 The main objective of this work is to investigate the 

effect of two closely spaced conical knots and related fibre 

deviations on the ultimate flexural capacity of Norway 

spruce wood beams subjected to four-point bending using 

parametric finite element analysis. The study seeks to 

determine the effects of a knot adjusted in a vicinity of a fixed 

knot located at the mid-span in both directions, X and Y. 

Methodology 

The ultimate objective is to determine the influence of two 

closely-spaced knots on the failure modes of timber beams.   

For a correct evaluation, the elastic stiffness and modulus 

of elasticity parallel to grains were determined from a linear 

regression line determined from the load-deflection curves 

to validate the numerical models. 

 After that, the specimens were tested for bending. Two 

pilots undefected (without knots) and four defected (with 

knots) beams were tested to determine their load-bearing 

capacities. In addition to the quasi-static bending tests, 

compressive tests were conducted to verify the fundamental 

characteristics of wood. The rest of the material properties 

were adopted from literature. 

 The knot size and position were measured based on 

visual inspection. Data were implemented into the three-

dimensional F.E. model for validation, considering the 

knots and related fibre deviations. 

Experimental 

The experimental program considered four-point quasi-

static bending testing on rectangular wood beams. Two 

beams were tested, one with knots and the other without. 

Compressive tests were undertaken in addition to the quasi-

static bending tests to validate the main characteristics of 

wood in compression. 

 The Norway spruce beams had a length of 1000 mm 

and a rectangular cross-section of 100 mm × 100 mm. At 

the time of testing, the moisture content was 12 per cent. 

Visual inspection of the knot-free specimens revealed 

faults, primarily in the form of knots, which were confirmed 

to be on the compression side if available. No severe flaws 

or defects were found, such as drying splits and biological 

degradation. The knotted specimens contain knots of 

different sizes and positions in the tension zone. 

 The physical measurements and weights of each 

component were measured and documented. The average 

material properties for the timber material are shown in 

Table 1. 

 
Table 1. Average material properties for Nordic Spruce timber [8-11]. 

 

Material property name Value 

Moisture content 12% 

Modulus of elasticity (𝐸𝐿) 10900 MPa 

Modulus of elasticity (𝐸𝑇) 420 MPa 

Modulus of elasticity (𝐸𝑅) 640 MPa 

Shear modulus (𝐺𝐿𝑅) 580 MPa 

Shear modulus (𝐺𝐿𝑇) 590 MPa 

Shear modulus (𝐺𝑅𝑇) 26 MPa 

Poisson’s ratio (ѵ𝐿𝑅) 0.39  

Poisson’s ratio (ѵ𝐿𝑇) 0.49 

Poisson’s ratio (ѵ𝑅𝑇) 0.64 

Longitudinal compression strength (𝜎𝑐0) 40.6 MPa 

Tangential compression strength (𝜎𝑐90) 4.7 MPa 

Tensile strength parallel to grain (𝜎𝑇𝐿) 99.1 MPa 

Tensile strength perpendicular to grain (𝜎𝑇𝑅) 4.9 MPa 

Tensile strength perpendicular to grain (𝜎𝐿𝑅) 2.8 MPa 

Shear strength (𝜏𝐿𝑅) 6.1 MPa 

Shear strength (𝜏𝐿𝑇) 4.4 MPa 

Shear strength (𝜏𝑅𝑇) 1.6 MPa 

Modulus of rupture 67.7 MPa 

 
 The ASTM D143 standard was used to conduct the 

bending tests, which consisted of a series of quasi-static 

four-point bending examinations. The load was delivered at 

a rate of 7 mm/min via a crosshead displacement control 

performed with a standard MTS testing equipment with 600 

kN. As demonstrated in Fig. 2, a single actuator in the 

beam's centre transmitted the load to the two points of the 

beam. The specimens were placed on supports with a 900 

mm clear span. See Table 2 for specimen specifications and 

test results. 



 

 

 

Fig. 2. Four-point bending test. 

Table 2. Test specimens - bending. Ultimate loads (KN) and deflections 

(mm). 

Specimen Characteristics Displacement (mm) Load (KN) 

S1 Knot-free 34.03 67.24 

S2 Knot-free 35.65 67.24 

S3 knotted 21.70 51.06 

S4 knotted 18.22 42.82 

S5 knotted 20.80 50.68 

S6 knotted 23.88 43.23 

 This investigation also included parallel-to-grain 

compressive testing to assess the wood's inelastic 

compression characteristics. The tests were carried out 

using an ATS mechanics testing machine with crosshead 

displacement control at a 0.6 mm/min rate. Ten different 

specimens were evaluated, whose dimensions (height × 

width × length) of 30 mm × 30 mm × 180 mm. The axial 

contractions were recorded, and the compression stress-

strain diagram was obtained, which will be used to define 

the parameter needed for the bi-linear compression stress-

strain diagram. The curves representing the axial 

contractions are illustrated in Fig. 3. 

 

 

Fig. 3. Axial contraction for all specimens (compression test). 

FEM analysis of 4-point bending tests 

The results from the tests were used to calibrate finite 

element models so that the influence of the knots on the 

flexural behaviour of the wood beams could be 

quantitatively evaluated. Furthermore, to accurately create 

three-dimensional numerical representations for the knots 

and related fibre deviations.  

 The following finite element models were evaluated: 

(i) 3D models of beams without knots; (ii) 3D models of 

knotted beams with one knot located in the tension side at 

a distance of 5 mm far from the extreme tension fibres to 

the bottom of the knots, (iii) parametric 3D models of 

knotted beams with two-closely spaced knots with a centre 

to centre distance d (in the longitudinal direction) and v (in 

the vertical direction). No finite contact elements were used 

for the boundary conditions at the supports and the centre 

loading. Furthermore, as illustrated in Fig. 4, the boundary 

conditions were applied directly to the nodes located at 50 

mm, and 950 mm from both beams' ends. The three-

dimensional computational models were built using the 

ANSYS APDL language supplied by the general-purpose 

FEA program ANSYS. 

 

Fig. 4. FEM model. Loading and boundary conditions. 
 

Constitutive modelling 

Using the general form of Hooke's law, an elastic 

orthotropic constitutive relationship for wood material was 

established in the linear range: 

𝜎 = 𝐷𝜀, 

where σ is the stress vector in each of the three orthotropic 

directions, ε is the associated strain vector, and D is the 

orthotropic stiffness matrix made up of nine different 

material qualities of the wood species. The rest of the 

attributes were taken from the literature. Furthermore, both 

compression and tension were considered to have the same 

modulus of elasticity. 



 

 
 Wood beams show a linear elastic-quasi rigid response 

when subjected to tensile loads. Wood shows both linear-

elastic and nonlinear inelastic behaviour when compressed. 

Consequently, the nonlinear behaviour of the wood beams 

was replicated using the generalized anisotropic Hill 

potential model. The model has varied yield strengths in 

tension and compression, and it might react differently in 

the x, y, and z dimensions. 

 A bilinear anisotropic stress-strain relationship allows 

the different components of tension and compression to 

yield stresses. Uniaxial tensile and compressive stress-

strain curves characterize the material behaviour in three 

orthogonal directions and shear stress-engineering shear 

strain curves in the corresponding directions. A bilinear 

response is studied for each direction. The starting slope of 

the curve is used to compute the material's elastic moduli. 

At the desired yield stress, the curve continues down the 

second slope indicated by the tangent modulus. The 

experiment may be used to determine the compression yield 

stress and tangent modulus in the grain direction.  

 The knot-related fibre pattern differs significantly from 

that of clear wood. The three orthogonal directions 

(Longitudinal L, Radial R, Tangential T) that are 

characteristic in transparent timber describe the orthotropic 

behaviour of wood. On the other hand, Knots have no such 

fibre pattern since the fibres are aligned in unpredictable 

orientations, resulting in a disordered arrangement. It 

means that the material has comparable qualities in all 

directions; hence isotropy is the best way to describe its 

behaviour. 

 Material properties are unaffected by loading rates. 

The effects of the environment on the beams' structural 

behaviour, such as moisture and temperature, were not 

considered. Table 1 summarizes the material attributes 

used in the numerical models. 

Constitutive modelling 

The wood species were represented using three-

dimensional solid elements (SOLID 45). The eight-node 

element contains three translational degrees of freedom per 

node, which corresponds to the orthotropic properties of 

timber beams. The beam was divided into  113,250 finite 

elements. Boundary conditions were applied directly to the 

nodes to depict the simply-supported condition. The same 

element type was used to simulate the behaviour of the 

knots. No contact elements were specified between the 

clear wood and the knots.  

 The tested specimens in bending were divided up into 

multiple plies of 10 mm each in the direction parallel to the 

grains until they reached the tip of the knot to establish the 

natural three-dimensional fibre paradigm in its vicinity. To 

reproduce the precise knot shape and related fibre 

deviations, measurements of the grains for each ply were 

obtained and reproduced in ANSYS to establish the three-

dimensional finite element models. All of the knots studied 

were conical in form  (see Fig. 5).    

 As wood is a highly anisotropic material, the 

orientation of the fibres has a significant impact on the 

mechanical properties. Because the fibre pattern 

surrounding a knot deviates so far from the regular parallel 

direction of pure wood, it becomes essential in terms of 

stress conditions, capacity, and other factors. The 

orthotropic material's longitudinal orientation (L) should be 

aligned with the fibres in the model from a technical 

standpoint. It is worth noting that the solid element in the 

ANSYS program has a default orientation that is parallel to 

the global Cartesian coordinate system. Therefore, the 

material coordinate system must be independently 

orientated for each finite element. 

 

Fig. 5. Three-dimensional representation of knots and related fibre 
deviations. (a) v = 0, (b) v = 25 mm, (c) fibre orientations. 
 

Failure criterion 

Tension is a typical reason for wood element failure 

because it causes the plastic capacity of the beam 

compression zone to be underused. As a result of weight, 



 

 
micro-cracks develop into macro-cracks, causing 

irreversible damage to the timber beams. The Tsai-Wu 

strength hypothesis is the most widely recognized failure 

criteria for determining anisotropic materials' ultimate load-

bearing capability.  

 ANSYS uses the inverse of the strength ratio as the 

TWSR failure criteria for consistency. If the TWSR criteria 

value is greater than 1, it indicates failure. The TWSR 

indices, on the other hand, are best regarded as damage 

initiation indices since they provide information on the 

beginning of failure in the specimen under consideration. It 

is necessary to determine the maximum permissible 

material strength values (stresses or strains). 

Results and discussion 

Load-deflection response and failure assessment 

The experimental load-deflection curves for each tested 

specimen were used to calibrate the rate-independent 

inelastic material model. The specimens S1 and S2 for knot-

free beams were selected and evaluated to serve as 

references.  

 In tension, all knot-free specimens failed due to the 

longitudinal splitting of fibres parallel to the grains. Before 

the global collapse, intangible local damages began. Knots, 

if any, were ensured to be located in the compression zone 

of the beams, demonstrating that knots and related fibre 

deviations have a negligible impact on the compression 

strength of wood beams. 

 The experiments revealed that tensile failure was 

confined to the knot, followed by a complete progressive 

failure with a significant reduction in the ultimate capacity, 

demonstrating the importance of local fibre waviness 

caused by knots in wood beams. The load-deflection curve 

has a minor non-linearity due to early tension failure caused 

by local fibre deviation around the knot. Furthermore, local 

premature tensile failure followed by a global beam failure 

prevents the full use of timber's compression capacity; 

hence, the ductility is not fully utilized. 

 After tension fibres have ruptured, horizontal cracks 

typically occur towards the midway. It suggests that a weak 

area in the wood substance is most likely to blame for the 

failure. The failure usually starts in the tension zone and 

progresses to the weaker part of the beam. The loss of 

ductility further underscores the difference between knot-

free and knotted beams. It lowers the tensile strength of the 

timber cross-section, eventually causing it to collapse. 

The parametric study 

The effect of a single knot is first studied parametrically 

positioned at the longitudinal axis (x-axis) for evaluating 

the failure initiation at the adjacent knot concerning the 

centre-to-centre distance d. All the beams were subjected to 

four-point bending with a displacement-controlled loading 

of 25 mm. The material properties adopted are shown in 

Table 1. 

Effect of a single knot 

The effect of a single knot (knot-1) located at the mid-span 

of the beam in the tension zone whose diameter D = 30 mm, 

length L = 50 mm, diving angles equal to zero, and 5 mm 

the distance from the extreme tension fibre to the knot 

bottom. Fig. 6. The study was performed to serve as a 

reference when evaluating the effects of another knot 

located at a different location within the beam. 

 

 

Fig. 6. Loss of capacity relative to knot position along x-axis. 
 

 According to the findings, when a knot is detected near 

supports, the consequences on flexural behaviour are 

negligible. When the knot was placed at a distance of 25% 

of the beam's complete length, there was a noticeable drop 

in ultimate capacity of 10.42%. The loss of load-bearing 

capacity reached a maximum of 39% when the knot was in 

the middle of the beam. Failures are reproduced in the 

disturbed fibre zone around the knot. However, a typical 

bending failure occurs when the knot is close to the support. 

Effect of two knots 

The lack of ductility underlines a substantial differential 

between knotted and non-knotted wood beams. The 

presence of the knot causes early tensile failure in the wood 

at the same stress level. As a result, the maximum load is 

carried out at a lower level. One of the knots is fixed to the 

mid-span of the beam, where we expect the highest loss of 

load-bearing capacity, and the other knot is moving 

according to two different scenarios: 

I. Two closely spaced knots with varying centre-to-

centre distance d only in the longitudinal direction  

(x-axis), see Fig. 7(a). The distance from the edge of 

the knots to the extreme tension fibre is b = 5 mm. 

II. Two closely spaced knots with varying centre-to-

centre distance in the longitudinal (d) and vertical  

(v = 25 mm) directions (x and y-axis), see Fig. 7(b). 

Both knots have a conical shape with a length of L = 50 

mm, a visible diameter of D = 30 mm, and vertical and 



 

 
horizontal diving angles of zero degrees. All beams in the 

parametric study are subjected to four-point bending under 

displacement-controlled loading of 20 mm. 

 

Fig. 7. Two closely-spaced knots with horizontal and vertical center to 
center distances d and v. (a) d = 400 mm and v = 0, (b) d = 50 mm and v = 

25 mm. 

In the first case, where v is zero, the failure initiation at 

knot-1 is not affected by the presence of an adjacent knot. 

The Tsai Wu predicted failure at the same load level for 

both knots. Results show that the percentage of loss of 

bearing capacity is similar to a single knot located at those 

two different positions, see Fig. 6. 

 For the second case, the presence of an adjacent knot 

caused a failure initiation at the adjacent knot at a higher 

load level. The area between knots was subjected to high 

shear deformation. The shear failure mechanism started 

before reaching the ultimate tensile capacity of the beam, 

see Fig. 8. The clear wood part between the knots is 

considered ineffective. The shear failure is dominant if the 

centre-to-centre distance d < 3 × D. Beyond this value, 

tension will cover the failure only. 

 
Fig. 8. Normal and shear stress distribution at the same load level that 

causes the ultimate tensile strength. (a) shear stress - (b) Normal stress for 

for d = 1.5 × D; (c) shear stress - (d) Normal stress for for d = 2.5 × D. 

 

Conclusion  

The knot shape and accompanying fibre variations were 

predicted adequately in this study utilizing numerical 

simulations. To validate the models, four-point bending 

tests were performed on Spruce timber. The numerical 

models correctly followed the three-dimensional local grain 

variations induced by the knot's presence without 

approximations, resulting in a perfect match between the 



 

 
simulated and observed load-deflection curves. Because of 

the early tension and shear failures caused by the presence 

of knots in the timber beam, the compression capacity is 

ineffectively utilized. The following is a summary of the 

findings: 

(i)  To better understand the effect on the flexural 

behaviour of timber beams, the 3D knot and related 

fibre variations were parametrically modelled. 

(ii)  Visual inspections can be used to validate the model. 

The user needs to enter the size and location of the 

knots for the 3D numerical model. 

(iii) For the case where the vertical centre-to-centre 

distance between the two knots is v = 0, the load level 

that initiates the failure does not depend on the 

presence of an adjacent knot. 

(iv) For v = 25 mm. If the centre-to-centre distance d = 3 × 

D, the clear wood section between the knots is deemed 

ineffectual, and shear failure is considered dominating. 

Beyond this level, only tension will conceal the failure. 
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