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Abstract: Wooden beams have been traditionally used for centuries as the supporting elements for roofs. Long exposure to 

environmental conditions and aging cause deterioration and decay of the wooden beams in historical structures, whereby restoration 

or strengthening is often needed to preserve its historical and archaeological value. This research addresses wooden beams 

strengthened using Fiber-Reinforceded Polymers (FRP). Numerical modelling is carried out by Finite Element Method (FEM) using 

a commercial Simulia ABAQUS software ABAQUS, taking into account the anisotropic nature of wood materials and nonlinear 

behaviour. Validation of the numerical modelling procedure was made by conducting FEM analysis of previously tested two wooden 

beams: solid wooden beam and FRP-strengthened wooden beam. Description of the modelling procedures for the two beams are 

described. Agreement between the numerically obtained and the experimentally observed flexural behaviour and failure validates the 

numerical modelling and analysis approach for investigating and design of various configurations for strengthening wooden 

elements. A numerical study was conducted to investigate several fiber composites strengthening schemes for wood beam. 
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1. Introduction 

Wood is one of the oldest building materials used 

throughout history. Wood has long been used as columns 

and as beams to support roofs due to its high strength in 

tension and compression in addition to its desirable 

properties of heat- sound-insulation. Long exposure of 

wooden elements over time to environmental conditions 

and misuse leads to damage and decay which necessitates 

restoration especially in case the building has historical and 

archaeological value. Different factors also lead to 

deterioration of the  physical, chemical and mechanical 

properties of wood, and may finally lead to complete 

destruction; examples are exposure to acids, salts, sunlight 

and ultraviolet radiation, organisms, insects, termites and 

fungi [1]. 

Different restoration approaches may be applied for 

wooden roofs, such as removal of replacing damaged parts 

with new wood or adding a lightweight protection ceiling. 

Franke et al. [2] overviewed techniques for enhancing 

timber beam structural efficiency; these included 

substitution of wood with wood, mechanical fasteners and 

additional materials/products to increase strength limits. 

However, these methods violate the beauty and authenticity 

of the wooden roof. With the development in restoration 

methods, fiber- strengthened polymers (FRP) made of 

different fibers such as carbon, basalt, glass, etc. embedded 

in the polymer matrix are being used to restore wooden 

panels [3]. André and Kliger [4] presented a state-of-the-art 

review on research utilizing FRP to improve the mechanical 

properties of timber beams. Glass, carbon, and aramid 

fibers have been used to increase the flexural and/or shear 

capacity depending on the strengthening scheme. Different 

configurations can be used for applying FRP to wood 

surfaces using adhesives or mechanical fasteners, 

depending on the shape, size, and location of the 

reinforcement. Some common methods are shown in 

Figures 1-3. Wrapping can provide confinement and 

increase the load-carrying capacity of the wood. Figure 1 

shows application of FRP sheets or strips on the outside of 

the wooden beams: glass, carbon or basalt FRP sheets or 

strips bonded to the tension side of the wood beams or side-

bonding, U-shape or full-wrap [5, 6]. Rowlands et al. [7] 

proposed elaborating integrated glulam beams with GFRP 

embedded in the wood laminate. Borri et al. [8] provided 

wooden beams undersides and corners with FRP. Figure 2 

shows FRP inserted in incisions. A technique involves 

slicing the specimen and inserting a plate in the cut. The 

plate must be secured with adhesive to the cross-section. 

Nowak et al. [9] inserted CFRP sheets in three lateral slits 

on each side. Kim et al [10] provided beams with an 

incision in the middle of the span and inserted different 

thicknesses of CFRP laminates. Jankowski et al. [11] 

investigated experimentally strengthening of 100-year-old 

wooden beams using CFRP strips. The results showed that 

CFRP is efficient for restoring and improving the load 

capacity of old deteriorated wooden beam, and concluded 

that the effectiveness of reinforcement depends on the 

quality of the wood-CFRP strip bond.  

Figure 3 shows other configurations for FRP 

reinforcement of wooden beams. Osmannezhad et al. [12] 

proposed gluing GFRP between the layers. Shi et al. [13] 

glued GFRP into each joint and then around the perimeter 

of the beam cross-section. Raftery and Harte [14] used 
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GFRP to restore the mechanical strength and flexural 

stiffness of damaged glulam timber beams. Gand et al. [15] 

investigated the use of near-surface-mounted (NSM) FRP 

reinforcement as a viable option for strengthening timber 

structures. The average ultimate load capacity for FRP-

strengthened beams was 16% higher than similar 

unstrengthened beams. The load-displacement curves 

showed a 30% rise in the stiffness of strengthened beams 

than that of unstrengthened beams. 

 
Fig. 1 Strengthening of wood beam sections by externally applied FRP 

 

 
Fig. 2 Strengthening of wood beam sections by FRP applied internally or 

in incisions 

 

 
Fig. 3 Wooden beams strengthened  by other configurations of FRP 

 

Numerical modelling of timber beams is complicated 

due to the anisotropic nature of wood material, i.e. 

mechanical properties vary in the different directions, 

namely along grain and across grain; the problem is more 

complicated for FRP-strengthened wooden beams. Wood is 

also highly hygroscopic, i.e. easily acquires moisture, and 

may shrink transversally to the fibers forming cracks along 

the fibers, and thus reduce the shear resistance and the 

bearing capacity of wood [1]. The cycles of loss and 

absorption of water causes shrinkage and swelling which if 

not uniform causes warping, twisting, overstress and cracks 

[1].  Kim and Harries [16] simulated the behavior of timber 

beams strengthened with CFRP composites using 3D finite 

element using ANSYS analytical model, comparing 

numerical and experimental data, and conducting a 

parametric study to further study the effect of CFRP 

properties on wood species. Mascia et al. [17] developed a 

numerical modelling method of wooden beams 

strengthened with Vectran and glass fibres, which cost 

about 2.5 times less than carbon fibres, using computer 

software ANSYS v.12; that the fibres were shown to absorb 

a significant proportion of the acting stresses, decreasing 

the maximum values of the tensile stress and displacement. 

Kula and Socha [18] analysed wood beams strengthened 

with CFRP bands, using MES SIMULIA ABAQUS 

software and showed that strengthening with CFRP can 

decrease the rheological increases of deformation.  

With the rising costs of experimental testing of full-scale 

wooden beams, and the need to keep up with the era of 

virtual reality to simulate restoration by creating a digital 

model that accurately reflects the laboratory and produces 

similar or matching results in many cases. The ABAQUS 

software was chosen to accomplish this research. Details of 

the steps to create the numerical model are presented, in 

addition to validation studies. 

2. Numerical Modelling 

Wood can be regarded as an orthotropic material, having 

independent mechanical properties in the directions of three 

mutually perpendicular axes: longitudinal axis L is parallel 

to the fiber (grain), radial axis R is normal to the growth 

rings (perpendicular to the grain in the radial direction), and 

tangential axis T perpendicular to the grain but tangent to 

the growth rings, as shown in Fig. 4. These axes determine 

behavior of wood under different types of stress and strain 

[1]. 

 
Fig. 4 The three principal axes of wood 

 

In this work, numerical analysis is conducted by 

constructing a Finite Element Model (FEM) in ABAQUS, 

to simulate the mechanical behavior of wooden beams with 

fibre reinforcement inserted for enhancing flexural 

behaviour strength. The steps of this modelling process are 

described as follows. 

 The first step involves importing 3D-CAD 

representations of the geometrical features of wood, 

fiber, and adhesive components.  

 Definition of material properties of wood and fibres 

regarding modulus of elasticity and Poisson's ratio in 

three orthogonal directions. Hill criterion for material 

strength determinations in pertinent directions is 

employed [9, 19, 20]. Adhesive properties are 

delineated through use of cohesive elements [21]. The 

mechanical properties of wood and FRP given in Table 

1 are drawn from experimental observations or 

literature references [1, 25]. 
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 Establishment of constraints, interactions, and 

boundary conditions. In connecting assembly layers 

with other components, a TIE constraint is mandated, 

with the adhesive layer surfaces designated as the 

"slave" and the surfaces of the attached components as 

the "master." Rigorous attention is paid to articulating 

precise boundary conditions for the wood-fibre 

structure. For instance, a typical scenario involves 

fixing one end of the fibre and applying a load at the 

opposing end to simulate a tensile test. 

 Generation of an appropriate mesh, with due 

consideration to the suggested stack direction. 

 Configuration settings within ABAQUS are delineated. 

This involves defining the appropriate analysis type, 

usually static, and specification of additional 

parameters such as time period (set at 1) and the 

activation of Nlgeom to address nonlinearities. 

Throughout the analysis, automatic incrementation is 

employed with a small increment size, and the 

maximum number of increments is adjusted based on 

predefined criteria. 

 Execution of the analysis itself, accompanied by 

diligent result monitoring to ensure conformity with 

anticipated behaviours. ABAQUS offers a suite of 

visualization tools, including contour plots and 

deformed shape renderings, to facilitate result 

interpretation and validation. 

3. Verification Models 

In order to ascertain the efficiency of the modelling 

procedure, comparative analysis was made between the 

outcomes and results obtained through experimental means. 

In case of disparities, adjustments were made to material 

properties or the model parameters, thus enhancing the 

model's precision. For validation, two models were made 

for wooden beams tested experimentally in two previously 

published researches [20, 21] illustrated in Figures 5 and 6. 

One of these models was a solid wooden beam, while the 

other incorporated fibre reinforcements. 
 

Table 1 Mechanical properties of wood and FRP sheet 

Parameter Description 
wood (Pine) fiber sheet 

start from-to start from-to 

E₁[MPa] 

Elastic modules 

8500-13500 38000-250000 

E₂[MPa] 600-900 
7000-18500 

E₃ [MPa] 400-500 

v₁₂ 

Poisson ratios 

0.33-0.335 

0.2-0.35 v₁₃ 0.33-0.358 

v₂₃ 0.41-0.416 

G₁₂ [MPa] 

Shear modules 

650-715 

2730-7500 G₁₃ [MPa] 529-650 

G₂₃ [MPa] 69-100 

R₁₁ 

Hill criterion 

0.484-1.2 1 

R₂₂ = R₃₃ 0.061-0.9 0.025 

R₁₂ = R₁₃ = R₂₃ 0.206-0.67 0.016 

     
Fig. 5 Model I wooden beam (dimensions in mm) [20] 

 

   
Fig. 6 Model II FRP-strengthened wooden beam [20]      
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3.1 Model Ⅰ: wooden beam 

A three-dimensional numerical model was made for a 

solid beam previously tested by Tran et al. [20], having 

dimensions 900 x 100 x 80 mm, following the outlined steps. 

The created model employing 3D deformable/solid/extrusion 

format for wood, and for bottom steel plate 50 x 50 x 80 

mm, the model was also in a 3D deformable/solid/extrusion 

format. Material attributes were configured encompassing 

Elastic Engineering Constants with values for E1, E2, E3 

(10000, 490, 490) MPa, Poisson Ratios 13, 23  (0.41, 

0.41, 0.33) and shear moduli G12, G13, G23 (650, 650, 100) 

MPa, as derived from Table 1. Strength in the pertinent 

directions was determined through the utilization of the Hill 

criterion, integrating the Plastic Isotropic Adding Potential 

option with parameters R11, R22, R33, R12, R13, R23 (0.48, 0.2, 

0.2, 0.4, 0.4, 0.4), as given in Table 1. The assignment of 

material sections was executed as Solid/Homogeneous, with 

careful attention to align the wood component with the 

appropriate material orientation, as depicted in Figure 7. For 

inter-component connections, assembly layers were strictly 

constrained to interact solely via TIE constraints. Boundary 

conditions were defined for the wood, incorporating a 

displacement of -4.5 mm. Meshing was made for the wood 

and steel plate components, employing solid elements for 

wood (C3D8R), a general-purpose linear brick element, 

featuring 2x2x2 integration points, which was selected for its 

expedited computational efficiency compared to the general-

purpose quadratic brick element C3D20R. Notably, 

Mesh/Orientation/Stack was integral to this process. 

Numerical nonlinear analysis was executed using 

ABAQUS and results were shown through visualization 

tools as shown in Figs. 8 and 9. Comparison with laboratory 

results are given in Table 2 and plotted in Fig. 10. Notable 

agreement between the model-generated outcomes and 

laboratory results verifies the accuracy and reliability of the 

computational approach employed in the calculations, as 

shown by Table 2 and Figs 9 and 10. 

 

Fig. 7 Orientation of material axes and FEM mesh for Model I beam 

 

 
Fig. 8 Stress distribution obtained numerically 

 

 
Fig. 9 Comparison between numerical crack and experimental crack 

 

    
 Fig. 10 Comparison between numerical and experimental load-deflection 

curve        

 

Table 2  Comparison between numerical and experimental results 

Mid-span deflection (mm) 
Force (kN) 

Numerical Experimental 

0.00 0.00 0.0 

2.0 5.26 4.92 

3.0 8.00 7.26 

4.0 9.93 9.58 

4.5 10.80 10.22 
 

3.2 Model Ⅱ fiber-strengthened wooden beam  

A wooden beam measuring 93.5 x 39.75 x 2000 mm, 

adhesive layers with thickness of 0.1 mm and strengthened 

by CFRP layers 1.4 mm thick, the beam is supported on steel 

plates having dimensions 100 x 50 x 93.5 mm. The beam 

was tested experimentally by Kawecki and Podgórski [21]. 

Each of these components was represented in a 3D 

deformable/solid/extrusion format. Only half of the complete 

beam was modelled due to symmetry, as shown in Fig. 11. 

Material properties were defined for both wood and 

CFRP, encompassing Elastic Engineering Constants, 

including elastic moduli (E1, E2, E3), Poisson ratios (13, 

23), and shear moduli (G12, G13, G23), with the respective 

values detailed in Table 1. The modelling process also 

involved assessing strength in pertinent directions utilizing 

Hill criterion with parameters R11, R22, R33, R12, R13, R23 

specified in Table 3.  Given the nature of laminated FRP 

composites and their susceptibility to interlaminar damage, 

special attention was dedicated to the properties of the 
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adhesive layers as shown in Fig.12. Elastic/Traction/Quads 

damage modelling was employed, assuming the 

characteristics of polyurethane (PUR) glue. Distinctions in 

stiffness and strength between wood-wood and wood-CFRP 

joints were accommodated as shown in Table 4 [21]. The 

choice of damage initiation criteria involved the application 

of a quadratic criterion, whereby damage initiation occurs 

when a specific combination of stress components surpasses 

a critical threshold. The Quads Damage option within the 

software facilitated the configuration of this criterion, with 

stress values, as outlined in Table 5, pertinent to wood-wood 

and wood-CFRP connections [22].  Additionally, the stress 

intensity factor for damage, described by Formula (1) [20].  

             (1) 

where, σn, σs ,σt  based on the maximum stresses nominal 

stress and transversal directions as outlined in Table 5. 

 

 
Fig. 11 Model II beam – beam cross-section and dimensions [21] 

 

 
Fig. 12 Cohesive zone model and traction-separation law 

 
Table 3 Material properties of wood and CFRP   

Parameter Wood (pine) Fiber sheet 

E₁ [Mpa] 11439 175000 

E₂[Mpa] 732 
7100 

E₃ [Mpa] 458 

₁₂ 0.335 

0.3 ₁₃ 0.358 

₂₃ 0.416 
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Parameter Wood (pine) Fiber sheet 

  

 
G₁₃  [Mpa] 529 

G₂₃ [Mpa] 69 

R₁₁ 1. 1 

R₂₂=R₃₃ 0.065 0.025 

R₁₂=R₁₃=R₂₃ 0.25 0.016 

  

Table4 Stiffness of wood-wood and stiffness of wood-CFRP 

 E/Eոո G₁/Ess G₂/Ett 

Kww MPa/mm 91.32 91.32 91.32 

Kwc  MPa/mm 49.51 49.51 49.51 

 
Table 5 Stress values 

 
Nominal stress (MPa) 

Normal-only mode first  direction second direction 

Wood-wood  3.19 9.92 9.92 

Wood-CFRP  2.23 6.94 6.94 
 

Table 6 Values of energy 

 

Nominal stress (MPa) 

Normal mode Shear mode 

Fracture energy first -direction second direction 

Wood-wood  85.0 820 820 

Wood-CFRP  42.0 402 402 
 

Additionally, the stress intensity factor for damage was 

computed based on geometry, applied loads, and material 

properties. To model progressive delamination, BK energy 

and power values were set at 1.8, and corresponding energy 

release rates were defined for wood-wood and wood-CFRP 

connections [23, 24] as detailed in Table 6. To ensure 

stability of the model, a viscosity coefficient was introduced, 

with its value specified as 0.0005. 

Material orientation was diligently managed, with wood 

benefiting from appropriate orientation techniques, while 

CFRP and adhesive components underwent reorientation via 

Tools/Datum and material orientation settings. Assigning 

material sections followed, with wood and steel plat sections 

designated as Solid/Homogeneous and CFRP configured as 

a composite layup for continuum shell modelling. The 

choice of continuum shell elements was made to enhance 

accuracy in contact modelling, particularly in scenarios 

involving large rotations and nonlinear geometric analyses. 

For the adhesive section, Other/Cohesive/Traction separation 

settings were employed, consistent with cohesive elements 

that enable comprehensive modelling of crack propagation 

problems, including crack initiation and propagation along 

predefined surfaces. 

As with the first model, intercomponent connections 

were established exclusively through TIE constraints, 

maintaining the adhesive layer surfaces as "slaves" and the 

surfaces of attached components as "masters." Defining 

boundary conditions for the wood-fiber structure involved 

the application of a displacement of -28 mm, distributed 

across multiple steps to ensure precision. 

Analysis considerations encompassed selecting an 

appropriate analysis type, typically static while defining 

parameters like a time period of 0.1 to expedite calculations. 

The activation of Nlgeom was crucial for accounting for 

nonlinearities, and an Automatic stabilization setting (Non) 

was chosen. Incrementation was automated, with the 

maximum number of increments increased by 10,000. Initial 

increment size, minimum increment, and maximum 

increment were set at 0.0001, 1E-015, and 0.1, respectively. 

A plane of symmetry (Symmetry/XSYMM) was also 

introduced, as illustrated in Fig. 13.                

To enhance the accuracy and reliability of results, the 

iteration number was increased within Other/General 

Solution Controls/Manager settings. 

Meshing was carried out for the CFRP-strengthened 

wooden beam, incorporating continuum shell elements for 

the CFRP (SC8R), solid elements for wood (C3D8), and 

cohesive elements for adhesive (COH3D8). A sufficiently 

fine mesh was made to precisely capture the behaviour of the 

wood-FRP system, with attention given to specifying stack 

directions for each component. Ultimately, the analysis was 

executed, and the results were systematically monitored 

using visualization tools of ABAQUS facilitating result 

interpretation shown in Fig. 13. 

Comparison between the numerical and experimental 

outcomes revealed a striking convergence, with both sets of 

results exhibiting a remarkably close alignment. This close 

agreement is illustrated in Fig, 14, where the numerical data 

is graphically juxtaposed with the experimental findings. 

Furthermore, a quantitative examination of the results in 
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Table 7 underscores the remarkable proximity between the 

values obtained through numerical simulations and those 

derived from the physical experiments. These findings 

collectively attest to the robustness and accuracy of the 

numerical model, lending strong credence to its capacity for 

faithfully reproducing real-world behaviours. 

 

 

Fig. 13 FEM mesh for half of Model II beam 

Table 7 Comparison between numerical and experimental results for model 
II 

Mid-span 
deflection (mm) 

Force (kN) 

Numerical Experimental 

0 0 0 

1.0 3.0 2.6 

2.0 9.7 7.1 

13.0 45.3 41.2 

14.0 48.8 43.4 

15.0 50.3 45.6 

16.0 51.6 47.5 

18.3 52.9 52.0 

19.1 55.2 53.5 

25.1 60.31 60.2 

 

 

Fig. 14 Comparison between numerical and experimental load-deflection 
curve 

4. Analytical Evaluation 

The capacity of the wooden beam, Model I, is evaluated 

analytically using the bending strength values typical of this 

wood type and grade [1]. The characteristic value of bending 

strength is f m,k = 38 MPa 

fm=M/z                   

Z = (80*(100)
3
)/ (12*(50)) = 133333.333 mm

3
 

 M_m=Z *  f =38*133333.333 =5066666.67 N.mm 

 M_m=P * L/4 

 P = 4 Mm/L=5066666.67x4/850 =23.843 kN   

 

The material factor for structural timber, γm = 1.3, therefore 

 P = 23.84/1.3= 18.34 kN 

This value is higher than the experimentally and 

numerically determined values 10.2 and 10.8 kN, 

respectively, which may be attributed to the non-

homogeneity or defects present in the wooden beam, or also 

due to the nonlinear behaviour of wood.    

5. Parametric Study 

A parametric study was conducted where the first model 

of wood was strengthened with different fibers (Boron, 

Carbon, Glass, and Graphite), numerical modeling and 

nonlinear analysis was made as presented before. The 

numerical results are compared with the unstrengthened 

beam results in Table 8 and Fig. 15. The study demonstrates 

the capability of the adopted modeling procedure for 

representing the flexural behavior of wooden beams 

strengthened using various fiber materials. 

 

Fig. 15 Load-deflection curves for solid wooden beam and beam strengthened with different fibers 
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Table 8 Numerical study for different fiber reinforcements for wooden beam 

Mid-span 
deflection (mm) 

Force (kN) for 
unstrengthened 
wooden beam 

Force (kN) for strengthened wood beams 

Glass fibres Boron fibers Carbon fibers Graphite fibers 

0 0.00 0.0 0.0 0.0 0.0 

1 5.26 3.0 6.4 6.4 6.4 

2 8.00 8.0 9.9 9.9 9.9 

3 9.93 10.9 12.2 11.8 11.9 

4 10.80 12.4 13.0 13.0 13.0 

5 10.80 13.4 13.6 13.7 13.6 

6 11.02 13.8 14.2 14.2 14.2 

7 11.62 14.4 14.7 14.7 14.7 

8 11.82 14.7 15.0 15.0 15.0 

9 12.08 15.0 15.3 15.3 15.3 

10 12.08 15.3 15.5 15.6 15.5 

11 12.43 15.6 15.8 15.8 15.8 

12 12.51 15.9 16.0 16.0 16.0 

13 12.5 16.0 16.2 16.2 16.2 
 

6. Conclusions 

In this paper numerical modelling was made using finite 

element method to investigate the flexural behaviour of 

wooden beams strengthened by FRP. NLFE model was 

made for two wooden beams that have been tested 

experimentally in published research, one solid beam and the 

other is a glulam beams fortified with FRP plates. The 

developed finite element models take into account the 

anisotropic nature and the nonlinear behaviour of wood and 

the orthotropic elasto-plastic properties of FRP, as well as 

the interface between FRP. The numerical results were 

discussed and compared with the published experimental 

results. The most significant conclusions from the research 

work are as follows. 

1. Numerical modelling and analysis of the bending 

behaviour of both unstrengthened and FRP-strengthened 

wooden beams has been accomplished successfully. 

2. The close alignment between the numerical results of 

load-deflection curves and their experimental 

counterparts demonstrates the model's capacity for 

accurately predicting the nonlinear behaviour of 

unstrengthen and strengthened timber beams. 

3. The agreement observed between the numerical and 

experimental results for elastic stiffness, ultimate load, 

and mid-span deflection at failure further underscores 

the model's reliability and accuracy. 

4. The model's adaptability extends to accommodating 

different loading combinations, geometric 

arrangements, or material characteristics, making it a 

valuable tool for refining the design of FRP-

strengthened timber beams. 

5. The proposed model can be applied for optimizing the 

design of timber beams strengthened with FRP 

composites. It readily adapts to various versatility 

loading scenarios, geometric configurations, and 

material attributes, offering a robust framework for 

design exploration. 

6. Importantly, the suggested numerical model provides a 

cost-effective and time-efficient avenue for obtaining 

precise findings, minimizing the need for extensive and 

resource-intensive experimental trials. 

7. This research has thus advanced the understanding of 

strengthened timber beam behaviour and also provided a 

powerful numerical tool that can facilitate the design 

and assessment of timber beams strengthened with FRP 

composites across a spectrum of real-world scenarios. 
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