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ABSTRACT: 
Glued laminated timber is now often used in construction. Most often, glued laminated timber is used to make 
load-bearing beams, in which there is often a need for architectural reasons to make openings for various 
types of installations. These openings weaken the stiffness. An increasingly common solution is to reinforce 
wooden beams with longitudinal composite elements. The paper presents numerical calculations analyzing 
the influence of longitudinal composite reinforcement in the form of BFRP bars on the deflection of glued 
laminated timber beams with openings. 
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1. Introduction 

Wood is a building material with high aesthetics. Consequently, it is now often used by archi-
tects. A particularly popular construction solution is glued laminated timber girders, allowing  
a lot of freedom in choosing the appropriate dimensions. Due to the size proportions used in the 
girders being relatively high, it is often necessary to make holes that result in a concentration of 
tensile stresses perpendicular to the fibers. In addition, the load-bearing capacity and stiffness 
are reduced, especially in the shear areas. Openings are often necessary for installation in order 
not to reduce the usable height of the room. 

An extensive study of glued laminated timber with holes was presented [1, 2]. The research 
included literature, experimental, numerical and analytical research on girders with circular 
openings. Large holes, both round and square, were examined [3]. The research included experi-
mental tests and an numerical analysis of crack propagation in places of stress concentration.  
An overview of the knowledge of glued laminated timber with openings has been presented by 
[4]. The main conclusion of the review was that there was no real-scale testing of wooden ele-
ments with openings, which in the case of wood is important due to the occurrence of the scale 
effect. In order to improve the structural behavior and load-bearing capacity of elements with 
openings, the use of reinforcement for the transverse reinforcement of openings [5-7] is tested. 

Currently, more and more common is the use of glued laminated timber beams reinforced 
longitudinally with FRP (Fiber Reinforced Polymer) composites in various forms (tapes, mats, 
rods, cords) [8-11]. This reinforcement can be located not only in the tension zone, but also  
in the compression zone. However, there are no studies in the literature on how the use of  
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longitudinal composite reinforcement (both in the tension and the compression zone) can affect 
the behavior of beams with openings. 

The aim of the article is to determine the effect of longitudinal composite reinforcement  
used in glued laminated timber beams on the structural behavior of beams with openings.  
For the analysis, numerical calculations were performed using the Finite Element Method. 

2. Materials and methods 

2.1. Materials 

Wood. Wood is an anisotropic material. However, we can distinguish three main directions 
used for analyzes: longitudinal, tangent and radial (Fig. 1). Therefore, for numerical calculations, 
wood is assumed to be orthotropic. The wood work model was adopted as linear-elastic.  
The properties for the tangential and radial directions were assumed to be identical, because 
usually the method of making the beams does not allow to clearly distinguish these two direc-
tions. The class of wood for the analyzed examples was assumed as GL24h. Based on the adopted 
wood class, the material data presented in Table 1 was used for calculations. 

Composite bars. The model for composite bars was assumed to be isotropic, linear-elastic. 
Material data is taken from laboratory test reports. The values adopted for the calculations are 
presented in Table 1. 
 

 
Fig. 1. Coordinate system adopted for numerical calculations 

Table 1 
Material data adopted in the numerical model [13-17] 

Characteristic Unit Timber BFRP 

Young’s modulus MPa 
EL = 9600 

E = 56 300 
ER = ET = 250 

Kirchhoff modulus MPa GLR = GLT = GRT = 540  
Poisson's ratio – νLR = νLT = νRT = 0.41 ν = 0.3 

2.2. Methods 

The numerical model was made in the ANSYS Workbench 16.1 program. A four-point bending 
beam was adopted as a static scheme. In order to reduce the number of finite elements,  
and thus shorten the computational time, 1/4 of the beam was modeled directly in the program. 
The boundary conditions of the beam were modeled by means of steel flat bars to reflect  
the method of conducting experimental tests of this type of wooden elements. The supports  
were declared using the Remote Displacement function and the load using the Force function. 
The dimensions of the assumed calculation model were adopted to meet the requirements  
set out in the standard (PN-EN 408 + A1: 2012) [12]. The dimensions of the calculation scheme 
and the model used in the computer program are shown in Figure 2. The dimensions of the  
finite elements were determined as 1 cm. All contacts are modeled as Bonded (line contact). 
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Fig. 2. Diagram of the calculated beams: a) static diagram, b) numerical model 

Two heights of cross-sections, 160 mm and 280 mm, unreinforced and reinforced individually 

and twice with two basalt BFRP bars with a diameter of 9 mm, were used for the analysis. Round 

holes with a diameter of 100 mm were made for all the beams (Fig. 3). 
 

 

Fig. 3. Deflection / force diagram for beams with height 160 mm 

a) 

b) 
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3. Results 

On the basis of numerical calculations, force deflection diagrams were presented. The dia-

gram for beams with a height of 160 mm showing the beams: unreinforced, reinforced with one 

bar and two is shown in Figure 3. The diagram for beams with a height of 280 mm showing  

the beams: unreinforced, reinforced with one bar and two is shown in Figure 4. In addition,  

to illustrate the nature of the deflection, shown are deflection maps from the ANSYS program. 

The deflection map for a beam reinforced with two 160 mm high bars is shown in Figure 5,  

and for a 280 mm high beam is shown in Figure 6. 
 

 
Fig. 4. Deflection / force diagram for beams with height 280 mm 

 

Fig. 5. Deflection of beam reinforced with two bars with height 160 mm 

 

Fig. 6. Deflection of beam reinforced with two bars with height 280 mm 
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4. Discussion and conclusion 

The article presents numerical calculations of glued laminated timber beams reinforced  
with composite longitudinal bars, additionally weakened by openings. The calculations were 
made for two beam heights of 160 mm and 280 mm. For both heights, three variants were 
adopted: unreinforced, single armored and double armored. 

Figure 3 shows the equilibrium paths for all types of tested 160 mm high beams, while  
Figure 4 shows the equilibrium paths for 280 mm high beams. Figures 5 and 6 show the deflection 
maps from the ANSYS program for double-reinforced beams with a height of 160 mm and  
280 mm, respectively. 

The use of longitudinal composite bars reduces the deflection value of beams with openings, 
for both single and double reinforced sections. The reduction in deflection compared to the  
unreinforced 160 mm high beams is 8.5% and 12.3%, respectively, for single and double rein-
forced sections. The reduction in deflection for beams with a height of 280 mm is 9.5% and 13.3%, 
respectively, for beams with single and double reinforcement. 

The reinforcement has a positive effect on the structural behavior of beams with openings. 
Longitudinal reinforcement can be used in beams with small openings. In the case of beams  
with large openings, it is more effective to use direct reinforcement of the openings. In further 
research, the influence of cracks in the vicinity of the holes should be examined, because the  
article does not consider this type of damage. 
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Wpływ podłużnego zbrojenia kompozytowego na pracę statyczną belek  
z drewna klejonego z otworami 

STRESZCZENIE: 
Drewno klejone warstwowo jest obecnie często wykorzystywane w budownictwie. Najczęściej z drewna  
klejonego warstwowo wykonywane są dźwigary nośne, w których często ze względów architektonicznych  
istnieje potrzeba wykonania otworów pod różnego rodzaju instalacje. Otwory te osłabiają sztywność. Coraz 
bardziej powszechnym rozwiązaniem jest wzmacnianie belek drewnianych podłużnymi elementami kompo-
zytowymi. W artykule przeprowadzono obliczenia numeryczne analizujące wpływ podłużnego zbrojenia 
kompozytowego w formie prętów BFRP na ugięcie belek z drewna klejonego z otworami. 
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