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Abstract: 

Laminated veneer lumber is a relatively new engineering wood product. The number of its applications is increasing. For this reason, it is worth 

knowing how to reinforce laminated veneer lumber elements, if necessary. Reinforcement may be used at the production stage to increase the 

load-bearing capacity. This paper investigates the effect of steel plate reinforcement on the performance of laminated veneer lumber beams. 

Using steel plates increased both the load-bearing capacity and the stiffness of the laminated veneer lumber beams. Different reinforcement 

lengths were analysed, and it was demonstrated that a 2400 mm plate provided equivalent load-bearing capacity and stiffness to a reinforcing 

plate extending the full length of the LVL beam. 
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1. Introduction 

Timber is a renewable material, and its consumption is 

increasing. However, timber structures should be designed to 

allow for reduced timber consumption. There are numerous 

methods used to make wood consumption more sustainable. For 

example, Łodygowski proposed I or box cross-sections to reduce 

material consumption [1]. The same effect can also be achieved 

by using timber elements in composite structures. The 

components can be used more efficiently, as composite action 

can increase the load-bearing capacity [2]. Old timber structures 

may be reinforced instead of being demolished. Rapp presented 

methods for reinforcing existing timber elements [3]. Jasieńko 

demonstrated that it is possible to use steel plates and reinforcing 

bars to reinforce timber elements [4]. Wood may also be 

effectively used in engineering wood products such as laminated 

veneer lumber, glued laminated timber or cross-laminated 

timber. Laminated veneer lumber (LVL) is an engineering wood 

product with numerous advantages and applications. One of its 

uses is in floor structures. LVL beams may be used as ribs in 

timber floors and girders in steel-timber composite floors. Article 

[5] provides information on why this material is considered 

sustainable. LVL elements are a relatively new solution used in 

modern buildings. Existing structures with engineering wood 

products may need reinforcing, e.g., when the category of use of 

a building area is changing. It is also possible to reinforce 

engineering wood products at the production stage to increase 

their load-bearing capacity. Glued laminated timber beams can 

be reinforced using carbon fibre reinforced polymer (CFRP) 

tapes [6], steel, basalt or glass pre-stressed bars [7,8]. Bakalarz 

and Kossakowski demonstrated LVL beams can be reinforced 

using CFRP sheets and laminates [9,10]. Majchrzak analysed the 

resistance of LVL beams strengthened using aluminium and steel 

plates [11]. In this paper, the authors evaluated the increase in the 

load-bearing capacity of LVL beams reinforced with steel plates. 

2. Theoretical analysis 

The load-bearing capacity of an LVL beam reinforced with 

a steel plate was calculated based on the methodology for timber 

beams reinforced with aluminium plates, presented in [12]. It was 

assumed that there was no slip between the LVL beam and the 

steel plate. The cross-section of the LVL beam reinforced with a 

steel plate was replaced with an ideal cross-section based on the 

guidelines for steel-concrete composite elements [13]. The width 

of the LVL element was reduced using the modular ratio n – the 

ratio between the modulus of elasticity of steel and of LVL 

(Fig. 1). 

 

Fig. 1. The ideal cross-section of the LVL beam reinforced  

with a steel plate [11].
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Fig. 2. Stress and strain distribution in the LVL beam reinforced with a steel plate [11,12]

Calculations of the load-bearing capacity of the LVL beam 

reinforced with a steel plate were presented in Table 1. The load-

bearing capacity was calculated based on the equilibrium relation 

[12]: 
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3. Numerical models 

Two-dimensional numerical models were developed in the 

Abaqus program. The plane stress conditions were assumed. The 

dimensions of the models are presented in Fig. 3. Boundary 

conditions are presented in Fig. 4. The simply-supported beam 

was subjected to bending. Vertical displacement (200 mm) was 

applied in two points to correspond to a four-point bending test. 

CPS4R finite shell elements (4-node bilinear plane stress 

quadrilateral elements with reduced integration and hourglass 

control) were used to model the beam and the steel plates (Fig. 5). 

The maximum mesh size was set to 10 mm. In this study, it was 

assumed that the connection between the LVL beam and the steel 

reinforcing plate is rigid. The rigid connection was modelled by 

tying the contact surface between the LVL beam and the plate. 

However, full interaction can be difficult to achieve in a real 

beam. For this reason, future investigations should focus on the 

connection stiffness and on the impact of the slip between the 

LVL beam and the plate. Surface-to-surface “hard” contact and 

friction were defined between the LVL beam and the load and 

support plates, and between the reinforcing plate and the support 

plates (Fig. 6). The friction coefficient was assumed to be 0.45 

for steel-to-steel contact and 0.3 for LVL-to-steel contact. The 

deflection in the vertical direction was measured in the middle of 

the beam, and the vertical reaction was measured at one support. 

The steel was described as a linear hardening material (Table 2) 

based on the material parameters from the paper [14]. 

Engineering stress–strain data was converted to true stress–strain 

data. The true stress and the logarithmic plastic strain used in the 

Abaqus program were calculated using formulas presented in 

[15,16]. 

In the case of LVL, an orthotropic material model was used, 

while LVL failure was captured using the Hashin damage model. 

The LVL parameters were based on the model presented in paper 

[17] (Table 3).  

In the theoretical calculations, characteristic values of tensile 

and compressive strength of LVL and ultimate strength of steel 

were used, whereas in the numerical analyses, the strength values 

from the laboratory tests presented in the literature were applied. 

 

Table 1. Calculations of the load-bearing capacity of the LVL beam reinforced with a steel plate 

Parameter Value 

LVL beam width (bb) 60.0 mm 

LVL beam height (hb) 90.0 mm 

steel plate width (ba) 60.0 mm 

steel plate thickness (ha) 4.0 mm 

modular ratio (n) 15 

width of the ideal cross-section (b) 4 mm 

position of the neutral axis (x) 61 mm 

tensile height of the LVL beam (ht) 29 mm 

height of the plastic section in the compression zone (m) 24.4 mm 

LVL compressive strength (fc) 40 MPa 

LVL tensile strength (ft) 36 MPa 

steel strength (fa) 360 MPa 

load-bearing capacity of the LVL beam reinforced with a steel plate (MR) 6.32 kNm 
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Fig. 3. Numerical model: a) LVL beam without a reinforcing plate, b) LVL beams with reinforcing plates, c) LVL beam with  

a reinforcing plate along the entire length of the beam; d) cross-section of the unreinforced beam; e) cross-section of the reinforced beam 

 
Fig. 4. Boundary conditions [11] and the material orientation for LVL 

 
Fig. 5. The mesh used in the numerical analysis with the maximum size of 10 mm [11] 

 
Fig. 6. Interaction locations [11] 
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Table 2. Properties of S235 grade steel 

Parameter Symbol Value 

Poisson’s ratio υ 0.3 

Young’s modulus E 210 000 MPa 

Plastic engineering stress [14] σy 362.0; 490.0 MPa 

Plastic engineering strain [14] εp 0.0; 0.1912 [–] 

Plastic true stress σy 362.0; 583.69 MPa 

Logarithmic plastic strain εp 0.0; 0.1720 [–] 

Density ρk 7850 kg/m3 

Table 3. The properties of the LVL [17] 

Orthotropic material model parameters (laminate type) 

E1
a 

[MPa] 

E2 

[MPa] 

ν12 

[–] 

G12 

 [MPa] 
  

16 000b 430 0.48d 600c   

Hashin damage model parameters 

Longitudinal 

tensile strength 

 

[MPa] 

Longitudinal 

compressive 

strength 

[MPa] 

Transverse 

tensile strength 

 

[MPa] 

Transverse 

compressive 

strength 

[MPa] 

Longitudinal 

shear strength  

 

[MPa] 

Transverse 

shear strength  

 

[MPa] 

41.9e 50.3e 10d 15d 10d 5d 

Longitudinal 

tensile 

fracture 

energy 

[kJ/m2] 

Longitudinal 

compressive 

fracture energy 

 

[kJ/m2] 

Transverse 

tensile fracture 

energy 

 

[kJ/m2] 

Transverse 

compressive 

fracture energy 

 

[kJ/m2] 

Viscosity 

coefficient 

 

 

[−] 

 

45b 45b 0.1b 0.1b 10-6 b 

a direction 1 is parallel to the LVL grain, b determined based on comparing the numerical analyses 

and the laboratory test results, c based on [18], d based on [19], e based on experiments from [17] 

4. Results 

The comparison of the behaviour of the reinforced and non-

reinforced LVL beams is presented in Fig. 7. The load-bearing 

capacity of the LVL beam reinforced with a steel plate along the 

entire length was 39.5% higher than the one of the LVL beam 

without a reinforcing plate. 

At the ultimate moment (M = 7.64 kNm) of the LVL beam 

strengthened using the steel plate along the entire length, the 

damage initiation was observed in the compressive parts of the 

LVL slab (Fig. 8). The fibre tension criterion was not met in any 

finite element. The yield strength was achieved in the reinforcing 

steel plate under the load. Shortly afterwards, the fibre 

compressive criterion was met almost the entire height of the 

cross-section and the mesh distortion occurred. It provided to the 

deflection reversing observed in Fig. 9. 

The impact of the reinforcing plate length on the load-

bearing capacity of the LVL beam is presented in Figs 9 and 10.

 

Fig. 7. Moment-deflection curves for the LVL beam reinforced with a steel plate and the LVL beam without a reinforcing plate 
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Fig. 8. Damage initiation area in the LVL beam strengthened using the steel plate along the entire length 

 

Fig. 9. Moment-deflection curves for LVL beams reinforced with plates of varying length

The load-bearing capacity of the LVL beam without a 

reinforcing plate was 4.62 kNm. All LVL beams with reinforcing 

plates had a higher load-bearing capacity than the unreinforced 

beam. In the case of the LVL beam with the 2400 mm and 2600 

plates, the same load-bearing capacity and stiffness as for the 

LVL beam with the reinforcing plate along the entire length was 

obtained. In the case of the LVL beam with a 2100 mm plate, the 

load-bearing capacity was only 0.3% lower than that of the LVL 

beam with the reinforcing plate along the entire length, and the 

maximum load was achieved for 1 mm higher deflection. The 

LVL beam with the 1800 mm plate had the same load-bearing 

capacity as the LVL beam with the 2100 mm plate, but the 

maximum load was achieved for 4 mm higher deflection. The 

load-bearing capacity of the LVL beams with the 1200 mm and 

1500 mm plates was 18.6% and 34.6%, respectively, lower than 

that of the LVL beam with the reinforcing plate along the entire 

length. The 2400 mm plate provided equivalent resistance and 

stiffness to that of the reinforcing plate extending along the full 

length of the LVL beam.
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Fig. 10. Comparison of the load-bearing capacity of LVL beams reinforced with plates of varying length

4. Conclusions 

In this paper, the effect of the reinforcement plate length on 

the load-bearing capacity of the LVL beam was investigated. The 

reinforcement may be used in existing structures and at the 

production stage of LVL. However, the use of the steel plate 

along the entire length of the LVL beam at the building operation 

stage may be difficult. For this reason, different plate lengths 

were analysed. It was demonstrated that a 2400 mm plate 

provided equivalent load-bearing capacity and stiffness to that of 

a reinforcing plate extending along the full length of the LVL 

beam. Furthermore, a 1800 mm plate provided a similar load-

bearing capacity to that of a reinforcing plate extending along the 

full length of the LVL beam. Further increase in plate length did 

not significantly increase the load-bearing capacity of the beam. 

The study had some limitations. The reinforcing plates 

were subjected to the load from the start of the numerical 

simulation. However, reinforcing is conducted for the beams 

under load [20]. For this reason, reinforcing plates will begin to 

cooperate when there is some stress in an LVL beam. 

Furthermore, the connection, slip between the plate and the LVL 

beam, and delamination were not considered. For this reason, it 

is only a preliminary analysis of the load-bearing capacity of the 

LVL beam strengthened using a steel plate. Last but not least, 

only numerical simulations were conducted. Future laboratory 

tests are necessary to validate the numerical models. 

Funding 

This research was funded by the Polish Ministry of Science 

and Higher Education under grant 0412/SBAD/0090. 

References 

[1] Łodygowski S., Drewno w konstrukcji budowlanej. Zasady 

obliczeń statycznych i projektowania. Cz. 1. Poznań: 

Wydawnictwo Politechniki Poznańskiej, 1957 [in Polish]. 

[2] Strzelecka J., Polus Ł., Chybiński M., “Theoretical and Numerical 

Analyses of Steel-timber Composite Beams with LVL Slabs”, Civil 

and Environmental Engineering Reports 33(2) (2023) 64–84. 

https://doi.org/10.59440/ceer/172510. 

[3] Rapp P., “Metodyka i przykłady rewaloryzacji konstrukcji 

drewnianych w obiektach zabytkowych”, Wiadomości 

Konserwatorskie 43 (2015) 92–108. 

[4] Jasieńko J., Połączenia klejowe w rehabilitacji i wzmacnianiu 

zginanych belek drewnianych, Wrocław: Oficyna Wydawnicza 

Politechniki Wrocławskiej, 2002 [in Polish]. 

[5] Abramowicz M., Chybiński M., Polus Ł., Wróblewski T., “Free 

Vibrations of Sustainable Laminated Veneer Lumber Slabs”, 

Sustainability 16 (1) (2024) 166.  

https://doi.org/10.3390/su16010166  

[6] Nowak T., Analiza pracy statycznej zginanych belek drewnianych 

wzmacnianych przy użyciu CFRP. PhD desideration. Wrocław 

University of Science and Technology, 2007. [in Polish]. 

[7] Wdowiak-Postulak A., “Numerical, theoretical and experimental 

model of the static performance of timber beams reinforced with 

steel, basalt and glass pre-stressed bars”, Composite Structures 305 

(2023) 116479. https://doi.org/10.1016/j.compstruct.2022.116479  

[8] Wdowiak-Postulak A., Świt G., “Behavior of Glulam Beams 

Strengthened in Bending with BFRP Fabrics”, Civil and 

Environmental Engineering Reports 31(2) (2021) 1–14. 

https://doi.org/10.2478/ceer-2021-0016  

[9] Bakalarz M. M., Kossakowski P. G., “Mechanical properties of 

laminated veneer lumber beams strengthened with CFRP sheets”, 

Archives of Civil Engineering 65(2) (2019) 57–66.  

https://doi.org/10.2478/ace-2019-0018  

[10] Bakalarz M. M., Kossakowski P. G., “Numerical Analysis of 

Laminated Veneer Lumber Beams Strengthened with Various 

Carbon Composites”, Polymers 16(12) (2024) 1697. 

https://doi.org/10.3390/polym16121697  

[11] Majchrzak K., Ocena nośności oraz zachowania przy zginaniu 

belek z wyrobów drewnianych wzmocnionych za pomocą 

metalowych blach. Master thesis. Poznan University of 

Technology, 2024 [in Polish]. 

[12] Shenglan M., Zhibin H., Keke S., Chen W., Zheng Z., “Flexural 

behavior and load-bearing capacity calculation methodology for 

wooden beams strengthened using aluminum plates attached with 

self-tapping screws”, Wood Material Science & Engineering 19(5) 

(2024) 1130–1142.  

https://doi.org/10.1080/17480272.2024.2305250  

[13] EN 1994-1-1; Eurocode 4: Design of composite steel and concrete 

structures-Part 1-1: General rules and rules for buildings. 

European Committee for Standardization: Brussels, Belgium, 2004. 

[14] Kossakowski P. G., “Analysis of the void volume fraction for 

S235JR steel at failure for low initial stress triaxiality”, Archives of 

Civil Engineering 64(1) (2018) 101–115.  

https://doi.org/10.2478/ace-2018-0007  

[15] Abaqus Documentation. 

https://doi.org/10.59440/ceer/172510
https://doi.org/10.3390/su16010166
https://doi.org/10.1016/j.compstruct.2022.116479
https://doi.org/10.2478/ceer-2021-0016
https://doi.org/10.2478/ace-2019-0018
https://doi.org/10.3390/polym16121697
https://doi.org/10.1080/17480272.2024.2305250
https://doi.org/10.2478/ace-2018-0007


Majchrzak K. et al., Numerical analysis of the load-bearing capacity … 

7 

[16] Polus Ł., Szumigała M., “An experimental and numerical study of 

aluminium-concrete joints and composite beams”. Archives of Civil 

and Mechanical Engineering 19 (2019) 375–390.  

https://doi.org/10.1016/j.acme.2018.11.007  

[17] Chybiński M., Polus Ł., “Experimental and numerical 

investigations of laminated veneer lumber panels”, Archives of 

Civil Engineering 67(3) (2021) 351–372.  

https://doi.org/10.24425/ace.2021.138060  

[18] Komorowski M., Manual of design and build in the STEICO 

system, Basic information, Building physics, Guidelines. Warsaw: 

Forestor Communication, 2017 [in Polish]. 

[19] Hassanieh A., Valipour H. R., Bradford M. A., “Experimental and 

numerical study of steel-timber composite (STC) beams”, Journal 

of Constructional Steel Research 122 (2016) 367–378.  

https://doi.org/10.1016/j.jcsr.2016.04.005  

[20] Szewczyk P., Szumigała M., “Numerical Modelling Of The 

Strengthening Process Of Steel-Concrete Composite Beams”, Civil 

and Environmental Engineering Reports 19(4) (2015) 99–110.  

https://doi.org/10.1515/ceer-2015-0056 

 

 

https://doi.org/10.1016/j.acme.2018.11.007
https://doi.org/10.24425/ace.2021.138060
https://doi.org/10.1016/j.jcsr.2016.04.005
https://doi.org/10.1515/ceer-2015-0056

