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INTRODUCTION

Timber is a building material characterized by 
low density and ease of production [1]. However, 
defects of timber have an impact on the behaviour 
of timber elements. Engineering wood products 
have a lower number of defects than solid tim-
ber. Laminated veneer lumber (LVL) is obtained 
from trees using the rotary peeling method. This 
method makes it possible to use trees of relatively 
small diameters. In Poland, two types of laminated 
veneer lumber are produced: LVL X (with a fifth 
of all veneers glued crosswise) and LVL R (with 
all veneers glued together longitudinally) [2]. The 
quality of these materials is controlled during the 
production process. It is possible to avoid defects 
by carefully selecting the veneers [3]. For this 
reason, LVL may have better mechanical prop-
erties and less variation in these properties than 
solid timber. LVL has several applications in civil 
engineering. For example, it may be used for the 
construction of aircraft hangars, animal housing, 

manufactories, portal frames, sports halls, swim-
ming pools, warehouses or fertiliser sheds [4]. 
LVL is used for flanges of I-joists. I-joists may be 
combined with LVL to create a building system 
[5]. In this system, I-joists may be used as rafters, 
floor joists, wall studs, and facades, while LVL 
can be used in purlins, joists, beams, studs, struc-
tural panels, rim boards, headers and sole plates. 
New applications of this material are constantly 
being invented. LVL elements were used as slabs 
of metal-timber composite beams [6, 7] and gird-
ers of composite beams with timber or concrete 
slabs [8–10]. The ultimate load of LVL structur-
al elements may be increased using carbon fab-
ric sheets [11]. Due to its increasingly more fre-
quent use, the behaviour of LVL should be well 
investigated. Furthermore, numerical models of 
the material should be prepared and validated. 
These models could be used if there is a need 
to analyse the behaviour of the existing or new-
ly-designed buildings. In the paper [12], LVL R 
slabs subjected to bending were analysed, and the 
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load-deflection curves were obtained. In LVL R, 
all veneers were glued along the grain. Further-
more, numerical models of the LVL R slabs were 
developed and an elastic-perfectly plastic materi-
al model and an orthotropic material model with 
the Hashin damage model were used. In the paper 
[13], 51 mm LVL-C panels with twenty percent 
of crossbanded veneers were analysed. The ma-
terial was made of Scandinavian spruce wood. 
Load-deformation responses and failure modes 
were observed in the bending tests. However, the 
numerical analysis of the LVL-C panel was not 
conducted. In this paper, the bending behaviour 
of LVL X was analysed and the numerical simu-
lation of the LVL X slab was carried out. The LVL 
X was made of Scots pine and Norway spruce. 
Its mechanical properties, such as strength and 
fracture behaviour, are fundamentally important. 
For this reason, bending tests were conducted. 
The mechanical properties of LVL X are essential 
for designing timber elements and for develop-
ing finite element models. Timber elements are 
not easy to model. There are many parameters to 
identify. The numerical model of the LVL X slab 
was validated thanks to the laboratory tests.

FOUR-POINT BENDING TESTS 		
OF LVL SLABS

Eight LVL X slabs (45×200×1950 mm) were 
tested, in accordance with EN 408 [14]. The In-
stron 8505 Plus testing machine was used to apply 
the load and the piston speed was 5.0 mm/min. In 
each test, the slab deflection was measured using 
one linear variable differential transformer. The 

ultimate load was achieved after 300 ± 120 s of 
the experiment. The test set-up is shown in Fig-
ure 1. The experiments were carried out to cap-
ture the behaviour of the LVL slabs, their mode of 
failure and load-deflection response. A spreader 
beam and roller supports were used to reflect the 
four-point bending test. Steel plates were placed 
between the roller supports and the LVL X panel, 
and between the spreader beam and the panel, to 
prevent the local crushing of the LVL subjected 
to bearing. Figure 2 presents the LVL slab in the 
bending test.

NUMERICAL MODEL OF THE LVL SLAB

The simulation of the LVL X slab in the four-
point bending test was carried out in the Abaqus 
program. The numerical computations were con-
ducted using the Newton-Raphson method. The 
model comprised of the slab and the steel plates. 
The model had two axes of symmetry. For this 
reason, only a quarter of the slab was prepared 
in the program (Figure 3). All numerical model 
parts were divided into eight-node cuboidal finite 
solid elements (C3D8R), and the maximum mesh 
size was 10 mm (Figure 4). The displacement was 
applied to the loading plates. The planes of sym-
metry and the fixed displacements of the model 
are presented in Figures 5 and 6.

The contact was modelled between the LVL 
slab and the steel plates (Figure 7). Surface-to-
surface hard contact was applied to limit the pos-
sibility of penetration. In the laboratory tests steel 
plates were used to prevent the local crushing of 
the LVL subjected to bearing and the penetration of 

Figure 1. Geometric configurations of the bending test
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the roller elements into the LVL slab. Thanks to the 
steel plates, the local crushing and the penetration 
of the LVL were not observed in the experiments. 
In the case of the tangential direction, the friction 
coefficient equal to 0.3 was applied based on the 
article [15]. Dorn et al. investigated coefficients 

of friction between laminated veneer lumber and 
steel. In the case of smooth steel surfaces, the fric-
tion coefficients ranged between 0.1–0.3.

The steel used in the plates was described as 
an elastic-perfectly plastic material (Poisson’s 
ratio = 0.3, yield strength = 235 MPa, Young’s 

Figure 2. The LVL slab in the experiment

Figure 3. The LVL slab in the bending test

Figure 4. The mesh used in the simulation of the LVL X slab subjected to bendin
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modulus = 210  000 MPa) [16]. LVL was mod-
elled as an orthotropic material. Furthermore, 
Hill’s function was used to take into account the 
anisotropic plastic flow of the LVL after achieving 
its yield strength [17]. This function is a quadratic 
yield function with anisotropic coefficients [18, 
19]. The Hill yield criterion was used in the nu-
merical models of a wood-carbon fibre reinforced 
polymer joint [20] and glued laminated timber 
beams with reinforcing bars [21] to predict the 
failure. The material parameters are presented in 

Table 1. Engineering constants were taken from 
the paper [22] to model the elastic behaviour of 
LVL. The calculations of Hill’s function param-
eters are presented in Table 2. The model was di-
vided into two equal zones, i.e., compression and 
tension zones. Two material models of LVL were 
used to distinguish between compressive and 
tensile strength. Similar assumption was used by 
Kawecki and Podgórski [17]. Hill’s function pa-
rameters were calculated based on the equations 
presented in [23, 24]. Kawecki used the modulus 

Figure 5. Displacement in y direction in the loading plate and fixed displacements in three directions
in the support plate

Figure 6. Two planes of symmetry: 1 – fixed displacement in the direction of z-axis and fixed rotation around 
two axes (x, y); 2 – fixed displacement in the direction of x-axis and fixed rotation around two axes (y, z)

Figure 7. Contact used in the simulation of the LVL X slab subjected to bending
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of rupture (tensile strength from the bending 
tests) as the reference value [24]. In this paper, the 
reference values for the coefficients used in the 
compression and in the tension were the compres-
sive strength (ft1) and the tensile strength (ft1), re-
spectively. The compressive and tensile strength 
(fc1 and ft1) were taken from the laboratory tests 
presented in [12] and the compressive and shear 
strength (fc2 and fv,12) were based on the values de-
clared by the manufacturer in [25]. In the case of 
the R11 parameter for the tension region, the pa-
rameter equal to 0.8 was used. The same value of 

this parameter was used by Kawecki to calibrate 
the strength in the tension region [24].

RESULTS

The failure mode of the LVL slabs (cracking 
of veneers and delamination in the lower part of 
the slab in the tensile zone) is presented in Fig-
ure 8. Figures 9 and 10 show the load-deflection 
relationships from the experiments and the nu-
merical simulation. 

Table 1. Material parameters of the LVL model
Elastic behaviour (orthotropic material, engineering constants) [22]

Elastic Modulus [MPa] Poisson’s Ratio [–] Shear Modulus [MPa]
E1 E2 E3 υ12 υ13 υ23 G12 G13 G23

13 400 700 700 0.48 0.48 0.22 900 900 90
Tensile behaviour

Plastic behaviour [12] Hill’s function (potential)

Yield stress

[MPa]

Plastic 
strain

[–]
R11 R22 R33 R12 R13 R23

41.9 0.0 0.80 0.095 0.095 0.190 0.190 0.190
Compressive behaviour

Plastic behaviour [12] Hill’s function (potential)

Yield stress

[MPa]

Plastic 
strain

[–]
R11 R22 R33 R12 R13 R23

50.3 0.0 1.00 0.080 0.080 0.158 0.158 0.158

Table 2. Calculations of Hill’s function parameters
ft,1 [MPa] fc,1 [MPa] fc,2 [MPa] fv,12 [MPa] 

41.9 [12] 50.3 [12] 4.0 [25] 4.6 [25] 

Tensile behaviour 

Parameter Equations [23, 24] Value 

R11 𝑅𝑅11 = 0.8𝑓𝑓𝑡𝑡,1𝑓𝑓𝑡𝑡,1
 𝑅𝑅11 = 0.8 41.941.9 = 0.8 

R22, R33 𝑅𝑅22 = 𝑅𝑅33 =
𝑓𝑓𝑐𝑐,2
𝑓𝑓𝑡𝑡,1

 𝑅𝑅22 = 𝑅𝑅33 =
4.0
41.9 = 0.095 

R12, R13, R23 𝑅𝑅12 = 𝑅𝑅13 = 𝑅𝑅23 =
√3 ⋅ 𝑓𝑓𝜐𝜐,12

𝑓𝑓𝑡𝑡,1
 𝑅𝑅12 = 𝑅𝑅13 = 𝑅𝑅23 =

√3 ⋅ 4.6
41.9 = 0.190 

Compressive behaviour 

Parameter Equations [23, 24] Value 

R11 𝑅𝑅11 =
𝑓𝑓𝑐𝑐,1
𝑓𝑓𝑐𝑐,1

 𝑅𝑅11 =
50.3
50.3 = 1.0 

R22, R33 𝑅𝑅22 = 𝑅𝑅33 =
𝑓𝑓𝑐𝑐,2
𝑓𝑓𝑐𝑐,1

 𝑅𝑅22 = 𝑅𝑅33 =
4.0
50.3 = 0.080 
 

R12, R13, R23 𝑅𝑅12 = 𝑅𝑅13 = 𝑅𝑅23 =
√3 ⋅ 𝑓𝑓𝜐𝜐,12

𝑓𝑓𝑐𝑐,1
 𝑅𝑅12 = 𝑅𝑅13 = 𝑅𝑅23 =

√3 ⋅ 4.6
50.3 = 0.158 
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The vertical displacement increased linearly 
up to the ultimate load. Then, a load drop caused 
by the veneer failure was observed. Failure 
modes were observed in the tensioned parts of 
the slabs because the tensile strength of LVL X 
is lower than the compressive one. The cracking 
of the edge veneer occurred in the tested slabs. 
In slab S3, the shearing of the veneers was ob-
served under one of the forces, while delamina-
tion of the veneers occurred in the mid-span. 

Delamination of veneers was also observed in 
slab S5. The load-bearing capacity of slab S2 
was the lowest. The edge veneer connection was 
near the mid-span in this slab. The maximum 
load Pmax, the bending resistance M, and the mid-
span deflection corresponding to the maximum 
load u(Pmax) are presented in Table 3. The bend-
ing resistance from the numerical simulation 
(3.88 kNm) was 4% lower than the mean value 
from the laboratory tests (4.04 kNm). 

Figure 8. Failure modes of the LVL slabs
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In the numerical simulation, the ultimate load 
was achieved when the strength of LVL X was 
achieved both at the bottom and upper parts of the 
LVL X slab (Figure 11). The area of the tension 
zone in which tensile strength was achieved was 
larger than the area of the compression zone in 

which compressive strength was achieved. Ten-
sile strength was achieved over the entire height 
of the tension zone. In the laboratory tests, failure 
modes were observed in the tensioned parts of the 
slabs. The numerical model captured the response 
of the LVL X slab relatively well.

Figure 9. Load-deflection relationships from the laboratory tests and the numerical simulation

Figure 10. Comparison of the load-deflection relationships from the experiments and the numerical simulation

Table 3. Results of laboratory tests and numerical simulation

Sample Pmax
[kN]

u(Pmax)
[mm]

M
[kNm]

1 32.37 19.12 4.37
2 23.60 18.84 3.19
3 31.74 21.87 4.28
4 27.28 15.88 3.68
5 29.85 18.54 4.03
6 30.48 23.99 4.11
7 36.47 21.69 4.92
8 27.83 18.99 3.76

Mean value (m) 29.95 19.86 4.04
Numerical (n) 28.71 21.35 3.88

n/m 0.96 1.08 0.96
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COCLUSIONS

This paper investigated the eight LVL X 
slabs in four-point bending tests, capturing their 
failure behaviour. The slabs were damaged due 
to the cracking of veneers in the tensile zone. In 
two slabs the delamination of veneers was also 
observed. A numerical model of the LVL slab was 
developed and LVL X was modelled taking into 
account its orthotropy. Hill’s function was used to 
predict the failure. The results from the numerical 
analysis were similar to the results from the ex-
periments. The maximum load from the numeri-
cal simulation was 4% lower than the mean value 
from the laboratory tests. The material model of 
LVL X analysed in this paper may be used in fu-
ture simulations of LVL X panels and beams, and 
in composite beams with LVL X slabs subjected 
to static bending loads. 

The experimental study presented in this ar-
ticle had certain limitations. Only the short-term 
behaviour of  LVL X slabs subjected to bending 
were studied. Long-term behaviour of LVL X 
slabs and the influence of the moisture content 
of LVL X on the load-bearing capacity should be 
analysed in the future.
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