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Abstract The paper introduces an efficient model for progressive failure analysis of cross-laminated timber
panels under out-of-plane bending load. To provide the computational efficiency, the model kinematics is
based on the full-layerwise plate theory of composite materials, providing 3D stress and strain fields necessary
for accurate prediction of damage initiation and progression. Damage initiation and associated failure mode
on the lamina level are determined using the 3D Hashin failure criterion, while the post-failure behaviour
is described using a smeared crack band model introducing the bilinear strain-softening curves. The model
allows capturing different timber response in tension (brittle) and compression (ideally plastic) in the entire
considered (3D) domain. The computational analyses are performed using an original layered finite element
framework, while the model validation is done through the extensive experimental testing programme on full-
scale CLT specimens. Excellent agreement of obtained load–deflection curves and strain distributions verified
that the proposed methodology can be efficiently applied in progressive failure analysis of mass timber, but
also in other layered beam- and plate-like structures in bending.

Keywords Progressive failure analysis · Cross-laminated timber · Out-of-plane bending · Layered finite
elements · Layerwise theory

1 Introduction

Cross-laminated timber (CLT) is a massive wood composite made by glueing crosswise layers (laminas) of
solid timber boards to form large-scale panels. Due to their outstanding strength, dimensional stability, aesthetic
quality and fire resistance, CLT panels have been widely used in structural engineering during the last decade. A
low-carbon footprint of CLT encourages its use in contemporary residential and commercial buildings instead
of conventional mineral-based materials [1, 2]. In the early 2000s, the use of CLT in building construction
increased significantly due to the green building policy [3]. The ease of prefabrication and short erection time
on site allows for CLT to be used in mid- and high-rise buildings, while a low self-weight reduces the required
size of foundations and provides the potential of CLT in seismically active areas. The crosswise orientation of
layers ensures uniform shrinkage and swelling properties, with high energy efficiency and capacity for storing
moisture and thermal energy [4, 5].

A crosswise lay-up of the highly anisotropic timber layers causes unpredictable and unconventional failure
mechanisms of CLT panels in bending. As expected, the dominant failure mode in bending is a brittle tensile
failure in the bottom longitudinal layers [6, 7]. However, as suggested by Nie [8], a variation of annual ring
pattern in the orthogonal (cross) timber layers causes low transverse shear strength of the cross layers and
thus results in the rolling shear brittle failure [9]. This scenario is also observed by Sciomenta et al. [10],
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who performed four-points bending tests on two series of three-layered CLT panels, accompanied with the
analytical solution for panels in bending. Mestek et al. investigated a design concept for CLT reinforced with
self-tapping screws to improve its resistance to shear failure at the supports [11], while Zhou et al. [12] also
pointed out that CLT panels with low span-to-depth ratios suffer from rolling shear failure.

In all mentioned investigations, the failure estimation is generally limited to a global behaviour, without
analysing the damage progression in various failure modes. However, understanding the failure modes and
damage evolution within the CLT is highly important. For this reason, a detailed evaluation of CLT plate-
bending tests was performed by Hochreiner et al. [13, 14]. The global load–displacement behaviour and the
observed failure modes were experimentally obtained and discussed. Franzoni et al. investigated the bending
behaviour of CLT panels [6] using the linear elastic exact 3D solution of Pagano [15, 16] for global analysis
and van der Put failure criterion [17] for failure analysis. The assessment of cross-laminated timber panels
by the state-space approach has been done by Albostami et al. [18], while Navaratnam et al. used the digital
image correlation for identifying failure characteristics of CLT under transverse loading [19].

Besides prediction of the failure onset in CLT, a post-failure behaviour of CLT panels under combined
out-of-plane bending and compression loads [20] was also the thematic of comprehensive investigation. The
post-failure behaviour can be predicted by treating the cross layers as mechanical joints that connect the
longitudinal layers [21–23]. However, the material stiffness depends on the joint efficiency of the cross layers,
which is theoretically determined by the cross layer shear properties and the bonding degree. These cannot
be quantitatively evaluated due to the complexity of the shear damage mode [24], and thus the current design
codes employ effective bending stiffness to account for the stiffness degradation (i.e. Gamma method, shear
analogy method, etc.) [25].

A post-failure behaviour prediction of CLT requires refined computational models to support the experi-
mental studies and allow for efficient parametric analysis. Qui et al. developed XFEM based models to simulate
the crack propagation behaviour of wood [26], while Yunxiang et al. [27] investigated the feasibility of CLT
panels by evaluating the flexural and shear properties through mechanical tests and extensive computational
analysis. For detailed description of damage evolution in CLT, distinguishing among different failure modes,
the smeared crack band (SCB) approach can be used. It is originally developed by Williams et al. for the
macroscopic sub-laminate level modelling of conventional composites [28] and further improved in [29–33]
to account for realistic damage prediction in preferred material orientation and minimize the mesh depen-
dency problem. Although these improvements resulted in a good compromise between computational cost and
solution accuracy, the application of SCB approach in CLT is relatively rare with only few examples given in
the book of Ibrahimbegović [34] and work of Lavrenčič and Brank [35]. The limited application of SCB in
the analysis of CLT mostly originates from the fact that the SCB is usually coupled with the finite element
methods based on the solid (brick) elements, which leads to the computationally expensive simulations due to
high number of elements used for modelling the layered nature of CLT.

This paper aims to change this situation, by proposing the reliable and efficient SCB-based prediction model
for progressive failure analysis of CLT panels under out-of-plane bending. The model bypasses the use of solid
finite elements, by employing the layerwise kinematics based on the Reddy’s full-layerwise plate theory of
composite materials [36]. The model kinematics provides the 3D stress and strain field on the lamina level,
necessary for accurate prediction of damage initiation and progression. Damage initiation and failure modes
on the lamina level are determined using the 3D Hashin failure criterion [37] with typical strength values of
timber material. The post-failure behaviour of timber is described by distinct bilinear strain-softening curves
to capture timber response in tension (brittle) and compression (ideally plastic), using the SCB approach.
The entire computation is performed through the original layered finite element framework [38, 39], which is
extended within this research to account for the post-failure behaviour of CLT. Finally, the model validation
is done through the extensive experimental testing programme on full-scale CLT specimens, and excellent
agreement is obtained. Therefore, the proposed methodology can be efficiently applied in progressive failure
analysis of mass timber and other layered beam- and plate-like structures, contributing to the emerging field
of computational mechanics of bio-based composite structures.

2 Smeared crack band (SCB) damage model for cross-laminated timber

From the mechanics point of view, timber is an orthotropic material with three principal material axes (Fig. 1,
left). Accordingly, six possible principal crack propagation directions may be identified as shown in Fig. 1,
right, where the first index denotes the normal to the crack surface and the second index denotes the direction
of crack propagation.



An efficient computational model for progressive failure analysis Page 3 of 14   155 

Fig. 1 Principal material directions for timber (left): L—wood fibre direction, R—radial, T—tangential; crack propagation
directions (right)

Fig. 2 Typical failure surface for: fibre tension (FT) failure mode (left); rolling shear (RS), failure mode (right)

The crosswise lay-up of the highly anisotropic timber layers yields relatively complex failure behaviour
of CLT in bending. Each CLT layer is made of timber boards placed side by side with different growth rings’
orientation, leading to an unknown orientation of the material coordinate system. Therefore, a homogenization
on the lamina level is done by introducing the unique material coordinate system (123) established for each
layer, where direction 1 aligns with longitudinal direction (parallel to grain), while directions 2 and 3 represent
radial and tangential directions, respectively. To overcome the growth rings irregularity and simplify the
modelling, the same material properties are assumed for directions 2 and 3 and thus the homogenization of
growth rings’ orientation is achieved, which is a common practice in structural analysis of CLT.

2.1 Damage model development

2.1.1 Damage initiation and failure modes for timber

The damage initiation and failure modes for timber are determined by applying the 3D Hashin failure criterion
[37] considering typical strength values of timber material, considering four failure modes:

• Fibre tension failure (FT) — the most dominant and critical failure mode occurring due the tensile stress
parallel to the wood fibre. This mode is characterized by the failure surface that propagates perpendicular
to the wood fibre (Fig. 2, left).

• Transverse tension failure (TT), which arises due to the combined in-plane shear stress and tensile or shear
stress perpendicular to the wood fibre. The failure surface is usually in the interior of the transverse lamina,
following as long as possible the annual rings. This failure mode is mostly denoted as a rolling shear failure
(RS) — see Fig. 2, right.

• Fibre compression failure (FC), which leads to the typical fibre kinking band formation, due to the local
instabilities of the wood cells. This phenomenon results in a quasi-plastic behaviour on the macro scale.

• Transverse compression failure (TC) generally results from shear stress and compressive stresses perpen-
dicular to the wood fibre, where the corresponding failure surface is usually parallel to the wood fibre.
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Fig. 3 General constitutive relationship with linear softening law applied in smeared crack band damage model (left); improved
constitutive relationship for timber with modified softening laws (right)

The above failure modes for timber are described within a Hashin criterion as:
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In previous equations, σ i and τ ij are normal and shear stresses in material coordinate system (on the lamina
level), f t is tensile strength of timber in the longitudinal direction, f v is longitudinal shear strength, f c is
compressive strength in the longitudinal direction, f t,90 is tensile strength in the transverse direction to the
wood fibres, f c,90 is compressive strength in the transverse direction, and f v,RT is transverse shear strength.
The FT and RS failure modes can be related to the LT-LR and TL-RL crack propagation scenarios (see Fig. 1),
respectively. Compression failure modes (FC and TC) are not of significant importance for timber in bending,
since cracks have more considerable impact on the failure behaviour when compared to the compression
damage.

2.1.2 Damage evolution

Once the failure has been initiated, the damaged domain must be unloaded in a proper manner, so the stresses can
be redistributed to the remaining undamaged material. As damage progresses, the analysis is performed through
the material stiffness degradation controlled by damage variables. For each failure mode, these variables are
defined such that they have values between zero (undamaged status) and one (complete damaged status). The
evolution of each damage variable is governed by equivalent strain εeq, thus simplifying each damage mode
to a 1D stress–strain problem.

In smeared formulations, such as SCB, the fracture energy is distributed over the entire volume of the
considered domain. The response of damaged lamina, in both parallel and perpendicular to the fibre direction,
is described by distinct bilinear strain-softening curves (Fig. 3, left), where the peak stresses coincide with the
strength parallel and perpendicular to the wood fibre, respectively.

Besides tailoring the Hashin damage criterion to be applicable for analysis of timber material, the main
challenge in the presented study was to adapt the conventional SCB model to be applicable in the failure
prediction of CLT structures. For this purpose, the softening curves in tension and compression are adjusted
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(Fig. 3, right) to capture distinct post-failure behaviours of timber in tension (brittle) and compression (ideally
plastic). The considered damage law assumes that the total released strain energy of the considered domain
is equal to the energy needed to create a crack that passes through it. The released strain energy of a failed
domain (i.e. finite element) is determined as a product of the area under the stress–strain curve (Fig. 3, right)
and characteristic domain length (i.e. it can be adopted as a square root of a finite element area—lc).

In the presented formulation, the released strain energy is set to be equal to the dissipated fracture energy
of the timber. As illustrated in Fig. 3, right, dissipated fracture energy (G) is comprised of two components:
the elastic energy at failure initiation Gel (striped triangles area) and the post-failure fracture energy Gf (solid
area). Post-failure fracture energy Gf is a material property to be experimentally obtained, while the elastic
energy can be easily obtained in the moment of damage initiation. The tensile brittle post-failure behaviour of
damaged lamina was defined by setting a relatively small value forGf ,t (i.e.Gf,t � 145 J/m2, according to [40]),
while the plastic compressive response was described by a constant stress–strain relation in compression.

The equivalent strain and corresponding equivalent stress for each failure mode are defined as follows:
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√

〈ε1〉2 + γ 2
12 + γ 2
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where 〈 〉 denotes the Macaulay bracket. Using the equivalent strain, damage variables in tension can be
calculated using the following relation (J � FT or TT):
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In Eq. (3), σ 0
J , eq is the equivalent stress at the damage initiation, lc is the characteristic domain length, and

GJ dissipated fracture energy. Damage variables for compressive failure modes are calculated in the way to
ensure the constant stress after yielding initiation (J � FC or TC):

dJ � εJ ,eq − ε0
J ,eq

εJ ,eq
, ε0

J ,eq ≤ εJ ,eq ≤ ε
f
J ,eq (5)

The damage variables dJ for the kth lamina are used to derive the 3D constitutive matrix of the damaged
material C (k)

d , and they are provided in [39].
Finally, the stresses for the kth lamina in the damaged state are then evaluated as:{

σ1,d σ2,d σ3,d τ23,d τ13,d τ12,d
}(k)T � C(k)

d

{
ε1 ε2 ε3 γ23 γ13 γ12

}(k)T (6)

After dividing the load in the load steps, the iterative procedure is performed in each load step and the
damaged material properties are utilized within the considered load step/iteration to describe the post-failure
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Fig. 4 Laminated composite plate made of n material layers and N numerical interfaces (left); quadratic serendipity Q8 layered
element with linear layerwise thickness interpolation and corresponding reduced integration Gauss quadrature points (right)

behaviour of damaged material. The damaged material properties are updated (reduced) and then substituted
into the constitutive matrix C (k)

d . By keeping the same load in the considered load step, a new iteration is
performed with the modified material properties and the process is repeated until there is no more material
modifications within the considered load step (no further damage is obtained). This completes the procedure
of the progressive failure analysis of the CLT using the smeared crack band model. The analysis can be used
regardless of the computational method used to obtain the stress field in the considered domain.

2.2 Finite element formulation

As stated in the previous section, the progressive failure analysis (PFA) requires the accurate evaluation of 3D
stress field in the considered domain, in every load step. When applied to CLT, stress evaluation should be
done in every lamina, in the material (local) coordinate system. In this study, a full-layerwise (FLWT) finite
element formulation of a CLT panel made of n perfectly bonded layers is considered (Fig. 4, left). The total
plate thickness is denoted as h, while the thickness of the kth lamina is denoted as hk . The plate is supported
along the portion Gu of the boundary G and loaded with qt(x,y) and qb(x,y) acting to either top or the bottom
surface of the plate (St or Sb).

In the LW approach, the displacement field (u,v,w) of an arbitrary point (x,y,z) of the laminate is given as:

u(x , y, z) �
N∑
I�1

U I (x , y)�I (z), v(x , y, z) �
N∑
I�1

V I (x , y)�I (z), w(x , y, z) �
N∑
I�1

W I (x , y)�I (z) (7)

In Eq. (7), UI(x,y), V I(x,y), and W I(x,y) are the displacement components in the I th numerical interface of
the plate in directions x, y and z, respectively, while N is the number of interfaces between the layers including
St and Sb. FI(z) are linear layerwise continuous functions of the z-coordinate, associated with the considered
interface I. Piece-wise linear variation of all three displacement components through the thickness is imposed,
leading to the layerwise 3D stress field. The z-coordinate is further eliminated by the explicit integration of
stresses multiplied with the corresponding functions FI(z) [36].

In the finite element formulation, all displacement components are interpolated using the same 2D inter-
polation polynomials. Element stiffness matrix is obtained in a common way, using 2D Gauss–Legendre
quadrature for quadrilateral domains. Quadratic serendipity (Q8) layered quadrilateral elements with reduced
integration have been considered (Fig. 4, right). Once the nodal displacements are obtained, stresses are eval-
uated from the constitutive relations in the Gauss points of the considered element in every interface along the
plate thickness, both in the laminate (xyz) and in the local (123) coordinate systems. Since the interlaminar
stresses calculated from the constitutive equations are discontinuous at lamina interfaces, they are re-computed
by assuming a quadratic distribution through each lamina, using the procedure given in [41]. The finite element
model is implemented within a FLWTFEM open-source code by authors, while GUI and post-processing is
performed using GiD [42].
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Table 1 Material strength properties [MPa]

EL (exp) f t (exp) f c (exp) f v (exp) f t,90 [48] f c,90 [48] f v,TR [48]

11242 43.8 36.3 5.3 3.0 6.0 3.0

Table 2 Material elastic properties [MPa]

EL ET ER GLT GLR GRT ν LT (-) νLR (-) νTR (-)

11242 899.36 562.1 803 754.82 80.3 0.37 0.42 0.47

3 Model validation and discussion

3.1 Timber properties

To validate the modelling approach, an extensive experimental programme of CLT panels subjected to out-of-
plane bending was conducted in the Laboratory of Structures at the Faculty of Civil Engineering, University
of Belgrade. Preliminary tests were conducted on small clear timber samples in order to assess the quality of
local timber used for the production of CLT. The strength class of timber was evaluated in accordance with
EN 338 [43], based on bending strength, modulus of elasticity parallel to grain and density. It was concluded
that timber used for the production of CLT panels meets the criteria for classification in the strength class C24
according to EN 338.

Four-point bending test was carried out in accordance with EN 408 [44]. A total of 20 prismatic samples
with square cross Sect. 20×20 mm and length in the wood fibre direction of 400 mm were tested. Bending
strength of structural timber was determined based on bending strength of small timber samples and correction
factors which account for sample size, in accordance with EN 384 [45]. Bending strength of structural timber
was determined as f m,mean � 43.8 N/mm2, while mean value of timber modulus of elasticity parallel to wood
fibre equalled to E0,mean � 11242 N/mm2. Density of timber was determined in accordance with ISO 13061–2
[46]. A total of 40 samples with dimensions of 20×20×25 mm were tested. Mean value of timber density
was determined as ρmean � 424 kg/m3.

In addition, shear test parallel to wood fibre was performed according to ASTM D143-09 standard [47]. In
accordance with these standards, the test was carried out on samples in a form of a notched cuboid so that the
pressure is applied in the shear plane of a sample. A total of 20 samples were tested, which were cut so that
the shear occurs in the longitudinal layer, along the tangential surface. Based on the test results, mean value
of timber shear strength was determined as f v,mean � 5.3 N/mm2.

Material properties were adopted based on the performed tests (exp) on small clear timber samples and
values available in Gustafsson [48]. Due to the stress distribution effect in timber flexural members, tensile
stress at failure is greater in bending than in axial tension. Hence, ultimate tensile stress was assumed to be
equal to bending strength obtained in bending tests, which were conducted on small timber samples. The values
are listed in Table 1.

The general relationships proposed by Bodig and Jayne [49] were used to calculate the moduli of elasticity
in the radial and tangential direction, as well as shear moduli in the shear planes:

EL : ET : ER ≈ 20 : 1.6 : 1 (8)

GLT : GLR : GT R ≈ 10 : 9.4 : 1 (9)

EL : GLT ≈ 14 : 1 (10)

where EL, ET and ER are the moduli of elasticity in the longitudinal, tangential and radial directions, respec-
tively, while GLT, GLR and GTR are the shear moduli in the shear orthotropic planes. The values of Poisson’s
rations νLT, νLR and νTR were adopted based on values given in [49] for softwood. The values of moduli of
elasticity, shear moduli and Poisson’s rations are given in Table 2.
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Fig. 5 Panel testing layout

Fig. 6 Test set-up for CLT specimens

3.2 Experimental test set-up for CLT specimens

The main experimental programme included testing of five CLT panels (specimens A1-A5), with dimensions:
48 cm width×400 cm length×15 cm thickness. The panels consisted of five 3-cm-thick layers made of boards
(laminations) with approximate width of 12 cm. Longitudinal laminations were formed by joining the boards
using finger joints. Arrangement of finger joints within the layer was arbitrary. Transverse boards did not
contain finger joints due to their short lengths. In order to prevent deformations due to drying, longitudinal
grooves were cut into the laminations. Melamine–urea–formaldehyde adhesive was used for finger joints and
inter-layer bonding. Adjacent boards within the layers had no edge bonding.

All panels were tested in bending as simply supported beams with a span of 380 cm (approximately 25
times the panel thickness) symmetrically loaded with two concentrated forces at a distance of 90 cm (6 times
the panel thickness), in accordance with EN 16351 [50]. With this arrangement of forces, a constant bending
moment was obtained in the middle part of the panels, without shear force. A schematic illustration of the test
layout is given in Fig. 5.

Experimental testing was performed in a closed steel frame (Fig. 6). The load was applied using a hydraulic
jack. In the experimental procedure, the load was transformed from one concentrated force to two forces
distributed along the panels’ width using a steel rectangular hollow section with welded steel sheets at the
points of force input. Steel roller bearings were used at the supports. Also, roller bearings were used at the load
application points to ensure that the load acts vertically. Steel plates were placed under the load application
points and at the supports to minimize local indentations.

The load was applied at a controlled rate of in order to achieve panel failure in about 5 min. Load application
was measured using a loading cell. Deflection of the panels was measured using linear variable differential
transducers (LVDTs). The mid-span deflection was measured on both sides using two LVDTs, positioned to
allow reading near the neutral axis, while deflection at the supports was measured on both sides using four
LVDTs. In addition to the measured deflections, in the mid-span, strains were measured around the cross
section using strain gauges. Strain data from strain gauges, deflection data from LVDTs and corresponding
load data from the loading cell were collected using the acquisition system.

During the testing of all panels, humidity and air temperature were controlled next to the testing frame.
Humidity was between 50 and 60% and temperature was about 25 °C. Immediately after each test was com-
pleted, the moisture content of timber was measured using a digital hygrometer at various points on the panel.
The recorded moisture content in all specimens ranged from 9.8 to 11.2%.
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Table 3 Material elastic properties of a continuous lamina [MPa]

E1 E2 � E3 G12 � G13 G23 ν 12 (-) ν13 (-) ν23 (-)

11242 730.73 774.41 80.3 0.37 0.42 0.47

Fig. 7 Load–deflection curve predicted by the proposed model along with the load–deflection curves for all tested CLT panels
(left); magnified load–displacement curve predicted using the proposed model (right)

3.3 Computational analysis and discussion

In the finite element model, geometry, boundary and loading conditions were adopted in accordance with the
presented test set-up. Due to symmetry in loading and boundary conditions, only a quarter of the CLT panel was
modelled to reduce the number of DOFs, with appropriate symmetry constraints: V I � 0 for the XZ symmetry
plane and UI � 0 for the YZ one. The end support was modelled as a roller support, where the displacements
in the thickness direction were constrained, while the displacements in longitudinal direction were allowed.
Since the preliminary convergence study showed no considerable improvement in results for finer mesh, the
computational stress analysis was performed using only 24×3 Q8 layered quadrilateral elements with reduced
integration. Every lamina was divided into two sub-laminas, adopting the linear distribution of displacements
along the sub-lamina thickness. In order to avoid stress concentrations, an external load was smeared on subarea
of 160×240 mm2, according to the experimental test set-up.

Table 3 provides the elastic properties of the lamina used in the computational analysis. The moduli for
the 2 and 3 directions are the average values of the corresponding T and R values for solid timber, obtained
experimentally, while the strength parameters are equal to those listed in Table 2. By including the characteristic
element length into the material damage law, the model achieves constant dissipated fracture energy, regardless
of the element dimensions, which minimizes the mesh dependency.

Figure 7, left, illustrates the load–deflection curve obtained using both the developed prediction model
and experimental tests. Figure 7, right, shows a magnified curve from the computational analysis. In the
experimental results, the displayed values of deflection at failure, for each specimen, represent the mean
values of measurements of two LVDTs placed in the mid-span on both sides of the panel. A brittle behaviour
of all experimentally tested CLT panels is observed, with a linear elastic behaviour until the load peak value
is reached, followed by abrupt loss of stiffness leading to failure (dashed lines in Fig. 7, left). PFA conducted
for CLT panel also showed linear elastic behaviour until failure, replicating experimental results very closely.
It is barely seen (Fig. 7, right) that insignificant stiffness reduction occurs shortly before the peak value of the
load is reached, when a single fibre start to buckle in the top longitudinal layer. Plasticization of timber in the
compression zone is actually difficult to observe experimentally, due to early appearance of cracks in tension
zone.

Failure of all experimentally tested specimens occurred due to a tensile failure of the outer longitudinal layer
(FT failure), as shown in Fig. 8. Failure in tension zone is accompanied by pronounced shear cracks that extend
along the glued line between outer longitudinal layer and adjacent transverse layer and/or through transverse
layer. The cracks appear so close to the glueline since this is the weakest part of the lamella due to the cutting
of fibres during sawing and discontinuity between the density and the moisture induced deformations between
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Fig. 8 Typical failure mode of Series A panels (specimen A1)

Fig. 9 Fibre failure patterns of CLT panel, plotted using the FLWTFEM at the failure load (dft � 1). The bottom figure illustrates
only the bottom layer within a CLT panel

Fig. 10 Rolling shear (RS) failure pattern of CLT panel plotted using the FLWTFEM after the load reaches the maximum value
and starts dropping

the adjacent boards (as indicated in [51]). In addition, a combination of fibre tearing and rolling shear failure
was also observed. Tension failure was initiated at wood defects (knots) or finger joints of longitudinal lamina
in maximum bending moment area, between load application points. At the moment of failure, simultaneous
fracturing of several boards of the bottom longitudinal layer was observed in all specimens. The gradual post-
peak decrease of the loads measured in experiments is a consequence of shear crack propagation both through
the weakest part of the lamella in the vicinity of the glueline and the transverse layer.

The overall damage pattern predicted using the proposed model is illustrated through a spatial plots of
fibre damage variables (Fig. 9) at the failure load, associated with the fibre tension (dft � 1). As can be seen
from Fig. 9, ultimate failure occurred due to the FT failure of the bottom longitudinal lamina. This is quite
similar to the observation from experiments (Fig. 8). At the moment of failure, plasticization of timber in the
compression zone (see top longitudinal layer in Fig. 9) is barely noticeable. RS failure appears in transverse
layer, after the load reaches the maximum value and starts dropping, as can be seen through spatial plots of
transverse damage variables (Fig. 10). This is also in accordance with experimental observation.
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Table 4 Results of experimental testing and computational analysis of considered CLT panels

Specimen Maximum load
Fmax (kN)

Deflection at
maximum load
wodg (mm)

Deflection at failure
wmax (mm)

Bending stiffness
EIglobal (kNmm2)

Failure mode

A1 57.8 53.8 71.4 12.26×108 FT
A2 67.5 75.6 75.6 11.49×108 FT
A3 68.1 60.9 60.9 11.92×108 FT
A4 64.2 60.8 60.8 11.24×108 FT
A5 72.4 67.7 67.7 11.44×108 FT
Average 66.0 (CV, 8.3%) 63.8 (CV, 12.9%) 67.3 (CV, 9.7%) 11.67×108 (CV,

3.5%)
/

Proposed model 67.83 64.96 64.96 11.2×108 FT
ARD (%) 2.77 1.81 3.48 4.03 /

CV coefficient of variation, ARD average relative differences

Both the experimental results and those from numerical simulations, in terms of maximum load and mid-
span deflection at maximum load, mid-span deflection at ultimate failure and bending stiffness are given in
Table 4. Corresponding values for loads–deflections were read from load–deflection curves (Fig. 7).

Average relative difference for the maximum load obtained using the proposed model against the exper-
imental value is only 2.77%. When mid-span deflection at failure is concerned, numerical and experimental
results were also compatible, with difference of 3.48%.

The out-of-plane bending stiffness of the panels was determined based on measurement of “global” deflec-
tion of the panels. “Global” deflection reflects a mechanism of both bending and shear deformation of CLT
panels. Due to high span-to-depth ratio (l/h ≈25) of tested panels which ensures the dominance of bending
deformations, the influence of shear deformations on calculated bending stiffness can be neglected. Bending
stiffness of tested panels was determined based on the slope of load–deflection curves, for the linear elas-
tic region of behaviour between 0.1Fmax and 0.4Fmax (Fmax—maximum load) according to the following
expression:

E Iglobal � 3 · a · l2 − 4 · a3

48 ·
(

w2−w1
F2−F1

) (11)

where EIgobal is the “global” bending stiffness; F1 is the load corresponding to 10% of the maximum load
(0.1Fmax);F2 is the load corresponding to 40% of the maximum load (0.4Fmax); w1 is the mid-span deflection
corresponding to the loadF1;w1 is the mid-span deflection corresponding to the loadF2; l is the spacing of
specimen supports (span); and a is the distance of the applied force from the nearest support. Computational
prediction of bending stiffness agreed well with experimental results, with a difference of 4.03%. These results
confirm that timber can be effectively modelled as a homogeneous orthotropic material. The variability of
elasticity modulus measurements was the reason for deviation between simulation and experimental results.

To get insight the deformation pattern within CLT specimens, an example of typical strain distribution for
tested CLT panels at different load levels is given in Fig. 11, left. The profiles show compressive and tensile
strains along x-axis as negative and positive values, respectively, and the position of strain gauges along the
height on y-axis, measured from the lower edge of the cross section. The given strain values represent the
mean values of the corresponding measurements on both sides of the specimen.

To evaluate the strain behaviour predicted using the proposed model, the longitudinal strain distribution
through the thickness, at the mid-span of the CLT panel for different load levels, is illustrated in Fig. 11,
right. Since these are plate elements composed of longitudinal and transverse layers in which there is no edge
bonding of adjacent boards, a certain discrepancy in strain values measured on both sides of the panels was
recorded. This is not the case for computationally obtained strain values due to the fact that each timber lamina
was observed as a continuous layer.

Strain distribution in the cross section is linear up to failure, thus confirming the assumption of bending
theory that plane sections remain plane during deformation. Measured strains on longitudinal and transverse
laminas of the CLT panels indicate that there is no sliding between the laminas. This is in line with the perfect
bonding assumption between laminas, used in the FLWT.
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Fig. 11 Longitudinal strain distribution through the thickness, at the mid-span of CLT panel obtained from: left) experimental
tests (specimen A2); right) proposed model

It can be verified that the overall strain distribution predicted by the proposed model is quite similar when
compared against the experimental measured strains. Also, the strain values in tension and compression zones
were approximately the same at all load levels. Small differences between numerical and experimental results
can be justified due to the fact that each lamina was homogenized with the average modulus of elasticity, while
in reality each lamina is inhomogeneous and the material properties of timber vary. With load increase, no
displacement of neutral axis position was recorded, which confirms that wood plastification on the compressed
side of the cross section was limited due to early appearance of cracks in tension zone.

4 Conclusions

In the paper, a reliable SCB-based computational model for progressive failure analysis of CLT panels under
out-of-plane bending was developed. The model employs the layerwise kinematics, which provides the com-
putationally efficient and accurate prediction of 3D stress and strain field on the lamina level within the CLT.
This is a crucial prerequisite for prediction of damage initiation and progression in CLT. Damage initiation and
failure modes on the lamina level are determined using the 3D Hashin failure criterion, while the post-failure
behaviour of timber is described by distinct bilinear strain-softening curves to capture timber response in
tension (brittle) and compression (ideally plastic), using the SCB approach.

Model validation is done through the extensive experimental testing programme on full-scale CLT spec-
imens. In both the experiments and the computational simulations, the ultimate failure of the considered
specimens occurred due the fibre tension failure scenario of the bottom longitudinal lamina. The rolling shear
failure appeared in transverse layers, which was observed both in the experiments and FEM simulations.

Excellent agreement of predicted load–deflection curves and strain distributions verified that the proposed
methodology can be efficiently applied in progressive failure analysis of mass timber (and other layered beam-
and plate-like structures). The model is suitable for structural design of CLT structures in bending (with
arbitrary geometry and boundary conditions), thus going beyond the classical analytical engineering tools for
CLT design and analysis.
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