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Abstract

This paper reports the results of an experimental campaign performed at the University
of Tokyo on cross-laminated timber (CLT) panels subjected to lateral loads. Analytical
and numerical interpretations are provided as well, comparing the experimental
analysis results with two methods: firstly, an analytical method to preliminarily evaluate
the ultimate strength of the four panels, based on the geometrical dimensions of the
openings and of the panel; secondly, a finite element model has been developed in order
to provide some guidelines for calculating the stiffness and elastic behaviour of CLT
panels subjected to lateral loads. The experimental tests showed that the CLT panels are
as more brittle and stiffer as more the difference between the total panel area and the
fenestrated area is high. The presence of large openings determined stress concentration
at the corners where failure occurred for the attainment of the maximum tension
strength in the inner layer. The proposed analytical formulation was shown to fairly
closely predict the ultimate strength of panels with same geometry, characteristics and
boundary condition, allowing preliminary information of this relevant parameter.

Keywords: cross-laminated timber, CLT, cyclic tests, shear walls, cut-out openings, FE
model

1. Introduction

Cross-laminate timber, also identified as CLT or X-lam, is a relatively new technology widely
used in Europe since the early 2000s. In the last few years, the use of CLT system in countries
such as United States, Canadaand New Zealand hasimproved bringing hundreds of impressive
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buildings and showing that timber constructions, together with other natural materials [1], can
be competitive, particularly for mid-rise and high-rise buildings. However, no specific design
codes for CLT constructions were provided in Europe while Canada and United States have
only recently published a CLT Handbook (US and Canadian version [2]) that provides key
technical information related to manufacturing, design and performances of CLT, providing
support for design and construction of CLT systems as alternative solutions in building codes.
In Europe, Eurocode 5 governs the design of timber structures [3] and Eurocode 8 gives
indications specifically related to seismic design [4]. In the literature, many contributions offer
different interpretations of CLT panels subjected to lateral loads [5-8]. Nevertheless, in Japan,
where timber buildings cover 50% of the constructions, a practical structural design of CLT
buildingsisnotyetissued. To establish the law on the design method of CLT constructions suited
with the Japanese regulations of seismic design, some research projects on CLT structures have
been recently performed.

In the research field of CLT panels, an important contribute was given by the University of
Ljubljana, Slovenia, where numerous quasi-static monotonic and cyclic tests were carried out
on walls with lengths of 2.44 and 3.2 m and a height of 2.44 or 2.72 m [9]. Wall panels were
subjected to gravity load induced by ballast as constant vertical load and a displacement-
controlled hydraulic actuator as driver of the cyclic horizontal load. Moreover, for all the
panels, three different cases of boundary conditions, from the cantilever type to the pure shear,
were applied. These experiments have confirmed the importance of boundary conditions and
the type of horizontal loading [10]. At a later stage, Dujic et al. [11-13] carried out other
experimental and parametric studies to estimate the racking strength and stiffness of CLT wall
panels with openings. Models were numerically tested by running non-linear static pushover
analysis and results of calculations were compared with the test results. The experience
conducted by Dujic et al. showed that cross-laminated panel with many openings has lower
shear stiffness, but load-bearing capacity is not reduced as much, because failures are mostly
concentrated in anchoring areas and in corners around openings with smashing and tearing
of wood. Results were used to develop an exact mathematical model describing the relation-
ship between the shear strength and stiffness of CLT wall panels without opening and panels
with certain area of openings. An experimental study to quantify the seismic behaviour of X-
Lam wall panels subjected to lateral loads was performed at the CNR-IVALSA Italian Institute
[14]. The single-wall panels (2.95 x 2.95 m) included walls with openings and without openings
and different connections layout and subjected to different levels of vertical loads. The results
of these tests showed that the connections have a dominant role in the overall behaviour of the
wall. As described in the Canadian edition of the CLT Handbook [2], in 2010, the FPInnovations
Research Institute, in Vancouver, carried out 32 monotonic and cyclic tests [15]. The tests were
conducted for 12 different configurations employing different wall-to-wall and wall-to-floor
connections. As connectors, hold-down and brackets connectors were used, while as fastener,
ring nails, spiral nails, self-threaded screws and timber rivets were utilized. Results of the
experiments showed that CLT walls can have adequate seismic performance especially when
hold-downs with nails on each end are used.
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This paper deals with the interpretation of experimental tests carried out on full-size CLT
panels with cut-out openings. The cyclic tests here described are performed on four three-
layered 90-mm thick shear walls (30-30-30 mm) characterized by similar geometry, same
boundary conditions and different cut-out openings. The experimental analyses results,
performed up to timber and connection failures, were then compared with two methods.
Firstly, an analytical method to preliminarily evaluate the ultimate strength of the four panels,
based on the geometrical dimensions of the openings and of the panel, is proposed. Addition-
ally, a finite element model has been developed in order to provide some guidelines for
calculating the stiffness and elastic behaviour of CLT panels subjected to lateral loads.

2. Experimental tests on CLT three-layered panels

The experimental tests, carried out in the laboratories of the University of Tokyo, were
addressed to specific aims. The first one was related to evaluating general performances of
lateral-loading tests on four types of cross-laminated shear wall systems with openings.
Additionally, effort was made to investigate the panels’ response under cyclic loading,
considering the influence of wood and connection features.

2.1. CLT panels and test set-up

The four test specimens of the full-scale CLT shear walls have openings (doors or windows,
Table 1) and are three-layered 90-mm thick panels (30-30-30). The width of the one opening
type is 4000 mm while the two opening panels are 6000 mm in width; their height is 2700 mm.
These dimensions are displayed in Figure 1. From now on, the panels labelled in Table 1 as
154-A, 154-B, 156-C and 1S6-D will be referred to as panels A, B, C and D, respectively. The
panels are built in Sugi timber (Japanese cedar), which is characterized by a lower value of
Young’s modulus (4-6 GPa).

As example, panel C is displayed in Figure 2a. At the bottom of the wall, as shown in
Figure 2b, two different types of connection between the panel and the steel foundation were
used: the tensile connector and the shear connector. U-shaped steel elements with 12 screws
each were adopted as tensile connections (Figure 3a) while U-shaped steel elements with 16
screws acted as shear connections (Figure 3b). The screws had alength of 65 mm and a diameter
of 7 mm for all the joints.

Specimen Opening type Openings number Length
154-A Door 1 4m
154-B Window 1 4m
156-C Door 2 6m
1S6-D Window 2 6 m

Table 1. Labels and openings of the tested CLT panels.
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Figure 1. Configuration and dimensions in mm of the tested CLT panels. (a) One opening—door type (154-A). (b) One
opening —window type (154-B). (c) Two openings—door type (156-C). (d) Two openings—window type (156-D).
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Figure 2. Two opening—door type (156-C): (a) overall view and (b) connection detail.
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Figure 3. Connections: (a) tensile-type and (b) shear type.

The specimens were bolted down to a steel beam foundation with a double-tee Japanese
profile (H300 x B300 x WT10 x FT15). The lateral load was applied to the pin joint of the CLT
panels at a height of 2.450 m using a pair of oil jacks (Figure 4). ‘C’ steel-loading beams were
bolted to the top of the CLT wall through a steel plate of 300 x 600 x 10 mm with screws with
a diameter of 7 mm. In addition, lateral guides with rollers were used to ensure a steady and
consistent unidirectional movement of the walls. Cyclic loading was applied with three cy-

cles at each target deformation angle: 1/450, 1/300, 1/200, 1/150, 1/100, 1/75, 1/50 and 1/30
rad.

C steel beams for transfer the load I | transfer the load

s i

Bolt point between the 0
panel and the C steal beam \ ]
Oil Jacks for
50 2150 w\ 495 /
|

i,
Push <> Pul hi1ﬁ

+— Steel Column for support
the panel and the oil jacks

L

[}

2860

i
[TV

Weight to balance the steel
beam that transfer the load

1" steel beam
as foundation \

U0 = AF==1h U=

Shear plate Tensil connector

Figure 4. Experimental set-up (dimensions in mm).

Load was measured by the load cell set at the end of the oil jack, horizontal displacement of
the panel at the height of loading points and near the bottom of the panel. Displacement
transducers measured relative joint displacements (Figure 5). The axial strain of the bolt of
each joint is measured using strain gauges.
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(a) (b) ©

Figure 5. Measure instruments: (a) strain gauges applied on the lateral wall of the specimen 154-B4; (b) displacement
transducer in the lateral walls and (c) displacement transducer at the joint point between lateral walls and beams.

The transducers were placed at the bottom and at the top of the panel (at a height of 2450 mm).
The one at the top (Figure 6) allowed measuring the displacement of the entire panel, whereas
the three at the bottom measured relative displacement between the wall base and the steel
foundation. In the graphs P-6 that will be shown to present results, P is the shear load
transferred from the two actuators while 6 is the displacement defined as the difference of the
translation at the top of the panel and the translation at the bottom of the panel, calculated as
the average value given by the displacement recorded from Chapters 2 to 4 (Figure 6).
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Figure 6. Measure points and channels (dimensions in mm).

2.2. Experimental tests results

2.2.1. Timber panels response

The cyclic tests results are reported and discussed in this paragraph. Figure 7 summarizes the
hysteresis curves obtained for each specimen specifying the cause of the failure and the crack
position. Table 2 reports the following elements:
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- P,,. is the maximum load derived from the load-deformation curve;
— 0, is the ultimate deformation derived from the load-deformation curve;

— k, is the value of the initial stiffness and is calculated as the slope of the line that connects
the points of 0.2 P, and 0.5 P,,,, on the hysteresis curve;

- P, is the yield strength and is calculated as the value of the load at the point of intersection
between the load-deformation curve and the 0.001-rad offset of the line corresponding to
the initial value.
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Figure 7. Test specimens and corresponding hysteresis curves (dimensions in mm). Backbone curve shown in red.
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Specimen P,.. (kN) 0, (mm) P, (kN) k, (kN/mm)
One opening 154-A 112.43 65.89 103.40 421

154-B 167.90 25.95 162.50 8.67
Two openings 156-C 160.60 42.15 149.61 4.99

1S6-D 274.25 47.05 256.94 13.23

Table 2. Tabular results of the experimental tests (for the symbols meaning, see the body text).

For all the specimens, failure occurred at the upper corner of the opening and cracks always
grew up from the corner of the opening to the top of the panel. The general behaviour was
very brittle for all the panels with the exception of panel A for which a ductile behaviour can
be recognized, entailing that the one-door-opening sample was also the one with the maximum
dissipation of energy and the maximum deformation. The maximum strength was obtained
for sample D but in this case the bending and sliding of the panel affected the data. Anyway,
it can be observed that the maximum strength of the window type (panels B and D) is higher
than that for the door type (panels A and C).

The initial stiffness k, was calculated as the slope of the line that connects the points of 0.2 P,
and 0.5 P,,,,, on the hysteresis curve. For calculating these values, the backbone curves of each
hysteresis loop have been defined. The window types (panels B and D) showed a higher value
of the initial stiffness k,. Samples B and D are more resistant but allow lower deformations,
whereas samples A and C have lower strength but higher deformations. Generally speaking,
the backbone curve (Figure 7) represents the relationship between the maximum force and the
corresponding deformation for each cycle of deformation angle to which the cyclic loading
was performed. Figure 8 shows the four backbone curves, allowing to compare the different
behaviour of the wall-panel specimens.

350
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150
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100 1
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Figure 8. Comparison between the backbone curves of the four specimens.
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The yielding strength was obtained as the point of intersection between the backbone curve
and the line parallel to the initial strength and distant from this one of 2.45 mm in the graph.
The value of 2.45 mm was calculated as 0.001 rad x 2450 mm, where 0.001 rad is given by the
Japanese regulations and 2450 mm is the height of the top displacement transducer in the panel.
The four wall panels have a prevalent brittle behaviour, except for specimen A that has a more
ductile performance. Moreover, for all the four panels, it can be noted that the hysteretic loop
has a typical pinched behaviour that is especially evident for panel A (Figure 7). In this case,
in fact, the behaviour of the specimen, characterized by the presence of a wide open, was more
affected by the behaviour of the connections than for other panels. As it will be discussed later,
the screws used for panel A, after the test, were irreversibly damaged and their movement
during the experiment caused the ovalisation of the holes. Thus, for panel A, during the model
phase, the pinching effect, the degradation of stiffness and strength cannot be neglected.

2.2.2. Connections response

The configuration of the openings and the layout and design of joints strongly influenced the
overall behaviour of a CLT structural system. For panels B, C and D, where the ratio between
the openings area and the total area of the panel was lower than that for panel A, the overall
response was ruled by the timber role. Moreover, for this panel the behaviour of the connectors
largely affected the response of the specimen to lateral load, even if the failure is caused by the
failure at the corner of the opening. It can be assessed that the connectors have basically all the
same behaviour: they have a very stiff performance for the first cycles of the test, but, due to
the wood crushing around the nails, their stiffness widely decreases during the experiment.
The maximum strengthis always around the same value, showing that although the connectors
do not break, they all reach the yielding point. Moreover, their behaviour confirms that each
connector has a negligible resistance to the tensile force that must be considered during the
numerical model (Section 4) in order to correctly predict the rigid rotation and the stiffness of
the specimens.

3. Analytical model

The load-bearing capacity and stiffness of fenestrated wood walls are mostly influenced by the
size and layout of the openings. The reduction of strength observed during the experimental
tests depends on the ratio of fenestrated area of the panel. Let us consider panels A and B, a
wall without openings (index f). Let their ultimate strengths be, respectively, as P,, Py and Py
One can suppose that the maximum strength of a panel with the same geometrical and
boundary condition but with openings will be directly proportional to the value of P, namely:

Pi=Fixa, M

By =P xay ()
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where a, and a3 are coefficients of <1. More in general this formula can be rewritten as:

£, =pxa, )

For a generic panel with generic openings and boundary conditions, in order to find a bond
between the strength and the geometrical values, the following considerations can be made:

* P, and P will be directly proportional to the length 42 of full-height wall segments and
inversely proportional to the openings height;

From Egs. (1) and (2), the ratio between P, and Py is equal to the ratio between a, and a;:

P«
? o (4)
PB aB

* The beams above and below the opening contribute in transferring load;

* All the panels have the same height and similar openings.
[P, -(h,L,—hpb,)]:b, =[Fy-(hyLy — hyby)] :by (5)

i:b_A.—hB(LB_bB) (6)
PB bB hA(LA _bA)

Therefore, the following analytical formulation is proposed: where b and h are, respectively,
the width and the height of the openings, while L is the width of the panel (Figure 9). P is the
maximum shear strength attained by each panel during the experimental tests with the
exception of panel D, whose value is not the one given by the experiment but the one corre-
sponding to a deformation of 30 mm that, looking at the P-6 curve (Figure 8), and comparing
its behaviour with the other three panels, seems more reliable.

b/2 b/2 h

L

Figure 9. Symbols for the formulation of the ultimate strength in the analytical model.
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The geometrical dimensions for the tested panels are reported in Table 3. Table 4 shows the
application of the proposed analytical expression for the four panels that have been tested in
Tsukuba. The ratio between the ultimate strength of two panels determined during the
experimental session is compared with the value obtained by comparing the geometrical

conditions.
Specimen P (kN) L (m) b (m) h (m)
One opening 154-A 112.42 4 2 22
154-B 167.90 4 2 1.4
Two openings 1S6-C 160.64 6 3.6 22
1S6-D 272.05 6 3.6 1.4
Table 3. Mechanical and geometric data for each tested panel.
P b, hy(L,-b
Bi 0669 =20 1 Lo =Bs) _ 636 00 Error = 5.2% ®)
PB bB hA(LA_bA)
P
“4.20.699=0.667 %Error = 4.8% )
F
P,
—-=0413=0424 %Error =2.6% (10)
D
By
—-£=1.045=1.048 %Error =0.3% (11)
c
by
~5.20.617=0.667 %Error =7.5% (12)
By
F
- =0590=0.6360%Error =7.2% (13)
D

Table 4. Application of the proposed formulation and errors between the analytical values and the experimental value.

The error given by the analytical value never exceeds 8%, showing therefore that the mathe-
matical formulation can predict fairly closely the ultimate strength of panels with the same
geometry, characteristics and boundary conditions. However, it must be noted that this
relationship gives acceptable results when panels are similar. If configuration of the openings
or dimensions of the compared panels such as height and thickness change and, for example,
the openings are not symmetrical, the proposed equation is too simple and it will not lead to
reliable results.

Moreover, no tests on no-fenestrated panels have been conducted, so it was not possible to
compare the results with a common value P;. Thus, the analytical formulation can be used only

233
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if the ultimate strength of one of two panels is already known and the panels have the same
height. The mathematical model proposed in this paragraph is based on rough calculations
and is therefore very approximate; however, it can be interpreted as a way to provide first
information about the tendency of the reduction of racking strength of CLT shear walls with
openings.

4. Finite element model

4.1. Description and mechanical parameters

The tested panels were modelled in SAP2000 by using a two-dimensional (2D) schematiza-
tion with “Shell-Layered/Nonlinear” model [16]. The material properties adopted in the finite
element model are listed in Table 5.

Modulus of elasticity —lower value (N/mm?) ) . 4200
MOE —average value (N/mm?) E,, 5200
Maximum bending strength (N/mm?) oy 11,6
Modulus of elasticity —outer layers (N/mm?) E,=E;=E, 173.33
Modulus of elasticity —inner layer (N/mm?) E,=E, 5200
Rolling shear modulus (N/mm?) Gy, =Gy 100
Longitudinal shear modulus (N/mm?) Gy 400
Tensile strength—minimum value (N/mm?) 6.1.1. 0, 12
Tensile strength—average value (N/mm?) oy 16
Density (kg/m®) p 439
Poisson’s coefficients v 0.35

Table 5. Material properties adopted in the finite element model.

Under lateral loads, the connectors exhibit two different mechanisms of deformation. In the
vertical direction, the anchors are subjected to tension, while in the horizontal one they
experience shear deformation. These two deformation mechanisms are incorporated into the
model by using individual springs for each of it, which act in unison. To find the stiffness and
ultimate strength, tests on single-anchor elements should be conducted. In the present case,
only the tensile connector (UT) has been previously subjected to monotonic load tests to
correctly define its behaviour when subjected to tension.

The stiffness, strength and ductility of the steel connections are determined according to the
Yasumura and Kawai procedure [17]. This procedure was initially proposed for the evaluation
of wood-framed shear walls. The ultimate strength P, is calculated so that the equivalence of
the deformation energies is achieved by assuming an elasto-plastic load-displacement curve.
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Figure 10 shows the definition of the bilinear curve that schematizes the behaviour of the tensile
connectors. The contact—valid for tensile connectors—has been explicitly modelled using a
set of compression-only springs identified at each point of the boundary mesh. For simulating
the presence of the steel foundation, nodes with centre-to-centre distance of 10 cm have been
generated at the base of the wall and all the degrees of freedom have been constrained. In the
wall-to-floor contact, zero-length multilinear springs connect the nodes of the wall panel to the
floor nodes. The compression-only springs are stiff in compression, and allow free movements
away from it when subjected to tension. These springs are distributed along the contact
between the wall and the floor. The friction between the steel beam foundation and the timber
wall element is described by using spring elements with symmetrical and rigid-plastic
behaviour placed along the whole length of the lower edge of the panel between the foundation
nodes and the panel. The sliding resistance is described by the following equation:

F, =k, oF, (7)

where Fy is the axial force at the current analysis step, k; the static friction coefficient and F;is
the static friction force. The friction coefficient between the rough concrete and the CLT wooden
surface was estimated as equal to 0.7 instead of the usual value of 0.4 used for two pieces of
timber. In a proper schematization of the panel, the friction force should be calculated for each
node taking into account the effective axial force that lies on each spring. Springs are stiff until
the shear flow in the contact zone does not attain the estimated friction force. After this stage,
friction springs have constant load-bearing capacity and resist sliding of panel in combination
with non-linear springs that represent shear connectors.
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Figure 10. Definition of the bilinear curve (kN-mm) determined according to the Yasumura and Kawai procedure [17].
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A pushover analysis was performed with a control of imposed displacement.

4.2. Results from finite element modelling

Confirming the experimental observation, the break occurs in the inner-cross layer due to the
maximum tension attained in the corner of the opening of panel A (Figure 11). The maximum
strength of 12 MPa is attained for a corresponding displacement of 17mm and 83-kN force.
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° g
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(a) (b)

Figure 11. Panel A: (a) maximum and minimum tension stresses in MPa at the last analysis step; (b) numerical push-
over curve compared to the experimental curve.

The force-deformation response obtained matches quite good to the experimental response for
the elastic behaviour. When the panel starts to break and the behaviour became plastic, the
CLT shear wall is subjected to large displacement for small increments of load.

For panel B, the upper left corner is the one where the break occurred, as seen in the experi-
mental test (Figure 12a). Figure 12b shows the pushover curve obtained for the shear wall B.
Panel B, contrary to panel A, has a very brittle behaviour. In this case, the yielding point is near
the breaking point and an overall acceptable accuracy in terms of elastic stiffness was obtained.
The presence of the sub-window increases the global stiffness of the panel and highlights again
the relevant role of the boundary conditions (contact and friction). The overall behaviour of
panel C, due to the absence of the sub-windows, depends strongly from the UT and US
connectors.

In this case, the maximum tension is concentrated in both the external and internal corners as
shown in Figure 13a. Due to the eccentric position of the load joint (located not in the geo-
metrical centre of the panel but in the centre of the right window), the maximum tension that
brought to failure occurred in the inner corner. Figure 13b shows the comparison between the
backbone curve and the pushover curve with the observation that the numerical model results
approximate the experimental ones quite well.
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Figure 12. Panel B: (a) maximum and minimum tension stresses in MPa at the last analysis step; (b) numerical push-
over curve compared to the experimental curve.
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Figure 13. Panel C: (a) maximum and minimum tension stresses in MPa at the last analysis step; (b) numerical push-
over curve compared to the experimental curve.

As shown in Figure 14a, the stress concentration occurs in the corners of the windows and the
breaking point corresponds with the inner corner of the left window confirming the experi-
mental results. Also in this case, the sub-window contributes to increase the overall stiffness
behaviour. In contrast with the other cases, for panel D, the pushover curve does not approx-
imate exactly the stiffness of the panel (Figure 14b). The main reason of this result can be
founded both in the general errors that occurred in the experimental session and in the general
approximation of the boundary conditions. Other numerical analyses could be aimed at
evaluating the energy dissipated by panels during cycles as done for masonry buildings [18].

T
Force [kN]

Displacement (mm)

(b)

(@

Figure 14. Panel D: (a) maximum and minimum tension stresses in MPa at the last analysis step; (b) numerical push-
over curve compared to the experimental curve.
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5. Discussion and comparison between results

The main results obtained from experimental tests on CLT panels with openings have been
compared and interpreted through analytical and numerical models. Concerning the experi-
mental tests, failure occurred at the upper corner of the opening for all the specimens. The
general behaviour was brittle for all the panels with the exception of the panel with a one-door
opening, the most ductile and also the one with maximum dissipation of energy and defor-
mation. The maximum strength was obtained for the sample with two windows but in this
case the bending and sliding of the panel affected the results. Anyway, the maximum strength
of the window type (panels B and D) was observed to be higher than that for the door type
(panels A and C). An analytical model was adopted to predict the ultimate strength of panels
similar to the tested ones, knowing the ultimate strength of one of two panels and the panels
have the same height. The error given by the analytical method never exceeded 8%, showing
therefore that the mathematical formulation can predict fairly closely the ultimate strength of
panels with the same geometry, characteristics and boundary conditions. Finite element
models confirmed, in terms of failure type and crack position, the experimental results.
Moreover, the pushover curve obtained from the finite element procedure generally matched
the experimental one quite well. Further analyses could be addressed to evaluate the out-of-
plane resistance of the timber panels, by means of rocking analysis with proper boundary
conditions, applying analogous concepts adopted for masonry panels [19, 20].

6. Conclusions

An experimental campaign aimed at evaluating the ultimate behaviour of CLT panels with
openings was here described and interpreted with both analytical and numerical models. The
four-wall panels were shown to exhibit a prevalent brittle behaviour, except for the specimen
with one-door opening, more ductile. This response was reproduced quite well in the multi-
layered finite element model. The position of the cracks at the ultimate limit state was correctly
obtained from the numerical procedure, highlighting that the failure occurs at the corner of
the openings, in different position depending on their size and configurations. The analytical
model was capable to correctly evaluate the values of ultimate limit strength of walls with cut-
out openings, with errors lower than 8%.
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