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Abstract
The new generations of massive cross-laminated wooden structures are recently becoming more popular in
the European market. The new trends are bringing also multi-storey structures. Special attention is paid to
buildings located in earthquake prone areas of middle and south Europe. Therefore, the appropriate
guidelines for designing have to be set for existing and new timber structural systems to assure their seismic
resistance. In design of wood structures, the contribution of fenestrated wall segments (wall segments with
openings) is usually not taken into account when calculating the wall shear capacity. Some experimental and
analytical studies have shown that fenestrated wall segments may contribute to the earthquake resistance of
the wood-frame plywood sheathed walls. The load-bearing capacity and stiffness of fenestrated wood walls
are influenced mostly by the size and layout of the openings. To evaluate the shear strength and stiffness
reduction for different size and placement of openings in the wall, development of a mathematical model
verified against experimental tests, is of paramount importance.
The main goals of the experimental research and parametric study presented in this paper are to provide
information on how to estimate the racking strength and stiffness of cross-laminated solid wood walls with
openings, and to recognize how the shape and the area of the openings influence the shear capacity and
stiffness of cross-laminated wood walls. Results from the parametric study were summarised in diagrams
that could serve as an excellent tool for estimating the influence of fenestration on the stiffness and loadbearing capacity of cross-laminated solid wood walls. The study has concluded that openings with a total
area of up to 30 % of the entire wall surface do not significantly influence the load-bearing capacity of the
wall. The stiffness in such cases is reduced about 50 %.
1 Introduction
Shear walls are structural elements that are frequently used to resist seismic and wind loads in timber
structures. Currently, wood-frame buildings are designed for earthquake and wind loads by taking into
account the shear resistance of full wall segments only. Parts of wall
above and bellow the openings are excluded from the calculation
method (Fig.1). Although this approach may be valid for wood-frame
buildings, it can lead to under-estimation of shear resistance of a
building with cross-laminated walls. For more accurate and economic
design, parts of wall above and below the openings have to be taken
into account as they transfer the loads between full wall segments and
dictate their boundary conditions [1]. Therefore all wall composition
with different openings could be determined as one construction
element of full length with reduced shear strength and stiffness [2]. To
evaluate the shear strength and stiffness reduction for different
openings, development of a verified and validated mathematical model
is needed to reduce the number of experimental tests.
Fig.1: Example of massive wood
A series of racking tests on cross-laminated (X-lam) solid wood panels
wall
with openings and principle of
with openings were carried out at the University of Ljubljana. The main
design
with only full wall segments
objective of the testing was to understand the global response of
fenestrated panels and to obtain data for verification and validation of
response of the panel. The results were also used to provide the experimental data needed for verification
and validation of the developed computational model [3]. The model was developed and the parametric
study carried out using the commercial software SAP2000. Main parameters of interest were related to
nonlinear behaviour of anchors and elastic behaviour of X-lam wall segments around openings. For that
reason all parts of X-lam walls were also tested separately in an additional testing program to obtain their
mechanical properties.
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The developed and justified mathematical model of experimentally tested panel was used for development of
further mathematical models of panels having different patterns of openings. Models were systematically,
numerically tested by SAP2000 and results of calculations presented in the form of a parametric study. The
parametric study resulted in diagrams, which show the relationship between panel area ratio and ratio of
racking load, and stiffness of fenestrated X-lam walls against non-fenestrated ones. Study of X-lam wood
walls followed the concept of research that was done on wood-frame walls presented in section 2.

2 State of the art - Influence of openings in timber frame walls
As far as we know there are no published research results concerning behaviour of X-lam panels with
openings. However, there are published research results on wood-frame walls [4] [5] [6].
2.1 Research done by H. Sugiyama in M. Yasumura
Hideo Sugiyama and Motoi Yasumura reported results of racking tests on plywood-sheathed timber frame
specimens of reduced scale 1:3 with various openings [4] and full size walls [5] constructed according to
standard specification of North American wooden frame structures.
The main outcome of their research was definition of two
empirical equations (eq.2), which make possible the
determination of shear strength and stiffness of various
fenestrated timber frame walls if shear characteristics of a full
wall of the same dimension is known. They defined the
sheathing area ratio, r (eq.1), in order to classify walls based
on the amount of openings a wall contains (Fig.2). The
sheathing area ratio was determined by: a) the ratio of the
area of openings to the area of wall and b) the length of wall
with full height sheathing to the total length of wall.
Using the same definition, the parameter r is proposed here to
be named “panel area ratio” of fenestrated X-lam wooden wall
(Fig.3). The proposed panel area ratio r takes into account
both size and shape of openings. Regarding the size aspect, the value of r is inversely proportional to the
opening area. Regarding the shape of the opening, a higher value of r is associated with vertically oriented
fenestration. In the case of a non-fenestrated wall the value of r is equal to 1.0.
Fig.2: Fenestrated timber-frame wall
with fastened sheathings.

The ratios between shear strength (F) and shear stiffness (K) of a fenestrated wood-frame wall and a nonfenestrated one, as obtained from tests, are presented in Figures 3 and 4. Ratio of shear stiffness is defined
as the relationship between shear stiffness of the wall with openings and shear stiffness of the wall without
openings of equal dimensions and at the same level of shear strain. Analogically, ratio of shear strength
represents the relationship between shear strength of fenestrated and non-fenestrated walls. Ratio of shear
stiffness was evaluated at shear deformation of 0.01 rad of wood-frame wall and is almost the same value at
lower shear deformations.
Variables in equation 1 are as follows:

r=
r
H
L
∑Li
∑Ai

α=
β=

1

α
1+
β

=

H ∑ Li
H ∑ Li + ∑ Ai

(1)

panel area ratio
height of the wall element
length of the wall element
length of full height wall segments
sum area of openings

∑ Ai

ratio of openings in wall element

HL
∑ Li

ratio of full wall segments.

L
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In diagrams that present the influence of openings on shear capacity of wood-frame walls the same trend
was determined for evaluation of shear strength and shear stiffness ratios. The experimentally obtained
empirical equations are expressed in terms of panel area ratio as shown in Equation 2:

K=

r
3 − 2r

F=

and

r
3 − 2r

(2)

Where:
F
ratio of shear strength of fenestrated and non-fenestrated wood-frame wall
K
ratio of shear stiffness of fenestrated and non-fenestrated wood-frame wall
r
panel area ratio or sheathing area ratio as named in the original research paper
2.2 Research done by J. D. Dolan and A. C. Johnson
In 1996 J. Daniel Dolan and A. C. Johnson published monotonic and cyclic test results on full size woodframe walls with various openings. Monotonic results were compared with Japanese research (Fig.3 &
Fig.4). Results obtained on full size wood-frame walls show slightly higher shear capacity, especially at
smaller ratio of openings. Shear stiffness was evaluated at shear deformation that corresponds to 40% of
ultimate racking load. Comparison of shear stiffness ratio with panel area ratio linear relation was recognized
as set in Equation 3.

F = 1,27 r − 0,28

(3)

Significant differences observed between monotonic and cyclic response of shear walls were the main
reason that the evaluation of the seismic response of a structure be conducted based on cyclic tests.
Because the empirical equations presented were mainly based on monotonic shear test results, further
investigation was done on full sized wood-frame walls under cyclic loading defined according to sequential
phased displacement protocol. Shear resistance determined by cyclic tests was up to 30% less than
resistance obtained by monotonic loading. Higher difference between monotonic and cyclic response was
observed in case of non-fenestrated wall panels. With decreasing of panel area ratio (r) or with increasing
the ratio of openings (α) the difference becomes smaller.

K = 1,27r-0,28

Fig.3: Comparison of Sugiyama curve and tendency
line obtained from Dolan’s tests for reduction of shear
stiffness of fenestrated walls.

Fig.4: Comparison of Dolan’s test results and
Sugiyama empirical curve for reduction shear
strength of fenestrated wood-frame walls.

3 Experimental research of X-lam solid wooden walls with openings
3.1 Racking tests of X-lam wooden walls with openings
Two configurations of walls with equal dimensions represented by two specimens each have been tested
under the same boundary conditions. Specimens of Wall 14 were without openings while the specimens of
Wall 13 had a door and a window opening (Fig.5). The tests were performed at the laboratory of the Faculty
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of Geodesy and Civil Engineering in Ljubljana, Slovenia using the test setup specially designed and
constructed for testing of panels under different boundary conditions and constant vertical loading [1], [2].
force-displ.
controlled
horizontal
load H

uniform vertical load 15 kN/m'

force-displ.
controlled
horizontal
load H

3-layer KLH
element
(t=94mm)

uniform vertical load 15 kN/m'

3-layer KLH
element
(t=94mm)

corner connector
h=105 mm with rib
fixed to KLH plate
by 10 Kammnails
4.0/40 mm and to
concrete base by
2 bolts M12

corner connector
h=105 mm with rib
fixed to KLH plate
by 10 Kammnails
4.0/40 mm and to
concrete base by
2 bolts M12

Fig.5: Configuration of Wall 13 with a door and a window opening and Wall 14 without openings.

The wall specimens had dimension of 320 cm x 272 cm x 9.4 cm. They were produced by Austrian company
KLH Massivholz GmbH as solid elements composed of three layers of cross glued lamellate (X-lam) wood.
In presented tests, four BMF corner connectors with ribs with a height of 105 mm were used and placed on
marked location. Boundary corner connectors were placed 10 cm from the edge of the wall elements. For
fixing the corner connector to the KLH wall plate, ten annularly grooved nails 4.0/40 mm were used. For
fixing it to the reinforced concrete foundation beam two M12 steel bolts were used.

Fig.6: Hysteretic response of two tested X-lam walls
with window and door opening (r=0.41).

Fig.7: Hysteretic response of two tested nonfenestrated X-lam wall panels.

A total of four cyclic tests were performed to obtain the hysteretic response of fenestrated and nonfenestrated X-lam walls (Fig.6 and Fig.7). EN 12512 standard was used for determination of the cyclic
loading protocol.
The hysteretic wall response showed two significant differences in stiffness and in thickness of the hysteretic
loops. These differences were more visible in non-fenestrated wall response compared to the fenestrated
one. The first stage was characterized by more stiff response with tight hysteretic loops and represented
shear wall response where mainly shear deformations of X-lam wood material occurred along with some
initial contact slip between assembled elements. The magnitude of vertical load prevented tension
deformations of anchors to occur. The second stage was characterized by lower stiffness and much wider
hysteretic loops. Higher level of horizontal load caused tension forces in anchors and therefore up-lift of the
wall. The energy dissipation in this case was mostly due to deformation of the corner connectors and
fasteners that connect them to the wall and to the foundation.
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The results of all four cyclic tests are
summarized in Figure 8 where the first cycle
envelope hysteretic response of Wall 13 and
Wall 14 are presented.

Fig.8: Envelops of hysteretic response of tested X-lam
walls of dimension 320/272/9.4 cm.

It can be observed in compared tests that
openings (r=0.41) reduce shear stiffness, while
the shear strength remained almost the same.
The responses in both directions of nonfenestrated wall are not the same because of
unsymmetrical distribution of anchors (Fig.5). In
case of Wall 14 the anchors were fixed in the
same position as in Wall 13, except where door
opening dictated the anchor position.

3.2 Accompanying experimental programs for determination of mechanical properties of constituent
elements
The response of the tested wood walls does not depend only on the boundary conditions and the magnitude
of vertical load but mostly on the configuration and mechanical properties of the constituent elements and
the assembly as a whole. Therefore, some accompanying tests were done on composition wall parts to
obtain their mechanical properties, which were also used in the modelling process.
3.2.1 Modulus of elasticity of X-lam wooden wall segments
Modulus of elasticity in both orthogonal directions were determined on the wall segments of dimensions
30 cm x 30 cm x 9.4 cm. X-lam wooden plate consisted of strips of spruce stacked on top of each other and
glued together forming large-sized solid cross-laminated boards. Strip thickness in the case of 3-layer X-lam
wall was 30 mm in the main load-bearing direction and 34 mm in the perpendicular direction (Fig. 9). The
moisture content of these kiln dried strips glued together is 12% (±2%), which protects the product from
growth of any pests, fungi as well as insects attacks. Cross lamination of the timber strips has many
advantages. It minimizes swelling and shrinkage in the board plane, considerably increases static strength
and shape retention properties and enables load transfer across the entire plane of panel [7].

Fig.9: Measurements of X-lam segments during
compression tests for determination of E-modulus
in plane for both orthogonal directions.

Fig.10: An example of measured displacements for
determination of E-modulus in the main load
bearing direction of 3 layer X-lam wooden wall.

The main load-bearing direction of 3-layer X-lam wooden plate is defined with direction of wooden fibres in
outer layers. Therefore the E-modulus in load-bearing direction was signed as Ep,0 while E-modulus in the
perpendicular direction was signed as Ep,90.
Both E-moduli in the plane of the 3-layer X-lam wooden plate were defined according to EN 789 on three
specimens for each orthogonal direction. Because two layers of wooden strips were oriented in the main
load-bearing direction with the cross section almost double that of the perpendicular one, the ratio of Emoduli in the main orthogonal directions was expected to be of the same magnitude. Loading was defined by
increasing of hydraulic actuator displacement. The rates were 0.011 mm/s and 0.014 mm/s, which
corresponded to loading rates of failures that occur within time interval of 300±120 s according to the
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standard requirements. Deformations in each layer were measured by transducers (V1, V2, V3 and V4) with
measuring length of 200 mm.
The values of experimentally obtained E-moduli are presented in Table 1. The E-moduli are also shown in
Fig.11 as tg α, where α is the angle between the linear inclination part of stress-strain relations and the xaxis. E-modulus in the load-bearing direction (Ep,0) was found to be about 9 GPa and was about double that
in the perpendicular direction (Ep,90).

P1v
P2v
P3v

P1h
P2h
P3h

Ep,0
2
[kN/cm ]

Mean
Value

Standard
Deviation

C.O.V.

888,07
995,81
809,72

897,87

93,43

0,10

Ep,90
2
[kN/cm ]

Mean
Value

Standard
Deviation

C.O.V.

410,51
357,60
560,97

443,06

105,51

0,24

Table 1: Experimentally obtained results of Emoduli of 3-layer X-lam wooden plate in load
bearing direction and in perpendicular direction.

Fig.11: Strain-stress relationship at compression
loading in both orthogonal directions.

In Table 2 experimentally obtained E-moduli were compared with the calculated ones. Good agreement was
observed, with calculated values being a little smaller than the tested ones. Calculation of effective
mechanical properties for solid wood panels with cross layers was proposed by Blass [8]. The analytical
approach determines homogenisation of cross section (as all wooden fibbers are oriented in one direction)
with compositions factors, where stiffness of cross layer is also taken into account. Rough estimation of Emoduli and strengths for solid wood panels with cross layers could also be done by not taking into account
the perpendicular layers. This simple estimation is presented on Fig.12 and can significantly underestimate
mechanical properties of X-lam wooden panel.
GL28h
E0,g, mean = E0
2
[kN/cm ]
1260
E90,g, mean = E90
2
[kN/cm ]
42

Compositions
Factors
k3
0,65
k4
0,383

Calculated
E-modulus
E0,ef
2
[kN/cm ]
819
E90,ef
2
[kN/cm ]
483

Experimental
Results
Ep,0
2
[kN/cm ]
897
Ep,90
2
[kN/cm ]
443

Table 2: Comparison of calculated [8] and
experimentally obtained E-modulus of X-lam wooden
plate in two perpendicular directions.

full

Fig.12: Approximate stress distribution under
bending-axial loading of X-lam wooden plate.

1400

Strižni
modul [MPa]
Shear
Modulus
[MPa]

3.2.2 Shear modulus
P1s
1200
P2s
Shear modulus was obtained by experimental
1000
P3s
tests on X-lam wall segments, where three
800
600
specimens (P1s, P2s, P3s) were loaded by
400
compression force in a diagonal direction
200
(Fig.13). Loading rate with increasing
0
displacement of the hydraulic actuator was
0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1
Normalized
Normirana shear
strižna stress
napetost
0.012 mm/s. At this rate of loading, the failure
occurred within the time interval of 300±120 s.
Fig.13: Diagonal test for determining shear modulus in
Proper boundary conditions for applying of the
relation to normalized shear stress.
diagonal load were used by choosing an
appropriate dimension of the set-up shoe.
Vertical deformations of specimens were measured by two deformeters (V1 and V2) with measuring length
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of 375 mm, while horizontal deformation were measured with two LVDT’s (I1 and I2) with measuring length
of 345 mm.
P

Where symbols mean (Fig.14):
τd
shear stress in the specimen,
γd
shear strain in the specimen,
Gd
shear modulus of the specimen,
P
acting force on the specimen,
l, t
width and thickness of the specimen,
d
diagonal length of the specimen and
∆x,∆y horizontal and vertical displacement, respectively.

∆y

d
α

∆x/2

l
P

Fig.14: Meaning symbols for shear modulus determination.

Based on the measurements obtained from the shear stress, the shear strain and the shear modulus were
determined using the following equations:

τd =

P
2 ⋅l ⋅t ;

γd =

∆x + ∆y
1
)
(tan α +
2d
tan α ;

Gd =

τd
γd

(4)

From the diagram shown in Figure 13 it is obvious that measured deformations at the initial stage of the
shear tests don’t represent the correct value of the shear modulus. Applying of concentrated load at the
corners of the specimen doesn’t assure proper stress distribution at smaller load values. At higher load
values, the shear stress distribution in the specimen is not affected by local effects and therefore, the shear
modulus is quite stable and follows the curve from the minimum value of 0.5GPa up to 0.65GPa and then
again decreases to a value of 0.5GPa. The minimum obtained value of G-modulus of 0.5GPa was used in
the numerical analyses of racking response of X-lam walls.
3.2.3 Density of 3-layer X-lam wooden segment
Before testing, all specimens were measured and weighed at relative humidity of 12%. Determined mean
3
3
density was 417.6 kg/m with a standard deviation of 11.1 kg/m and with C.O.V. of 0.03.
3.3 Tension and shear behaviour of anchors
The main purpose of tension and shear tests of anchors was to determine exact global response of the
constituent part of the shear wall, which significantly influences its racking behaviour.
16

KLH1-C

14

Displacement
Dispalcement

Tension Force [kN]

12

semi-cyclic loading
Semi-cyc
protocol

10
8
6
4
2
0
-2
-4
0

2

4

6

8

10

12

14

16

18

Up-lift [mm]

Time
Time

Fig.15: Semi-cyclic up-lift corner connector test to obtain global hysteretic
behaviour of anchor at tension loading.
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16
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KLH1 - C3

4
0
-4
-8

loading
fullcyclic
cyclic
protocol

-12

Displacement

Displacement

Shear force [kN]

8

-16
-30

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

Shear slide [mm]

Time
Time

Fig.16: Cyclic slide connector test to obtain global hysteretic behaviour of anchor at shear loading.

In tests X-lam wall segments were fixed to a steel plate by 105 mm BMF corner connectors with ribs. For
fastening of the corner connector to the X-lam wall segment ten annularly grooved nails 4.0/40 mm were
used, while for attaching of the corner connector to the steel plate two M12 bolts were used. Anchors of the
shear wall were mostly loaded in combination of tension and shear forces. Therefore the segments of X-lam
wall were commonly fixed to the foundation and tested in two perpendicular directions. In the first phase of
the tests, named “up-lift tests” (Fig.15), tension load on anchor was applied, while in the second phase of the
tests, named “slide tests” (Fig.16), shear load was applied. Monotonic and cyclic tests were performed
according to standard EN 26891 and EN 12512, respectively. All together four tests in each loading direction
were carried out, one test with monotonic loading and three with cyclic. From cyclic tests envelopes of the
hysteretic responses were obtained and basic mechanical characteristics were defined for use in the
mathematical modelling process (Fig.17).
Contact element - RC beam to KLH wall

Uniformly distributed vertical load

FH

1

Plane FE
Friction element - RC beam to KLH wall

2

Material characteristics
of plane FE:
E1 = Eh = 445 kN/cm2
E2 = Ev = 900 kN/cm2
G = 50 kN/cm2
ν = 0,25
ρ = 417 kg/m3

Non-linear spring for anchor in vert. dir.

3

Non-linear spring for anchor in hor. dir.

4
1

2

4

3
Non-linear springs

Fig.17: Mathematical model in SAP2000 for Specimen 2 with material characteristics of FE, characteristics of
spring elements simulating contact with RC foundation and characteristics of nonlinear behaviour of anchors in
two perpendicular directions.

4 Numerical analysis
An attempt to predict the racking behaviour using one of the commercially available software packages was
carried out. SAP2000 was chosen as one of the most popular programs. The proposed attempt was
developed as much as possible in the exact mathematical model (Fig.17) while taking into account realistic
mechanical properties of all composed elements. The exact models are reliable only if they passed the
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appropriate experimental validation and verification from the experimental results of racking tests as
presented earlier in the paper (Fig.8).
The model consists of orthotropic membrane elements and longitudinal springs which simulate anchor
behaviour. The KLH walls were defined as an homogeneous orthotropic material. Material characteristics for
the membrane elements of thickness of 9.4 cm have been defined according to the results of tests on wall
segments. Contact between wall elements and RC foundation is represented by a set of springs which are
absolutely stiff in the direction of the foundation and allow free movement away from the foundation. Friction
between the foundation and the wall element is modelled using bi-linear link elements placed in the
horizontal direction along the whole length of the lower edge of the panel. The value of the friction coefficient
between the rough concrete and the X-lam wooden surface was estimated on 0.7. Springs are absolutely
stiff until the shear flow in the contact zone doesn’t attain estimated friction force. After this stage friction
springs have constant load-bearing capacity and resist sliding of panel in combination with non-linear springs
which represent shear behaviour of corner connectors. Non-linear tension and shear behaviours of anchors
were determined on the basis of test results (Fig.15 and 16). Experimentally obtained envelopes were
incorporated in the model as multi linear springs.

In the mathematical model vertical load of 15kN/m has been defined; and horizontal load has been applied
once in the positive and once in the negative horizontal direction as the response of the wooden panel is not
equal in two different directions as a result of unsymmetrical disposition of the anchors and openings. Nonlinear static pushover analysis using SAP2000 has been run and the obtained results have been presented
in a form of horizontal force-displacement diagrams. (Fig.18 and 19).

Fig.18: Comparison of experimentally obtained and
calculated response of fenestrated wall with panel
area ratio of 0.41.

Fig.19: Comparison of experimentally obtained and
calculated response of non-fenestrated wall with
unsymmetrical distribution of anchors.

On Figures 18 and 19 calculated and experimentally obtained racking responses of fenestrated and nonfenestrated X-lam wooden walls are presented. In comparing envelopes of experimentally obtained
responses with calculated ones a relatively good agreement can be observed.
5 Parametric study of influence of openings
The load-bearing capacity and stiffness of wooden walls is influenced by the dimensions and layouts of
openings. For evaluation of shear strength and stiffness reduction for different openings an exact
mathematical model is needed to reduce the number of tests. The above parametric study was done to
obtain the influence of different openings in X-lam wooden walls on their shear capacities.
Verified mathematical models of experimentally tested panels were used for the development of further
mathematical models having different opening patterns. All together 36 models were set with three different
lengths. For each length an additional unpenetrated control model was numerically tested to get the ratio of
shear capacities against walls with openings. Numerically analysed models were defined in three matrices
with wall lengths of 240 cm, 320 cm and 400 cm, respectively.
The models have symmetrical openings which systematically increase in length and height by one quarter of
the wall dimension. In Table 3 the matrix of models having wall length of 320 cm is presented.
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Delež
dolžine odprtine
Ratio
of opening
length

Wall
dim.:
Dim.stene:
1
4

l = 320 cm
h = 270 cm

l

1
320
120

80

2
4l

3
4

2

3

320
120

80

160

320
80

101,25

1
4

h a

67,5

270

100

100

100

10

67,5

270

Delež
odprtineheight
Ratiovišine
of opening

80

10

100

100

100

h b

270

80

135

160

100

100

80

h c

100

270

10

100

10

100

100

100

10

80

h d

10

100

67,5
100

10

10

100

80

10

100

10

40

240

33,75

202,5

270

33,75

120

100

100
320

100

100

10

33,75
10

100

160

100

80

40

240

67,5

40
67,5

270
202,5

10

10

100

320

270

100

135

40

202,5

202,5

10

270

320

270

40
67,5

80

270

67,5

3
4

10

100

33,75

320
120

100

240

320
160

33,75
100

40

135

80

202,5

100

100

67,5

120

270

10

10

320

33,75

3
4

10

101,25

67,5

320
120

67,5

270

80

67,5
10

40

101,25

320
120
67,5

2
4

240

101,25

320
120

40

101,25

101,25

10

l

60

180

60 10

202,5

10 20

260

20 10

Table 3: Matrix of mathematical models with a length of 320 cm by systematically increasing opening length and
opening height by one quarter of wall dimension. According to presented matrix and opening definition also
math. models with length of 240 cm and 400 cm were numerically analysed.

Models were numerically tested by SAP2000 and results of calculations were presented as response
diagrams. Numerical analyses were performed as non-linear static pushover analyses. In every model
analysis results for each loading step were compiled and presented in a form of response diagrams as a
relation between horizontal force and horizontal displacement (Fig.20). At higher loadings, stress
distributions around openings were analysed to observe compression or tension failure of cross laminated
wood. The mathematical model using orthotropic membrane elements is not able to recognize non-linear
mechanical properties of wooden cross-section. The characteristic strength of homogenised 3-layer X-lam
cross section was determined by an analytical approach using composition factors [8].
In Figure 20 definition of shear stiffness of the calculated racking response is presented. Shear stiffness was
set as an inclination line which goes through the yielding point defined according to CEN II definition. In this
definition the yield limit state is set as the point of intersection between two lines. The lines are the secant of
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70

Vodoravnaforce
sila [kN]
[kN]
Horizontal

the skeleton curve defined by points at
10% and 40% of horizontal load-bearing
0,9Fmax
capacity and the tangent on the upper part
stiffness
50
of the envelope, which is parallel to the
40
secant through the skeleton curve at 40%
30
and 90% of horizontal load-bearing
320_b1
0,4Fmax
320_b2
capacity. The shear force values at
20
320_b3
horizontal displacement of h/200 or 0.5% of
10
320_polni
full w.
0,1Fmax
story drift were set as horizontal load0
bearing capacity of the calculated
h/200
0
5
10
15
20
25
30
35
response. The accuracy of the calculated
Pomik
na vrhu stene
Horizontal
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Fig.20: Calculated responses of 320 cm walls, three with
questionable while failure usually occurs by
different openings, one without. For the wall without
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around openings. Therefore in the
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was set at the deformation value of 0.5% of
story drift, which corresponds to a
horizontal displacement of 1.35 cm. As the normal stresses in the analysed specimens with the largest
opening were observed at failure value when story drift was higher than 0.5%, it can be concluded that
numerical models give good results up to this deformation stage. When stress level corresponds to wood
failure in cross-laminated wood the remaining part of the calculated racking response is represented by the
dashed curve.
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The aim of the parametric study was to obtain regression of shear capacities with increasing opening area in
X-lam solid wooden walls. On the following diagrams the relationship between calculated shear stiffness
(Fig.21a) and shear strength (Fig.21b) and the ratio of opening area for different X-lam walls (wall length and
shape of opening) are presented.

Fig.21: Calculated shear stiffness (a) and shear strength (b) in relation to ratio of
opening area for different X-lam walls.

Parametric study resulted in diagrams (Fig.22a and 22b) which show the relationship between panel area
ratio and normalized values of shear capacities expressed as ratio of racking load and stiffness of
fenestrated X-lam walls against non-fenestrated ones. On the basis of observed relationship tendencies two
empirical formulas were defined (Eq.4).
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Fig.22: Calculated shear stiffness (a) and shear strength (b) reduction regarding
the panel area ratio for X-lam walls.

Comparing the influence of openings on shear capacities of X-lam and timber framed walls, similar curves
were obtained for reduction of shear stiffness (Fig.23). For shear strength there was opposite curvature. The
experimentally obtained empirical equations (Eq.5) are expressed by panel area ratio and could be use for
direct evaluation of reduced shear capacities if shear stiffness and shear strength of the non-fenestrated wall
are already known.

K opening = K full ⋅

r
2−r

Fopening = F full ⋅ r (2 − r )

and

(5)

If simple formulas are confirmed by further experimental test results, they could effectively serve in X-lam
timber structure design, where horizontal building resistance has to be analysed.

F = r (2 − r )

r
K =
2−r

Fig.23: Comparison of shear stiffness (a) and shear strength (b) reduction for TF wall and X-lam solid wooden
walls regarding the panel area ratio, r.

6 Conclusion
Cross-laminated wooden walls have relatively high stiffness and load-bearing capacity. Therefore, the critical
elements that govern the wooden cantilever response to earthquake excitations are the anchors connecting
panels with the building foundation. Cross-laminated panels with many openings have 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. For evaluation of shear strength
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and stiffness reduction for different opening geometries, development of an exact mathematical model was
developed to reduce the number of tests.
The aim of the experimental research and parametric study presented herein is to provide the first
information about the tendency of the reduction of racking strength and stiffness of X-lam wooden walls with
openings. The load bearing capacity and stiffness of wooden walls is influenced by dimensions and layout of
openings. For evaluation influence of shape and area of an opening the same definition of coefficient of
openings was used as in timber frame constructions. Experimental research and parametric study resulted in
diagrams that could serve for engineering judgment of the influence of openings on stiffness and loadbearing capacity of X-lam solid wooden walls. It is obvious, following the racking test results, openings of an
area up to 30% of the entire wall surface do not have much influence on load-bearing capacity when
stiffness is reduced by about 50%.
Additional experimental tests and numerical analyses will enlarge the knowledge related to lateral stiffness
and stability of X-lam wooden walls with openings. Additional tests, already started at University in Ljubljana,
Faculty of Civil and Geodetic Engineering, will yield in the verification of the proposed presented empirical
equations.
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