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Abstract: Environmental and urbanisation challenges have encouraged steady growth of mass timber
structures where cross laminated timber (CLT) stands out in applications as full-size wall, floor, or
beam elements. Beam elements are used mainly in situations where cross layers have a reinforcing
effect on the tensile stress perpendicular to the beam axis, such as when introducing holes or notches,
which is common practice in beams, due to engineering, installation, or architectural requirements.
This paper presents experimental investigations of CLT beams with holes or notches for comparison
and validation of an analytical model provided in the literature. Different sizes of holes and notches
as well as different placements of the holes were considered in the experiments. All relevant failure
modes were analysed and discussed in detail. Two predominant failure modes were indicated, i.e.,
bending failure and shear failure in crossing areas (mode III). Results further indicate that reduced
lamination widths near the hole, notch, or element edges have a relatively small influence on the beam
strength. Parametric studies indicate net shear failure (mode II) and tensile failure perpendicular to
the beam axis as the critical failure modes in most of the considered cases, indicating their strong
underestimation in design verifications according to the analytical model.

Keywords: CLT; in-plane; beam; hole; notch; experiment; model; bending; shear; crossing area

1. Introduction

In an effort to meet the challenges of environmental protection and urbanisation,
timber structures have experienced steady growth in the building sector in recent decades.
Attention has been focused on solid wood structures, where engineered wood products
such as cross laminated timber (CLT) are advantageous due to their mechanical properties,
versatility, high degree of prefabrication, and environmental sustainability. Significant
research efforts have been invested in recent decades to develop reliable methods and
proposals for the structural design of CLT for applications as full-size wall and floor
elements for both in- and out-of-plane loading conditions [1,2].

Beam elements are commonly used within CLT wall panels, but also as standalone
members in a design situation where the transverse layers have a reinforcing effect in terms
of tensile stress perpendicular to the beam axis. Such situations are usually associated
with the beam areas around corners of holes and notches that are subjected to high shear
and tensile stresses perpendicular to the grain direction. This is even more emphasized
in conventional solid timber and glued laminated timber elements, whose load carrying
capacity is greatly reduced in such situations and where various strengthening methods are
required for such areas. In contrast, CLT elements do not require additional strengthening
methods as the tensile forces perpendicular to the beam axis can be transmitted by the
transverse layers of the element’s structure.
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The stress state in prismatic CLT beams is complex and influenced by many geometry
parameters, so that several failure modes (FM) must be considered in the design [3,4], i.e.,
bending failure, gross shear failure (mode I), net shear failure (mode II), and shear failure
in crossing areas (mode III). The introduction of holes or notches in prismatic CLT beams
adds additional complexity to the stress state. Experimental tests of CLT beam elements
with holes or notches have previously been reported by Bejtka [5], Flaig [6], and Danielsson
et al. [7]. The tests were conducted using a four-point bending setup and regardless of the
element lay-up or span-to-height ratio, bending at mid-span or at the edge of the hole or
notch and shear failure in the crossing areas (mode III) were indicated as the predominant
failure modes in most of the tests.

Standardisation of the testing and design of CLT elements is noted as one of the
main issues in the ongoing revision process of Eurocode 5 (EC5). However, a consistent
design approach for CLT beams with holes or notches is missing and is not included in the
draft of the revised version of EC5 (CEN/TC 250/SC5) [8]. The analytical model for CLT
beams with holes or notches was previously presented by Flaig [9,10]. The proposed model
is generally based on the original model for prismatic CLT beams previously presented
by Flaig [6] and Flaig and Blass [4,11] and on the use of stress concentration factors that
account for holes or notches in CLT beams. However, the original model of Flaig and
Blass [4,11], which was also used in the ongoing revision of EC5 [8] suffers from some
drawbacks in terms of assumptions regarding the distributions of internal forces and shear
stresses acting in the crossing areas, as pointed out in [12-16]. Recent 3D numerical-FE
analyses, as presented by Jele¢ et al. [16,17] and Danielsson et al. [18], indicate significant
differences in the force and stress predictions in the crossing areas compared with the
original model. Some alternative assumptions and model improvements aimed at a more
accurate prediction of internal force and stress distribution were therefore presented by
Danielsson and Serrano [15] and design proposals by Jele¢ et al. [16,17,19,20]. However,
these improved models and design proposals have not yet been adapted to consider holes
or notches in CLT beam elements.

In this paper, experimental results of prismatic CLT beams with holes or end notches
are presented for comparison and validation of the existing analytical model from [9,10].
Different hole or notch sizes and different hole arrangements in CLT beams were considered.
The influence of different lamination widths near the beam edges or hole and notch corners
is discussed. All relevant failure modes were considered and failure propagation related to
global and local behaviour is discussed in detail. Finally, the experimentally determined
failure modes are compared with the predictions of the analytical model.

2. Analytical Model
2.1. Background and Limitations

The analytical model for CLT beams with holes or notches, as presented in [9,10],
is briefly reviewed below. The approach is generally based on prismatic CLT beams
according to the model previously described in [6,11], where stress concentration factors
were introduced to account for differences in stress distribution between a prismatic beam
and a beam with a hole or notch. These factors were determined by varying different
geometry parameters of beams, holes, and notches in 1-D FE analyses; see Figure 1 and
Table 1.
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Figure 1. The geometry of FE model for a beam with a hole (left) and with an end-notch (right),
adapted from [9].

Table 1. Varying geometry parameters in FE analyses, adapted from [9].

Varying Parameter Beam with a Hole Beam with an End-Notch
Lamination width (bx = by = b) 150 mm 150 mm
Beam height (1) >600 mm; <1800 mm >300 mm; <1200 mm
Layup ratio (tnet,y /tgross) 0.20 0.20
Layup ratio (tgross/nca) 50 mm 50 mm
Hole length (1},) >b; <h -
Hole height (hy,) >b; <0.5h -
Aspect ratio of the hole (I, /hy,) >1; <4 -
Notch depth (i — hey) - >b; <0.5h
Notch length (In) - >b; <0.5h
Aspect ratio of the notch (In/hef) - <1.0

The FE model consisted of a network of longitudinal and transverse beam elements
of equal width by = by. The geometries of the beams, holes and notches were based on
an integer number of the lamination width b and their edges always coincided with the
lamination edge, keeping constant the prismatic shape and the central position of the holes.
The ratios between the total thickness of the transverse layers and the gross cross-sectional
thickness, tnet,y / tgross, and between the gross cross-sectional thickness and the number of
crossing areas in the beam thickness direction, fgross /nca, were also kept constant. The
contact between a longitudinal and a transverse lamination was modelled as pointwise
by three springs, assuming that there was no edge-bonding, i.e., no contact between the
narrow faces of adjacent laminations within the same layer.

2.2. Failure Modes

Several failure modes must be considered in the design of CLT beams with holes or
notches, see numbered sections (1-6) in Figures 2 and 3, as follows: (1) bending, (2) bending at
the edge of a hole or notch, (3) tension perpendicular to the beam axis, (4) gross shear failure
(mode I), (5) net shear failure (mode II), and (6) shear failure in crossing areas (mode III).

For the failure modes related to bending (1-2), a conventional beam theory is consid-
ered by assuming a linear strain distribution in the beam height (y) direction. Due to the
low stiffness perpendicular to the grain, the normal stress oy is assumed to be present only
in the longitudinal laminations and uniformly distributed in the beam width (z) direction.
Failure mode (1) is therefore the same as for a prismatic CLT beam and should be checked
at a point where the cross-section is complete with maximum bending moment values; see
Figures 2 and 3.

Failure modes (2-3) are more specific and should be verified at the edges of holes or
notches; see Figures 2 and 3. For failure mode (2) and the case of the beam with a prismatic
hole, the maximum normal stress ¢ , should be calculated as the sum of the bending stress
of the full cross-section and a contribution from the additional local bending of the parts
above and below the hole. For notched beams and failure mode (2), the maximum normal
stress oy n should be calculated based on the effective or reduced beam height at the notch.
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Figure 2. Geometry and locations of possible failure modes in CLT beam with a hole.

The introduction of a hole or notch in a beam also implies the introduction of tensile
and compressive forces perpendicular to the beam axis; see Figures 2 and 3. The verification
of these forces and the corresponding stresses at the edge of the hole or notch is covered by
the failure mode (3). Due to the cross-wise structure of CLT and the high ratio between the
stiffness parallel and perpendicular to the grain, it is assumed that the tensile stresses o1,
and oy n are carried only by the transverse laminations, which represent the tensile stresses
parallel to the grain in them.

Such cross-wise composition without edge-bonding leads to heterogeneity, not only in
the wood material itself, but also in the geometry of the CLT elements. Three possible shear
failure modes are therefore commonly analysed for in-plane loaded CLT elements [3,4]; see
Figures 2 and 3 and sections (4-6). Gross shear failure, known as failure mode I (FM I),
refers to edge-bonded CLT elements considering a full interaction that allows for pure and
equal shear deformation in all layers. Net shear failure, known as FM II, refers to non-edge-
bonded CLT elements in which the longitudinal or transverse layers fail in shear along a
failure plane that coincides with the gaps between those layers. Both gross and net shear
failures include the shear stress Ty (Tyx), which represents the shear in the longitudinal
and transverse directions for a single lamination. Torsional shear failure, known as FM III,
refers to non-edge-bonded CLT elements and the failure of the glued crossing area between
a longitudinal and a transverse lamination. Therefore, the shear stress acting in crossing
areas can be decomposed into the components (1) shear stress parallel to the beam axis,
i.e., Tzx; (2) shear stress perpendicular to the beam axis, i.e., T,y; and (3) torsional shear
stress over the crossing area, i.e., Ttorz. The stress components 7,4 and 7,y correspond to
the longitudinal-transverse shear stress and the rolling shear stress for the glued face of
longitudinal lamination and vice versa for transverse lamination. However, according to
the results of the FE analysis [9], it was found that for CLT beams with notches, the shear
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stress parallel to the beam axis T is lower than the shear stress perpendicular to the beam
axis Ty, so only the shear stress components Tior, and 7,y should be considered for design.
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Figure 3. Geometry and locations of possible failure modes in CLT beam with an end-notch.

The respective maximum stresses associated with the corresponding failure modes for
CLT beams with holes and notches are explained below.

2.3. Stress Calculation
2.3.1. Bending

The maximum normal stress where the bending moment has its maximum may be
calculated for beams with holes (Figure 2) or notched beams (Figure 3) according to:

tret x2
Ox where Whet = % with fnetx = th @)

M
Wnet
where M is the maximum bending moment, tpetx is the sum of the longitudinal layer
thicknesses and / is the beam height.
For beams with a symmetrically arranged hole in the beam height (y) direction, length
of I}, and height hy,, the maximum normal stress at the edge of the hole (Figure 2) may be
calculated as follows:

— + ()

Ox.h
Wnet,h Wnet,r

with
3
trex (11 ) tnetx (1t = Ip)* ®)
6h 24

where M, is the bending moment at the centre of the hole, M, = V/2.1},/2 is the additional
bending moment of parts above and below the hole.

Wnet,h = and Wnet,r =
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For notched beams, the maximum normal stress at the notched corner (Figure 3) may
be calculated as follows:

M .
Oxn = —2 with M= I,V and Wy, = —oef

A G (4)

where My, is the bending moment at the corner of the notch, V is the shear force or the
support reaction force, I, is the distance from the support to the notch corner and /i, is the
effective beam height at the notch.

2.3.2. Tension Perpendicular to Beam Axis

The tensile force perpendicular to the beam axis for beams with holes (Figure 2) and
notched beams (Figure 3) may be calculated according to [9,10] in accordance with the
German National Annex (NA) to EC5 [21] as follows:

Vih h2 0.008 M
Ft/}’rh: Ft'Y'V+Ft’y'M = Zhh <3_h}21> h :
T

() - 2(1-)] ©

where Fiyv and Fyy\ are components from the shear force Vy, and bending moment M;, at
the edge of the hole, i = min (hyy; Iy) is the minimum residual height of the beam above
or below the hole, and V, is shear force on notched corner or the support reaction force.

The corresponding tensile stress perpendicular to the beam axis may be calculated
according to [9,10] in accordance with the German NA to EC5 [21] as follows:

©)

and

Fign=13Vn

F tyh . .
Toyn= ki bty where ar= min{by; 0.3(h + hy,)} with tnety = )ty 7)
and
F
Oiyn= ki —2" where [;= min{by; 0.5(h — hef)} With tnety = Y ®)
/Y kl y ef Y y
rinety

where ki = 2.0 is a factor which considers non-uniform stress distribution and tnety is the
sum of the transverse layer thicknesses.

2.3.3. Shear Mode I

The maximum shear stress for gross shear failure in beams with holes (Figure 2) and
notched beams (Figure 3) may be calculated according to [9,10] as follows:

\%

3
E (h - hh)tgross

Txy,gross,h = with tgross: tnet,x+tnet,y (9)

and
3

27 Tieg with teross= tnetx ety (10)
grosstle

Txy,grossn =
without considering any effect of stress concentration induced by the hole or notch.

2.3.4. Shear Mode II
The maximum shear stress for net shear failure in beams with holes (Figure 2) and

notched beams (Figure 3) may be calculated according to [9,10] as follows:

3V . .
Txy,neth= Txy,netkhzkb = 27 N knoky with tpet= min { Enet,x; tnet,y } (11)
ne
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and
3V
Txynetn= Txy,netknkb —k kb with tnet= mln{tnet X7 net,y} (12)
2 tneth
with
b 1/3
ky, = (150> for 100mm < b < 200 mm (13)

where Tyy net is the maximum net shear stress for a prismatic beam without a hole or notch,
ky, is the lamination width factor, and where ky,, and k;, are the stress concentration factors
according to Equations (14) and (15), as follows:

- {0 103(%h 2) +1 27} (14)

and
) 0.479

ke
kn= o.s77(hhef> and ko= —1.81(5 (15)

h

2.3.5. Shear Mode III

The maximum torsional shear stress for beams with holes (Figure 2) and notched
beams (Figure 3) may be calculated according to [9,10] as follows:

3V 1 1
Ttor,z,h= Ttor Zkhlkb - banA ( m3 > khlkb (16)
and 3 .
Ttor,zn=— Ttor,zknkb = % ( m3 > k kb (17)

where Tior, is the maximum torsional shear stress for a prismatic beam without a hole or
notch, ky, is the lamination width factor according to Equation (13), n1ca is the number of
crossing areas in the beam width direction, m is the number of longitudinal laminations in
the beam height direction and k1 and ky, are the stress concentration factors according to
Equations (15) and (18), as follows:

ki1 [1 81<l;2 i ﬁhhh)) + 1.14} (18)

The maximum shear stress perpendicular to the beam axis for beams with holes
(Figure 2) and notched beams (Figure 3) may be calculated according to [9,10] as follows:

Ft,y,h . . .
Tyyh = neaan with a;= min{by; 0.3(h+ hy,)} and hy= min{lry; Iy} (19)

and

F
Ty = nczyl"z with I,= min{by; 0.5(h — he) } and hn= min{he;; h—heg}  (20)
r''n

where Fi g, and Fiyn are the tensile forces perpendicular to the beam axis according to
Equations (5) and (6).

The maximum shear stress parallel to the beam axis for beams with holes (Figure 2)
may be calculated according to [9,10] as follows:

6V<1 1

= Tackiokh = g (3~ o ) ke @

bzl’lCA
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where 7,4 is the maximum shear stress parallel to the beam axis for a prismatic beam
without a hole, ky; is the stress concentration factor according to Equation (14), and ky, is
the lamination width factor according to Equation (13).

2.4. Design Verification

Each stress component should be checked against the appropriate strength values in
design verifications according to relevant failure modes (Figures 2 and 3). Normal stresses
due to bending and tensile stresses perpendicular to the beam axis should be verified
against the bending strength and tensile strength parallel to the grain, respectively, based
on the values for the strength class of the laminations in EN 338 [22]. Shear stresses should
be verified against appropriate shear strengths in the design procedure. For gross shear
failure (FM I), a shear strength for the lamination strength class in EN 338 [22] with k¢,
= 1.0 was proposed in [4,11]. A single characteristic value of fy g0ssx = 3.50 MPa was
suggested in [3], considering shrinkage cracks by reducing the thickness of exterior layers
by 50% when determining fgross. For net shear failure (FM II), the determination of net
shear strength is not so straightforward, see [23-25], and no values for the strength class of
the laminations were provided in EN 338 [22]. Based on the most recent comprehensive
experimental study [3], a conservative reference net shear strength of f ne k ref = 5.50 MPa
is proposed for layer thicknesses f < 40 mm, while for layer thicknesses 20 < f < 40 mm, the
net shear strength is provided as follows:

[ 740\%2
fv,net,k: fv,net,k,refmm{ (t) ; 1.20} (22)

For shear failure in crossing areas (FM III), due to shear stresses in two directions, a
stress interaction criterion for shear strength verification is required. Based on experimental
tests of individual crossing areas, several possible stress interaction criteria were discussed
in [4,11] with the most appropriate one being defined as:

Ttor,z Tzx

~ 4+ = < 1.0 23
f v,tor f R ( )
Ttor,z Tzy
—= 4+ = < 1.0 24
f v, tor f R ( )

where fy tor is a torsional shear strength and fR is the rolling shear strength. A compilation of
literature-based test results on individual crossing areas was presented in [16,17], indicating
mean values of fytormean = 3.50 N/ mm? and fRmean = 1.50 N/ mm?, where both strength
components are seemingly size-independent with a constant ratio fvor/fr ~ 2.25-2.5. A
characteristic torsional shear strength of f 1o, = 2.50 MPa was proposed in [2] and a rolling
shear strength of fg i = 1.40 MPa for b/t > 4 and fg = 0.80 MPa for b/t < 4 was proposed
in [26].

3. Experimental Tests
3.1. Test Setups and Materials

The geometry of the test series and test setups of CLT beams with holes and notches
are shown in Table 2 and Figure 4. A total of 24 individual tests were carried out, divided
into six test series with four nominally equal specimens in each test series. Four test series
consisted of CLT beams with holes (H1 to H4) and two test series of notched CLT beams
(N1 and N2). The nominal cross-section dimensions were equal for all specimens, with the
element layup composed of two longitudinal and one transverse layer.
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Table 2. The geometry of test series with holes (H1-H4) and notched test series (N1 and N2).
Test Series Number of tgross h L hy, (heg) Iy (In) M/V Layup
Specimens [mm] [mm] [mm] [mm] [mm] [-] [mm]
H1 4 100 600 3300 300 300 1.50h 40-20-40
H2 4 100 600 3300 240 240 1.50h 40-20-40
H3 4 100 600 3300 300 300 o 40-20-40
H4 4 100 600 3000 300 300 0 40-20-40
N1 4 100 600 2400 300 200 0.33h 40-20-40
N2 4 100 600 2400 450 200 0.33h 40-20-40
. FR| O |F2 n FR2| |F2
+—t +—
th D H I th D H h
= = = =
, LSOh_, 1.25h (.50} 2.75h . lag , 1.50n , 1.25h (.50} 2.75h tigys
(a) (b)
F/Z-L -LF/Z -LFB i _Lzm
e
| o] [ It
e o pra o
" 1.75h " 2.50h ; 1.75h * t%r_ggs , 1.25h 1.25h , 1.25h |, 1.25h lg}'_(}gs
(0) (d)
I F2 I Fi2| |F2
+ A
hetI H i th H h
= =
,L75h Q.50h  LISh , iggs . L75h QS0p  1ISh , iggs
(e) ()

Figure 4. Geometry and test setups for test series with holes (H1 to H4) and notched test series
(N1 and N2). (a) Test series H1 (I}, = hy, = 0.50h; M/V = 1.50h); (b) Test series H2 (I}, = h, = 0.40k;
M/V =1.50h); (c) Test series H3 (I}, = h, = 0.50h; M/V = o0); (d) Test series H4 (I, = hy, = 0.50h;
M/V =0); (e) Test series N1 (heg/h = 0.50; M/V =1, = 0.33h); (f) and Test series N2 (ho/h =0.75; M/V
= In = 0.33h).

A square centre-placed hole with a side length of 300 mm was placed in test series
H1, H3, and H4, and 240 mm in test series H2. Thus, the hole height to beam height ratio
is hy,/h = 0.50 in test series H1, H3, and H4, and h;,/h = 0.40 in test series H2, which is
slightly higher or corresponds to the maximum proposed ratio (/y, /h = 0.40) for reinforced
glulam and solid wood members in the German and Austrian NA to EC5 [21]. In the test
series H1 and H2, the hole was placed at a location subjected to combined shear force and
bending moment loading (M/V = 1.50h). In test series H3, the centre of the hole was in a
position without shear force and thus in a pure bending condition (M/V = o), and in test
series H4, the hole was in a position without bending moment and thus in a pure shear
condition (M/V = 0). These test series, H3 and H4, represent idealised stress states used
only to validate an existing analytical model.

For the notched test series, N1 and N2, a notch with a depth of 300 and 450 mm was
used. The ratio of notch depth to beam height was then ho¢/h = 0.50 in test series N1 and
heg/h = 0.75 in test series N2, which corresponds to the maximum suggested ratio (fes/h
= 0.50) for reinforced glulam and solid timber beams in the German and Austrian NA
to EC5 [21]. Steel plates at supports and load introduction points were used to ensure
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adequate load distribution. Lateral stability problems were avoided by lateral supports at
several locations along the beam for all test specimens.

All beam specimens were cut from larger CLT 3s panels fabricated of equal lamination
width of by = by = 198 mm, without considering the location of individual lamination with
respect to beam edges, holes, or notches. The number and position of the laminations
within the beam elements hence varied between test specimens and within a single test
series. The cross-sectional dimensions of the individual laminations were measured for
all beams and small deviations compared with the nominal dimensions were found; see

Figure 5 and Table 3.
by by
. | | _ . | _
hru ‘ ‘ bx,l L ‘ bx,]
! ‘ ‘ bx2 A L
ef
‘ ‘ bx,3 bX,Z
e A %
ful | | b by HH
T bt U h-ha brs
" i i | , ] bl EE
Figure 5. The cross-sectional dimensions of individual laminations for test series with holes (left)
and notched test series (right).
Table 3. The cross-sectional dimensions of the individual laminations for all test series.
Test Test by * bx,1 bx,2 bx,3 bx,4 bx,5 bx,ﬁ h= be
Series Specimen [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
1 121 83 67 131 168 30 120 599
H1 2 121 69 80 118 182 16 136 601
3 121 53 96 102 198 - 151 600
4 113 164 - 198 88 110 40 600
1 146 38 142 56 184 14 166 600
o 2 148 52 128 70 170 28 152 600
3 151 122 58 140 100 98 82 600
4 149 138 43 155 85 113 68 602
1 31 82 68 130 170 28 122 600
H3 2 25 165 - 198 89 109 40 601
3 27 150 - 198 102 96 53 599
4 31 136 16 182 118 80 72 604
1 104 118 33 165 135 63 88 602
I 2 96 57 94 104 135 2 148 601
3 96 132 18 180 119 79 70 598
4 106 132 49 149 151 47 104 602
1 28 148 152 46 198 60 - 604
N1 2 31 130 168 30 198 70 - 596
3 15 66 198 34 164 134 - 596
4 15 55 198 47 151 150 - 601
1 28 98 198 154 44 105 - 599
N2 2 33 118 198 134 64 85 - 599
3 16 80 198 172 26 128 - 604
4 35 102 198 150 48 100 - 598

* Reduced transverse lamination width near the hole or notch. Due to the symmetry of test series H3 and H4, it is
the smaller value measured from both sides of the hole.
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All test specimens were manufactured by Hasslacher Norica Timber in accordance with
the European Technical Assessment ETA 12/0281 [27]. The specimens were manufactured
from species specified as European spruce or equivalent softwood, using a melamine-urea-
formaldehyde (MUF) adhesive without edge-bonding and with the minimum limitations
related to the CLT manufacturer’s quality description, i.e., knots, pitch pockets, initial
cracks, and other visual defects. The outer layers consisted of C24 lamination strength
class, while the inner layers were up to 30% of C16. Small samples were taken from each
specimen, on which the mean moisture content was determined as 11.7, 11.5, 11.7, and
12.2%, and the mean densities as 464, 455, 435, and 465 kg/ m?3 for the test series with holes,
H1 to H4. For the test series with notches, N1 and N2, the mean moisture content was
determined to be 11.9 and 12.0% and the mean density 448 and 449 kg/ mS, respectively.

3.2. Test Procedure and Measurements

All static laboratory tests were carried out using a 600 kN Zwick/Roell dynamic
hydraulic actuator and the loading was applied in displacement-controlled mode. The
displacement rate was 0.01 mm/s for all test series, resulting in a test duration of approxi-
mately 15-20 min and allowing careful observations of critical locations where cracks were
expected. The positions and labels of displacement measuring devices (LVDTs) are shown
schematically in Figure 6, with the labels in brackets referring to the back side of the beam.
In addition to the mid-span and the beam supports, the devices were also positioned at
the tensile corners where the first cracks were expected to occur; see Figure 7. In the test
series H4, the devices were also positioned at the compression corners of the hole. In all test
series, the measurement length (vertical distance) was set to 100 mm. The intention was to
measure the displacement within a single longitudinal lamination. Therefore, the devices
were positioned depending on the reduced lamination width, see Table 3, and the location
of gaps near the hole and notch. The devices were positioned at a horizontal distance of
50 mm from the edge of the hole or 15 mm from the notched edge. The horizontal distance
between two devices in the notched test series was 70 mm.

HEB 200
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% Le :T: pay Lo _—
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\ HEB 200, Z = 2500 mm | \ HEB 200, L = 2500 mm |
jon pray — —
3(5}’I’D’I"Z(4) 7(8)1’}1*}2(4)
e - D 35T —Z900) o
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Figure 6. Test arrangements and position of measurement devices for all test series. (a) Test series H1;
(b) Test series H2; (c) Test series H3; (d) Test series H4; (e) Test series N1; (f) and Test series N2.
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Figure 7. Photos of measurement devices for all test series. (a) Test series H1; (b) Test series H2;
(c) Test series H3; (d) Test series H4; (e) Test series N1; (f) and Test series N2.

4. Test Results
4.1. Beam with a Hole

The results for the test series with holes in terms of maximum load Fy,.x and corre-
sponding global deflection at maximum load Jg pmax are presented in Table 4. The plots
of applied load F vs. global deflection ¢ and of applied load F vs. local displacements
695 are shown in Figures 8 and 9, respectively. The global and local displacements were
measured as described in Section 3 at the positions shown in Figures 6 and 7. Photos of the
fractured specimens are shown in Figure 10.

Table 4. Summary of test results for test series with holes.

Test Series H1 H2 H3 H4
Test Frmax 06,Fmax Fmax 06,Fmax Frmax O6,Fmax Fmax 06,Fmax
Specimens [kN] [mm] [kN] [mm] [kN] [mm] [kN] [mm]
1 125.4 17.94 179.7 22.29 201.3 16.30 240.5 9.48
2 149.8 25.99 170.9 17.48 183.9 20.51 255.7 8.34
3 152.0 19.82 166.7 25.36 198.7 17.26 203.3 8.58
4 163.7 22.12 175.1 23.70 188.3 18.98 225.3 7.98
Mean 147.7 - 173.1 - 193.1 - 231.2 -
CoV 9.4% - 2.8% - 3.7% - 8.4% -

The failure modes for test series H1 and H2 are categorized as a combination of failure
due to bending and shear failure in the crossing areas (mode III). The plots of applied load
vs. deflection (Figure 8) show an almost linear relation up to about 80% of the maximum
load. Thereafter, the decrease in stiffness indicates initial shear damage in the crossing
areas with significant sliding between the laminations and increased beam deflection. At
the maximum load, cracking and failure of the longitudinal laminations occurred at finger
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200

joints, corresponding to almost pure bending of the individual laminations. The relatively
small coefficient of variation (CoV) of 2.8% for test series H2 indicates reliable test results
and a small influence of reduced lamination widths near the hole, see Table 3. However, in
specimen H1-1, the global failure was initiated by a premature bending failure, resulting in
a higher CoV of 9.4% in test series H1.
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Figure 8. Applied force F vs. global deflection J4 for test series with holes. (a) Test series H1; (b) Test
series H2; (c) Test series H3; (d) and Test series H4.

The failure mode for test series H3 is categorized as failure due to bending, except for
specimen H3-4, where a combination of bending and shear in the crossing areas govern
the global failure. In this specimen, a decrease in stiffness was observed with significant
sliding between laminations and increased beam deflection after reaching the maximum
load; see Figure 8. The relatively low CoV of 3.7% again indicates the minor influence of
reduced lamination widths near the hole, see Table 3. The global failure of test series H4 was
induced by shear stresses in the crossing area (mode III). At maximum load, cracks occurred
simultaneously at the two corners of the hole subjected to tensile stress perpendicular to
the beam axis; see Figure 10. Cracks also occurred parallel to the grain direction in both
longitudinal and transverse laminations, indicating secondary gross shear failure (mode I). A
slightly higher CoV of 8.4% results from the lower capacity of specimen H4-3 due to premature
shrinkage cracks detected prior to testing. Visual observations indicate that none of the tested
series failed with holes, at least not as the primary failure mode due to gross (mode I) and net
shear (mode II) or due to tensile stresses perpendicular to the beam axis.
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Figure 9. Applied force F vs. local displacements J,_5 for test series with holes. (a) Test series H1
(H1-3); (b) Test series H2 (H2-4); (c) Test series H3 (H3-1); (d) and Test series H4 (H4-3).
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Figure 10. Photos of fractured test series with holes. (a) Test series H1; (b) Test series H2; (c) Test
series H3; (d) and Test series H4.
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4.2. Beam with an End-Notch

The results for the notched test series in terms of maximum load Frax and correspond-
ing global deflection at maximum load ¢ pmax are presented in Table 5. The plots of applied
load F vs. global deflection ¢ and of applied load F vs. local displacements é_5 are shown
in Figures 11 and 12, respectively. The global and local displacements were measured as
described in Section 3 at the positions shown in Figures 6 and 7. Photos of the fractured
specimens are shown in Figure 13.

Table 5. Summary of test results for notched test series.

Test Series N1 N2
: Fmax é 6,Fmax Fmax é 6,Fmax
Test Specimens [KN] [ram] [KN] [ram]
1 213.7 17.23 247.8 21.56
2 189.8 16.77 230.4 17.61
3 194.3 17.55 225.4 12.23
4 200.4 16.54 231.3 12.99
Mean 199.6 - 233.7 -
CoV 4.5% - 3.6% -
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Figure 11. Applied force F vs. global deflection é¢ for notched test series. (a) Test series N1; (b) and
Test series N2.
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Figure 12. Applied force F vs. local displacements J,_5 for notched test series. (a) Test series N1

(N1-2); (b) and Test series N2 (N2-2).
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(b)

Figure 13. Photos of fractured notched test series. (a) Test series N1; (b) and Test series N2.

As for most test series with holes, the failure modes for both notched test series N1
and N2 are also categorized as a combination of failure due to bending and shear failure
in the crossing areas (mode III). The plots of applied load vs. deflection (Figure 11) show
a decrease in stiffness with significant sliding between the laminations and increased
beam deflection, indicating initial shear damage in the crossing areas. At the final stage
after reaching maximum load and shear capacity, cracking and failure of the longitudinal
laminations occurred at finger joints at the notch, corresponding to almost pure bending of
the individual laminations. However, it is interesting to note that in test series N2, shear
failure in the crossing areas also occurred on the non-notched side of the beam, indicating
that notch depth of he¢/h = 0.75 did not actually reduce the load capacity in this test series.
One possible reason for this can be the fact that the stress component perpendicular to the
beam axis T,y on the notched side was much lower compared with the stress component
parallel to the beam axis 7,x on the un-notched side of the beam, as will be discussed more
below. The relatively small CoV of 4.5 and 3.6% indicate reliable test results and a small
influence of reduced lamination widths near the notch, see Table 3. Visual observations
indicate that none of the notched test series failed, at least as a primary failure mode, due
to gross (mode I) and net shear (mode II) or due to tensile stresses perpendicular to the
beam axis.

5. Discussion

The results in terms of maximum stress values at maximum load are provided in
Tables 6 and 7. The equations from Section 2 are used for the calculation, with the under-
lined stress values corresponding to the assumed dominant failure mode. The reviewed
analytical model from Section 2 is based on the assumption of equal longitudinal lami-
nation width by causing an integer number of laminations, m = h /by, in the beam height
direction. The experimental results from Section 4 also indicate a small influence of reduced
lamination widths near the beam edge and near the hole or notched edge, see Table 3.
Therefore, the calculated stress values are based on the assumption of equal longitudi-
nal and transversal lamination widths, i.e., by = by = 150 mm using nominal geometry
dimensions from Table 2.

For most test series where bending was classified as the ultimate mode of failure, the
determined values of normal stresses o correspond with characteristic values for strength
class C24 according to EN 338 [22] and are hence somewhat lower than the expected mean
values assuming a log-normal distribution and CoV 15% according to probabilistic model
code of the Joint Committee on Structural Safety (JCSS) [28]. However, all bending failures
were initiated at finger joints or around knots, which can be the reason for lower capacities
due to the minimum restrictions related to the quality description of the CLT producer.
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Table 6. Calculated stress values at failure loads for test series with holes.

Failure Modes Bending Tension FMI FMII FM III
Ox Oxh Otyh Txy,gross,h Txy,neth Tzx,h Tzy,h Ttor,z,h
Specimen 11O o S S v N S 1<
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
Hi-1 125.4 21.55 29.10 16.70 3.14 13.18 0.66 0.56 2.00
H1-2 149.8 25.75 34.78 19.96 3.75 15.75 0.79 0.66 2.39
H1-3 152.0 26.13 35.28 20.26 3.80 15.98 0.80 0.67 243
Hi1-4 163.7 28.14 37.99 21.82 4.09 17.21 0.86 0.73 2.61
mean 147.7 25.34 34.28 19.68 3.69 15.53 0.77 0.66 2.36
H2-1 179.7 30.89 32.88 19.72 3.74 17.23 0.86 0.55 2.28
H2-2 170.9 29.38 31.28 18.76 3.56 16.38 0.82 0.52 2.17
H2-3 166.7 28.65 30.50 18.30 3.47 15.98 0.80 0.51 211
H2-4 175.1 30.09 32.04 19.22 3.65 16.78 0.84 0.53 2.22
mean 173.1 29.75 31.67 19.00 3.61 16.59 0.83 0.53 2.19
H3-1 201.3 25.17 25.17 3.75 2.52* 12.58 * 0.63 * - 1.57 *
H3-2 183.9 22.99 22.99 3.43 2.30* 11.49 * 0.57 * - 1.44*
H3-3 198.7 24.84 24.84 3.71 2.48* 12.42 % 0.62* - 1.55*
H3-4 188.3 23.54 23.54 3.51 2.35*% 11.77 * 0.59 * - 1.47 %
mean 193.1 24.13 24.13 3.60 241 12.07 0.60 - 1.51
H4-1 240.5 12.53 20.04 18.80 4.01 16.86 0.84 0.63 2.56
H4-2 255.7 13.32 21.31 19.98 4.26 17.92 0.90 0.67 2.72
H4-3 203.3 10.59 16.94 15.89 3.39 14.25 0.71 0.53 2.17
H4-4 225.3 11.73 18.78 17.61 3.76 15.79 0.79 0.58 2.40
mean 231.2 12.04 19.27 18.07 3.85 16.20 0.81 0.60 2.46

* Values are calculated in the region of constant shear force between beam end support and load introduction
point. The equations from Section 2 are denoted in brackets. The underlined stress values corresponding to the
assumed dominant failure mode.

Table 7. Calculated stress values at failure loads for notched test series.

Failure Modes Bending Tension FMI FMII FM III FM III

Test Fin Ox Ox,n Otyn Txy,gross,n Txy,net,n Tzx Ttor,z Tzy,n Ttor,z,n
Speci- [kl\aﬁ @ @ ® (10) (12) (21) 17) (20) 17)
men [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
N1-1 213.7 23.37 17.81 46.31 5.34 24.58 0.67 * 1.67* 0.77 3.07
N1-2 189.8 20.76 15.82 41.14 4.75 21.83 0.59 * 1.48* 0.68 2.73
N1-3 194.3 21.26 16.19 42.10 4.86 22.35 0.61* 1.52*% 0.70 2.79
N1-4 200.4 21.92 16.70 4343 5.01 23.05 0.63 * 157 * 0.72 2.88
mean 199.6 21.83 16.63 43.25 4.99 22.96 0.62* 1.56 * 0.72 2.87
N2-1 247.8 27.10 9.17 16.77 4.13 18.48 0.77 * 1.94* 0.56 2.31
N2-2 230.4 25.20 8.53 15.60 3.84 17.18 0.72* 1.80 % 0.52 2.15
N2-3 2254 24.65 8.34 15.26 3.76 16.81 0.70 * 1.76 * 0.51 2.10
N2-4 231.3 25.29 8.56 15.66 3.86 17.25 0.72* 1.81*% 0.52 2.16
mean 233.7 25.56 8.65 15.82 3.90 17.42 0.73 * 1.83 % 0.53 2.18

* Values are calculated on the non-notched side of the beam without using stress concentration factors. The
equations from Section 2 are denoted in brackets. The underlined stress values corresponding to the assumed
dominant failure mode.

As for the tensile stresses parallel to the grain, Tiyh and 0yn, all obtained values are
above the characteristic values for strength class C24 according to EN 338 [22]. For all
test series with holes (H1 to H4) and notched series N2, the obtained stress values are in
agreement with previous tests presented by Flaig [8] and with the expected mean strength
values according to JCSS [28], while for notched series N1 they are even significantly higher
than the expected mean strength values. However, this failure mode was not observed
in the tests, even when a much higher lamination width of by = 150 mm was used in the
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calculation compared with the actual measured values (see Table 3), indicating the strongly
conservative side of Equations (7) and (8).

For the gross shear stresses Txygross, Which are relevant for shear failure mode I, the
determined mean values correspond to the characteristic strength values of strength class
C24 according to EN 338 [22] and are thus lower than the expected mean shear strength
values according to JCSS [28]. Slightly higher values for test series H4 and N1 indicate
possibly secondary gross shear failure, which is consistent with the observed parallel
cracks during tests. In the case of net shear stress in the transversal layers Txynet, which is
relevant for shear failure mode II, the calculated values are much higher compared with
the proposed characteristic and expected mean strength values in Section 2.4. However,
the obtained values are consistent with previous tests on CLT beams, where high net shear
stresses were also obtained without obvious failure in shear mode II; see [17,29,30]. These
results indicate the strong conservative side of the proposed Equations (11) and (12).

The shear stress components relevant for shear failure mode III, Ty, Tzy, and Tior,z, are
provided for the most stressed crossing areas, i.e., at the corner of the hole or notch, but
also at the outermost crossing areas in beam height direction for the complete cross-section
of test series H3, N1, and N2. Calculated stress ratios are presented for all test series
in Figure 14 according to the critical stress interaction failure criteria, as higher values
between Equations (23) and (24), assuming f tor/frR = 2.3 with mean rolling shear strength
fr =1.50 MPa and mean torsional shear strength as f+ tor = 3.50 MPa, see Section 2.4.

1.4

1.2
DRFI | U || — || .
E 0.8 ® Specimen 1
=]
506 B Specimen 2
2 0.4 B Specimen 3
2 0.2 Specimen 4

0

H1 H2 H3 H4 N1 N2
Test series

Figure 14. Stress ratios for shear failure in crossing areas (FM III) for all test series.

Obtained experimental results indicate the conservative side of the analytical model
by predicting higher stress ratios and underestimating the shear capacity regarding FM
III. However, it should be noted that several simplifications and assumptions were imple-
mented into the model discussed in Section 2 and that it is closely related to the original
analytical model for prismatic beams presented in [6,11]. Several previous studies [16-20]
indicate that the assumed stress distributions in the beam height and beam width directions
according to the original model do not agree with the results of 3D-FE, as mentioned in the
introduction. The model reviewed in Section 2 is also based on a 1D-FE analysis, which
is quite a simplification compared with the real condition including the geometric and
material heterogeneity of the CLT elements. This is particularly evident in test series N2,
where the shear failure in the crossing areas also occurred on the non-notched side of
the beam, but not in the lowermost crossing area as expected according to the original
model [6,11], but in the crossing area near the centre line of the beam according to the im-
proved model [16,17,20]; see Figure 13. The stress distribution in the beam width direction
is even more pronounced for prismatic CLT 5s and CLT 7s elements and must be considered
accordingly. Improved analytical model and design proposals that take into account the
stress distribution in beam height and width direction according to the 3D-FE results were
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experimentally validated for prismatic CLT beam elements; see [16,17,20]. However, such
design proposals have not yet been adapted for CLT beam elements with holes or notches.

The relative comparison between failure modes presented in Section 2.2 in terms of
the shear force capacities V is presented by the parametric study shown in Figures 15
and 16 for beams with holes and notched beams, respectively. The strength capacities are
compared based on characteristic strength values for each failure mode, see Section 2.4,
except for bending in the mid-span, since this failure mode depends on the span of the
beam, which is not relevant for the other considered modes. The characteristic strength
values were used since they are included in design strength values commonly used in
design verification. The results are presented only for CLT 3s elements based on reference
geometry of test series H1 and N1, see Table 2, but similar relations are expected also for
CLT 5s and 7s elements.
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Figure 15. Parameter study of shear strength capacities for CLT beams with holes.

e

02 04 06 08 1
In/het [-]

0.5 0.6 0.7 0.8 09 1

__400 200
Z Z
= =
— Bending at notch <300 | 150
—Tensi B z
ension 00 200 |
—FMI1 & =
FM II ; 100 ; 50 L
—FM IIL, Eq. (23) 3 =
"o 2]
—FM III, Eq. (24) 0

02 04 06 08

—

heilh [-] In/h [-]
__400 __400
& Z
300 1 300
2 z
5200 2200
2 g
Q
£ 100 | 5100 F
o Q
% 0 Il Il Il é
0
3456789101112 01 02 03 04 05

m [-]

tyltgross [-]

Figure 16. Parameter study of shear strength capacities for notched CLT beams.



Buildings 2022, 12, 967

20 of 22

In each graph presented in Figures 15 and 16, only one parameter was varied while
all others were kept constant. The presented results show that in most cases the net shear
(FM II) and the stress perpendicular to the beam axis are critical, which is not consistent
with obtained experimental results or previous test results [5-7], where none of the tested
series with holes or notches failed, at least not as the primary failure mode, due to these
failure modes. These results lead to the same conclusion as in Section 4, that the proposed
equations for stress calculations may be overestimated and that the capacities for such
failure modes are correspondingly underestimated. However, these conclusions should be
further validated using a more comprehensive experimental test database that includes
CLT 5s and 7s beam elements.

6. Conclusions and Outlook

Based on the presented experimental investigations of cross laminated timber elements
with holes or end-notches at in-plane beam loading conditions, the following conclusions
can be drawn:

e  The expected failure modes and the analytical models presented in [9,10] for CLT
beams with prismatic holes or end-notches were reviewed;

o  The experimental results on CLT beams with holes or end-notches indicate two pre-
dominant failure modes, i.e., bending failure at the holes or notches, which is mostly
initiated at the finger joints; and shear failure in the crossing areas (mode III), which is
indicated by significant sliding between the adjacent longitudinal laminations in the
beam height direction;

e  The experimental results indicate that none of the test series failed, at least as a primary
failure mode, due to gross (mode I) and net shear (mode II) or due to tensile stresses
perpendicular to the beam axis;

e Based on the assumed strength values proposed in the literature for shear failure in
crossing areas (mode III), i.e., the rolling shear strength fr and torsional shear strength
fvor, the reviewed analytical model is slightly conservative by underestimating the
shear capacity;

e  Experimental results indicate a relatively small influence on the beam strength for
reduced longitudinal and transversal lamination widths near the hole or notch edges;

e  Parametric studies show that, in most of the considered cases, net shear (mode II) and
tensile failure perpendicular to the beam axis are the critical failure modes in design
verification using the analytical model for CLT beams with holes or notches, indicating
their strong underestimations;

e A consistent design approach for CLT beams with holes or notches is missing and
not included in the draft of the revised version of EC 5 (CEN/TC 250/SC5) [8]. It is
therefore advisable to adapt the design proposals presented in [16,17,20] also for the
cases where holes or notches are introduced in CLT beams;

e  Further experimental validation on CLT 5s and 7s beam elements, including also
inverted layer orientation with outermost layers oriented transversally, should prefer-
ably be conducted.
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