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1 Introduction

Cross laminated timber (CLT) is a two-dimensional laminated engineered timber
product, commonly composed of an uneven number of orthogonally and rigidly con-
nected layers. High resistances in- and out-of-plane predestines it for numerous ap-
plications, e.g. for floor and wall elements, shear walls, folded panels and beam:s.
With respect to its resistances and properties as a structural product, it is differenti-
ated between out-of-plane and in-plane loading. For CLT under out-of-plane loading,
test configurations and characteristic values are well agreed. For CLT under in-plane
loading, some properties are still under discussion, presently resulting in conservative
regulations, e.g. tension and compression in direction of the top layers. The same is
valid for CLT under in-plane shear. To fully profit from the high capacities of CLT
in-plane, a detailed knowledge of all relevant mechanical properties, which are
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dependent on the geometrical layup of the elements, as well as the development
and verification of practicable test configurations to determine these properties are
indispensable.

Consolidated knowledge of CLT properties under in-plane shear is crucial for typical
structural applications such as wall and floor diaphragms, cantilevered CLT walls and
CLT used as (deep) beams, in all cases potentially featuring holes or notches. The cur-
rent technical approvals for CLT products contain differing regulations to determine
their load-carrying capacities in-plane. Generally they imply a verification of the tor-
sional stresses in the cross-section of the cross-wise glued elements as well as a veri-
fication of the shear stresses proportionally assigned to the boards of the top and
cross layers. The basis of theoretical and practical considerations are the following
three basic failure scenarios for a CLT-element under in-plane shear: (i) gross-shear
(longitudinal shearing in all layers), (ii) net-shear (transverse shearing in all layers in
weak direction), and (iii) torsion failure in the gluing interfaces between the layers
(Bogensperger et al. 2007, 2010; Flaig and BlaR 2013; Brandner et al. 2013). All failure
mechanisms can be achieved if a corresponding test configuration is applied.

Properties for the mechanism (iii) “torsion”, based on Blall and Gdrlacher (2002), Jeit-
ler (2004) and Jobstl et al. (2004) are well accepted (DIN EN 1995-1-1/NA). In con-
trast, the determination of the properties (i) gross-shear and (ii) net-shear by testing
is challenging, as it is practically impossible to secure larger fields of pure shear. Up to
now, the properties for in-plane shear provided in technical approvals are based on
testing single nodes. The resulting strength values are partly seemingly high and fea-
ture a higher variability than expected for diaphragms. Associated investigations in-
clude Wallner (2004), Jobstl et al. (2008) and Hirschmann (2011). After re-evaluating
and summarizing previous findings Brandner et al. (2013) propose fy netos = 5.5 N/mm?
as 5 %-quantile of net-shear strength for a reference CLT node in conjunction with
the test configuration “EN” of Hirschmann (2011). Board thickness, gap width and
annual ring pattern were identified as parameters with significant influence on shear
resistance. Tests on single-nodes are able to produce separated stress conditions,
hence all test configurations on single-nodes can represent and lead to separate fail-
ure mechanisms in CLT under in-plane shear. The full stress state within a full-scale
CLT-element under in-plane shear, however, cannot be represented by them.

Several efforts were made to determine shear properties on full-scale CLT dia-
phragms, e.g. Bosl (2002), Bogensperger et al. (2007) and Andreolli et al. (2014). The
main challenges within the tested configurations were — apart from their rather
costly implementation — (i) to realize a continuous load introduction, (ii) to receive a
field of pure shear and (iii) to achieve failure under in-plane shear. It is expected that
these challenges are also encountered when applying the standardized test configu-
ration which is used to determine the racking strength and stiffness of timber frame
wall panels, see EN 594 (2011). The determination of shear strength based on four-
point bending tests, e.g. given in FprEN 16351 (2015) (based on CUAP 03.04/06 2005)
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has to be critically analysed as well. Here, the determination of shear strength is
based on beam theory considering the total thickness of all cross layers in the evalua-
tion. The typical stress states within CLT diaphragms under in-plane shear are not
represented by this approach.

In the context of an approval in the individual case, Kreuzinger and Sieder (2013)
published a proposal for a test configuration and evaluation procedure for CLT
diaphragms. The principle approach to determine shear strength from a combined
stress state with transverse stresses can already be found in Szalai (1992). The ap-
proach proposed by Kreuzinger and Sieder (2013) is based on a simple compression
test, the test results are evaluated using theoretical approaches from plate theory
(in-plane stresses). The evaluation procedure is partly extended and specified in the
frame of this paper.

2  Test configuration and evaluation procedure

2.1 Description of test configuration

In this configuration, column-shaped rectangular specimen, which are cut out under
45° rotated to the main orientation of CLT elements, are tested in compression, see
Fig. 1.

with:

xv direction of CLT top and middle layer (TL; ML)
ym direction of CLT cross layer (CL)

X x-direction of the column

y  y-direction of the column

F  load

A column cross-section

a  45°

Figure 1. System.

2.2 Determination of in-plane shear strength

The stresses on the column as well as on a differential CLT section are given in Fig. 2.
Based on the Cartesian coordinate system of the column cross-section (x, y), the
principal stresses are:

i %

oy = 0; Oxm = Oym = 7y; TxmyMm = >
The shear stress at maximum load is determined according to Eqg. (1), see Fig. 3.

i 1 . Fmax Fmax
TxM,yM - E

A 2 werr tterr
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Figure 2. Stress states in column (left) and in differential CLT-section Figure 3. Internal stresses
(right) and external loading.

In general, the shear resistance is influenced by stresses perpendicular to the grain,
see Spengler (1982) and Hemmer (1984). Compressive stresses perpendicular to the
grain result in an increase of shear resistance. In the given test setup (see Fig. 1), the
obtained shear stresses 7y v are higher than the actual shear strength f,. The test
setup leads to compressive stresses auw and oym, which equal the shear stresses
Twym, See Fig. 3. In cases of gross shear failure, the compressive stresses oy are
primarily transferred by the layers featuring a board direction y\. The compressive
stresses perpendicular to the grain on the layers with a board direction xy will fea-
ture a magnitude, which is reduced by the relationship

E9O/EyM with:

E,m weighted modulus of elasticity in ym-direction, CLT cross layer
(value standardized or determined by testing (preferred))

Eso  modulus of elasticity perpendicular to the grain of the base material
top layers (value standardized or determined by testing)

The approach

terr * Eym = Xtiym - Eo + X tiem - Ego with tepr = Xt + X tiym (2)
and Z tl,L = Z tl,T
and Eo modulus of elasticity

parallel to the grain of the
base material

E o 2 tiym  Eo + 2 tm - Ego (3)
yMm —

leads to

terr
with the relationship

_ Eqo Eq (4)
Og9p = Oym ._E = TxMmyM ._E
yM yM
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Assuming softwood of typical strength classes according to EN 338 with (C16 to C30)
and layup parameters (ratios between the sum of layer thicknesses in weak direc-
tion, Yty 1, to that in the strong direction, Stg,) of 0.25 < Ste7/ St < 1.0, this leads to
values 099 = Tymym (0.06 to 0.25) and to 09 = Tumym - (0.07 to 0.17) for C24.

Using the test results reported in Spengler (1982), an attempt to estimate this influ-
ence is given by the approach taken by BlalR & Kriiger (2012), based on results of
Spengler (1982), which can be modified as follows:

fl?,gT'OSS = TxM,yM + 1.15- 099 + 0.13- 0-920 (5)
whereby oqg is negative if representing compression stresses.

To determine the shear strength f, gr0ss, the obtained shear stresses v ym should be
reduced in the range of f,gross = Tamym * (0.75 to 0.94) (C16 to C30) and fy,gross = Txmym
(0.83 t0 0.93) (C24 only). The higher the layup parameters, Ste1/ Sto, the smaller
the reduction.

In case of a net-shear failure in principle the same considerations can be made. In
doing so the layers relevant for transferring compression perpendicular to grain
stresses change and the number of layers which fail in transverse shear is equal to
the number of layers in the weak direction of the CLT element. Consequently, the
following relationships apply:

Dtixm Eo + 2 tiym Ego with:
Exm =

teur Exw  weighted modulus of
elasticity in xy-direction, CLT ~ (6)
top layer (value standardized
or determined by testing)

Gon = G .@ =T .@ (7)
90 XM ExM xM,yM ExM
t .
fv,net = TxM,yM . _tfll;: + 115 " O9q + 0.13- 0-920 with: tnet = Z tl’T (8)

The resistances in net- and gross-shear in case of gross- and net-shear failure, re-
spectively, can be calculated by considering the relevant ratio between ), t; 7 and

terr-

2.3 Determination of in-plane shear stiffness

The shear modulus G can be determined using the flexibility matrix and its transfor-
mation. Using the constitutive Eq. € = S - g, the flexibility matrix describing the state
of plane stress
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= 0 0
ExM
1
SxM,yM =| 0 Ey—M 0 (9)
0 0 !
L GxM,yM-

can be transformed from the coordinates xy, ym to X, y by the angle 360° —a = 315°,
see Eq. (10).

0.25 0.25 0.25 0.25 0.25 0.25 0.5 0.57

Exv  Eym  Gxmym Exm  Eym Gxmym Exm  Eym
0.25 0.25 0.25 0.5 0.5

S . = (10)
x,y ExM EyM GxM,yM EXM EyM
1 4 1
symm. Exw  Eyu

From the load-deformation characteristics of the column-section, the load F and the
modulus of elasticity £, can be determined.

For a discrete stress state g, with associated strain € and using the constitutive Egs.
¢ =§-0andoa, = E, ¢, the following relationship, Eq. (11), can be found:

1 0.25 ( 1 N 1 N 1 > with: £, modulus of elasticity in
E, ' Exwvi  Eym Gemym y-direction of the column-
section (determined by test) 1)
Exv, Eym weighted modulus of elasticity
in xu- or ym-direction,
CLT top or cross layer
The shear modulus Gyuym can then be determined according to Eq. (12).
c B 1
S (i_L_L) (12)
E, Exwm Eym

First tests at the Technische Universitat Minchen (TUM) and Graz University of
Technology (TU Graz) in 2013 indicated the functional and operational efficiency of
the test configuration. Motivated by these promising results, a joint research project
between TUM and TU Graz was initiated with the aim

e to prove the applicability and suitability of the test configuration for a wider range
of parameter settings,

e toinvestigate and quantify possible influences on the shear properties, and

e to answer the open question on a possible transfer from single-node outcomes
to CLT diaphragms.
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3  Materials and methods

3.1 Test programme

The test programme was developed in consideration of all relevant product parame-
ters and their range found in current European Technical Approvals (ETAs) of CLT
products. Only CLT elements with glued surfaces were investigated. Tab. 1 contains
an overview of the tested parameters and their range of values. The parameters of
each series are given in Tab. 2. Fig. 4 shows the scheme of a specimen featuring 5
layers including a notation of some parameters used throughout the text.

tomL

RN Z LL :z Lot
=R T

tar
tom TocL

Uit = LicL

| We W

7 A7

Fig. 4. Schematic drawing of a 5-layer CLT-element cross section and notation of some parameters.

gap

Table 1. Overview of tested parameters and their values (range).

Parameter [-] Values [-]
Gap execution edge bonded (EB); not edge bonded, gap width wgap = {0; 5} mm
Board width we = {80; 160; (230) 240} mm
Layer thickness te = {20; 30; 40} mm
Number of layers {3; 5; 7} layers
Stress reliefs {Yes; No}
Layup parameter Stet/ Se=1{0.32; 0.35; 0.46; 0.50; 0.68; 0.75; 0.86},
with Ste1< Ste 1
Producer {A; B; C}

Only CLT from Norway spruce (Picea abies) was used which was provided by three
producers, leading to three groups of specimen, A, B and C. For the boards used for
group A, strength class C24 according to EN 338 was agreed. The boards for all series
within group A were delivered in one stack with the exception of the boards of series
A4 and A5, which were delivered at a later stage. Due to production limits at the
producer, series Al and A3 were produced at the laboratories at TU Graz, see
Droscher (2014) for further details. All specimen within groups B and C were
produced according to the specific Technical Approvals of the producers. These
allow the use of boards of strength class C16 according to EN 338 at a share <10 %.
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Table 2. Test programme; overview of test series including all necessary parameters

[ww] yapim des - g dsau g ‘papuoq adpa - g3 (.
‘ade1s Ja1e| 1 palanl|ep spJeoq ,
‘Aojesoqe) ui paonpoud
Pa/AISSgO (B14am) sem (S)aun|ie) Jeays alaym (s)iaAe| pajie) JO SSaUDIy] - 84E]
‘(W 78 11) sseAe| [euipmisuol = 77 “JsAe] a|ppi W 4eAe] ssou) ) “Ushendo) )

P D D MDD M M M M P OBV MDD VD OMWM M T M MWW Buipey saker
o) Oy O OE Oy Of ©Of ©OC O Of 60 6 6 Of 6L/ Of 6C 06 (o] r722
A N A N A A N N N N N N N N N N N N J9lR1 SSINS
©o o o o 0 0 0 O O0O O 0 0 O O 0 S o0 g uoswIAde
0EC 0€C 0€Z O0€Z OvZz 09T 09T 09T 08 09T 09T 09T 09T 09T 09T 09T 09T 09T (] '
050 050 050 0S0 050 050 0S0 050 0S0 SL0 TEO 9¥0 GEO 890 980 0S50 050 050 [mag/Aag
0ZT 0ZT 06 06 O0ZT 06 06 09 09 OIC 8ST OCT 8vT 8yl 6IT 06 (8 06 e

- - - - - - - - - 0¢ oOr Oz o0 O 6T - - - )%
ov Oy O Of Oy OFf O OZ 0z O 60 6 60 OF <€ Of 6 OF » m

ov Oy ©Of O0f Oy OF Of OZ 0Oz O Ov TE OF OF/8T 6T/L1 O 6 OF L
€ € € € € € € € £ L S S S S s g £ ¢ s1ohe]
[ L L L 9 9 9 9 9 9 9 9 9 9 g 9 g 9  udwpadso ON
¥ € © 1 sS4 va g8 @ T8 6 8 IV 9 oSV W oV ¥ IV sauag
WnL ze19 N1 eimnsu|

188



INTER /48 - 12 - 02

The series in groups A and B consisted of 6, the series in group C of 7 specimen.

The specimen were generally retrieved consecutively from one CLT plate. Thus it is
expected that the variability of the parameters within one series is reduced due to
partly the same base material within this series. To evaluate this influence, a stochas-
tic simulation was conducted, see Section 4.1.

3.2 Test configuration

The test configuration was realized according to the configuration described in
Section 2. The geometric relationship was set to hcit/ weir = 3/ 1, more specifically
to hewr / werr = 1,500 mm / 500 mm. This effectuated a field of pure shear outside the
quadratic area potentially influenced by the support conditions while eliminating the
potential for stability failure in most configurations. The assumption of a field of
constant shear was verified by means of a Finite-Element (FE) study, in which
geometric and stiffness parameters were varied in a practical range, see Silly (2014)
for further details. The potential influence of friction between the support (surface
of load application) and the test specimen was investigated by using (i) lubricated
edges, (ii) teflon intermediate layers, (iii) roller bearing and (iv) blank steel to wood
contact. The differences in determined transverse strains were evaluated by
measurements of the horizontal deformation near the load application and found

to be not of practical relevance. All tests within group A were realized using Teflon
intermediate layers, all tests within groups B and C were conducted with a roller-
bearing at the bottom support and steel plate to wood contact at the load introduc-
tion. In all cases, the load was applied at a constant rate to achieve failure within

300 + 120 s according to EN 408 (2010). The tests within group A were realized in the
4 MN four-column test frame of the Laboratory for Structural Engineering (LKI) at TU
Graz. All tests of groups B and C were conducted in the Zwick Z-600 testing machine
at the MPA BAU at TUM. In case of very slender test specimen, one horizontal
support was added to each side face of the specimen to prevent premature buckling.
The deformation was determined on both side faces of the specimen using centrically
placed measurement crosses featuring a measuring distance of hg = 400 mm. For this,
the specimen of group A were equipped with DD1 strain transducers, which were
removed at approximately 50 % of Fnax. The specimen of groups B and C were
equipped with rope extensometers on one side face. On the other side face, the con-
tact-free optical measurement system GOM with software Pontos (2007) was used.

3.3 Determination of parameters
3.3.1 Moisture content and density
For each specimen, the mean density as well as the mean moisture content (group A:
kiln drying, groups B and C: resistance method) were determined. In the case of mois-

ture contents differing from the reference moisture content ures = 12 %, the mean
density at 12 % moisture content, p1,, was determined according to EN 384 (2010).
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3.3.2 Shear strength and torsional stresses

The shear strength in case of gross- and net-shear failure was determined according
to Eq. (5) and (8), respectively. The (low) influence of compressive stresses perpen-
dicular to the grain on shear strength was taken into account using the regression
formula from Blall & Krlger (2012), applying compressive stresses perpendicular to
the grain determined with Egs. (4) and (7).

The torsional stresses T;,,.; at the time of failure in gross- or net-shear were deter-
mined on the basis of polar torsion, considering a finite number of layers N and a
heterogeneous layup with thicknesses t; ; by establishing ideal layer thicknesses ¢;;

to take into account bonded areas in the outer and core region of the CLT-elements,
with

ti1 = min(Z “t1; tl’z) resp. t;y_1 = min(tl,N_l; 2" tl’N) and t],<iany—1 = (13)
min(tz,ii tl,i+1)
with: ¢, ; as thickness of thelayeri=1, 2, ..., N, and the relationship
* t*,i
Ttor,i — 3 fv,gross ’ (L): (14)

wi

see Bogensperger et al. (2010). To determine the shear strength at the reference
moisture content ures = 12 %, a relationship of 3 % per percent change in moisture
content was applied.

3.3.3 In-plane shear stiffness of the CLT elements

The shear modulus Gogo,cit of the CLT elements under in-plane shear was determined
with two approaches. The first approach, described in Section 2, is based on the
measured vertical deformation in the local measurement field and moduli of
elasticity Eomean and Ego,mean, Standardized according to the strength class of the
boards, considering a strength class of C24 according to EN 338 (2009), with

Eomean = 11,000 N/mm? and Ego mean = 370 N/mm?. The shear modulus

Goso,cLrxmym ks = Goso ks is determined according to Eq. (12).

The second approach applied is standardized in EN 408 (2010) with

G09O,CLT,xM,yM,EN =G 090,EN with: (15)

—__ho  AF/2 homeasurement length

werrteLr  Awg

AF/Awg relationship between load and shear
deformation, determined in the linear
elastic range between 0.1 and 0.4 Frax

With aid of a Finite-Element study it could be shown, that the differences between
ideal and real stress distribution are negligible for given geometric and stiffness
relationships (< 1 %), hence no correction factor ag was applied, see Droscher (2014)
for further details. To determine the shear moduli at reference moisture content

Uret = 12 % a relationship of 2 % per percent change in moisture content was applied.
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4  Results and Discussion

4.1 General

Three groups with a total of 18 series featuring different product configurations were
tested. The statistics of the main parameters in each series are illustrated in Tab. 3.
The statistical analysis as well as stochastic simulations were carried out in R (2015).

The moisture content u of all specimen was in the range of 12 + 2 %. Regarding the
density p1> it can be noted that it decreases from group A to C (A: 463, B: 437,

C: 419 kg/m3). Only series B5 exhibited a density, which is below the expected range
for series within group B. Deriving all specimen from the same CLT element was
concluded to be the reason for low CVs in density.

The low CVs of the shear strength (2 % < CV[fy,net 12] £ 8 %) in combination with the
very reliable failure in gross-shear respectively net-shear, independent of the multi-
tude of parameters and their range, affirmed the very robust test configuration.

No differences in results were identified between both test institutes as well as the
utilized testing machines. However, as mentioned above, these low CVs are biased

by the applied sampling approach. Based on a stochastic simulation, conducted by
considering parallel and serial interaction of nodes and sections of lamellas in the test
area, CV[funet] is estimated to be approximately 6 %.

In contrast to common expectation, shear moduli feature higher CVs than the shear
strength. This is attributed to the known difficulties in deriving distinct values from
deformation curves, which are the result of measurements of very low deformations.

4.2 Shear modulus

A comparison of the shear moduli determined with above given approach Eq. (12)
and the approach given in EN 408 (2010), Eqg. (15), shows that the values determined
with latter approach are on average about 10 % higher. The reason is the considera-
bly higher vertical deformation in comparison to the horizontal deformation. The
approach by Kreuzinger und Sieder (2013), Eq. (12), only takes into account the
vertical deformation. Furthermore, the application of standardized values for Eomean
and Ego,mean leads to higher CVs for shear moduli compared to shear moduli deter-
mined according to EN 408 (2010). It should be discussed how both approaches could
be adapted to better eliminate the influence of deformations from other stresses
than shear stresses. For the time being, the approach according to EN 408 (2010)

is preferred as it returns more stable results.
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Table 3. Statistics of tested series: moisture content, density, maximum load, apparent fracture

deformation, shear strength, shear moduli, torsional stresses
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Table 3 contains also values Gogo,cit mean,est Calculated with the formalism given in Bo-
gensperger et al. (2010), see Eq. (16)

_ Go,l,mean . _ timean a _ terr
GO90,CLT,mean,est = t 5, Withar =p - w and timean = N (16)
1+6-aT-<—'TV‘;an> l

with Go | mean @S average shear modulus of the lamellas, p and g as parameters of func-
tion ar, see Tab. 4. Compared to Gogo en,12,mean OVerall congruent shear module, with
deviations within £ 10 % and only for some series of + 20 %, are found, apart from A3.

Table 4. Parameters p and q for ar from Droscher (2014).

No. of layers N [-] p [-] q -]
3 0.53 -0.79
5 0.43 -0.79
7 0.39 -0.79
net-shear gross-shear
4507
4001 S ’F_max,mean | Al : : ‘!‘
3501 | B S ;_-:
300- / E \ -
— \ - N %, !.
Z 250_ y ] : '.‘4. 2 2 > S ‘: ; L(]
3 / ') ra
W 200F------frv INYE _fE_max,mean | A2 g ‘ l
) / ! : e BN i
1507 Vi VUL \
1007
50 - D wg |A2&A1 — |} §
0 - T T T :I E T ’ap?’mealn T 1 /'-' --. l | ! h
0O 2 4 6 8 10 12 14 16 18 - |
W,pp [MM] ‘o L B

Figure 5. (left) load-displacement curves of series Al (with) & A2 (without edge bonding);
(right) typical impressions of net- and gross-shear failure mode.

4.3 Shear strength

All specimen within series A1, featuring edge bonded boards, failed in gross-shear.
All specimen without edge bonding failed in net-shear. The failure in gross-shear was
followed by a failure in net-shear and corresponding softening to a plateau of about
30 - 60 % of net-shear strength, see Fig. 5. In contrast to gross-shear failure, net-
shear failure exhibited a considerable proportion of non-linear deformation. All
series without edge bonded boards failed due to a net-shear failure in the cross
layer(s) with the exception of series A4 in which most specimen exhibited a failure in
direction of the top layer. The mean vertical deformations at time of failure feature,
independent of the type of failure, a low range (7.7 mm < W app mean < 9.5 mm). Two
specimen within series B1 experienced a stability failure (second eigenmode due to
horizontal support) before net-shear failure. A comparison to the strength values of
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the other specimen within that series did not show any influence of stability failure
on shear properties. Fig. 6 shows the net-shear strength of individual series arranged
by certain parameters to enable examination of parameters relevant for shear
strength. In the following sub-sections, these parameters will be discussed with
respect to their influence on shear strength.
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Figure 6. Box-plots of net-shear strength for identification of relevant parameters.
4.3.1 Gap execution

Series A1, A2 and A3 were used to analyse the influence of gap execution. The edge
bonded specimen Al exhibited increased stiffness and a failure in gross-shear, fol-
lowed by failure in net-shear. The parameters determined for series Al f, gross,12,05 =
3.8 N/mm? and Gogo,en 12 mean = 650 N/mm? are comparable to those of glulam GL24h
with, according to EN 14080 (2013), fy g« = 3.5 N/mm? and Gg mean = 650 N/mm?. Se-
ries A2 and A3, without edge bonding, like all other remaining series, failed in net-
shear. The shear strength of series A2 and A3, compared to the edge bonded series
A1, is almost halved. The lower shear parameters of series A3 in comparison to series
A2 can mainly be attributed to the unintended but common edge bonding of CLT
with closed gaps due to the penetration of glue from the side faces into the gaps be-
tween the boards during the production process. Another effect is the activation of
friction between the boards in contact. Current technical approvals allow for gaps be-
tween 4 and 6 mm. The resulting reduction in cross-section is, however, negligible for
practical applications (< 5 %). Higher shear properties could be attributed to CLT ele-
ments with closed gaps and/or edge bonding. This implies however that the closed
gap is preserved throughout the lifetime of the structure. Cracks due to climatic
changes are at least to be expected in the top layers.
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4.3.2 Board width

To analyse the parameter board width wg respectively gap or relief distance g, the
results of series B1 and B2 were used directly; series B5, due to its board thickness
and stress relief, could be used to a limited extent. Taking into account the pro-
nounced influence of the parameter board thickness (see Section 4.3.3), the results
given in Fig. 6 and Tab. 3 indicate a regressive relation between board width and
shear parameters.

Jobstl et al. (2008), Hirschmann (2013) and Brandner et al. (2013) state that the fail-
ure in net-shear happens as a result of a local interaction of torsional and longitudinal
shear failure at the board edges. From this it can be expected that increasing board
width and hence decreasing torsional stresses due to a decreasing relation (ty / a) has
a positive effect on shear strength. On the other hand, wider boards are usually cut
close to the core of the log, leading to an increased proportion of rift or half-rift cuts.
The shear strength in the longitudinal-tangential plane, f,,z, is lower than in the longi-
tudinal-radial plane, f, 1 (see e.g. Keenan et al. 1985, Denzler & Glos 2007, Brandner
et al. 2012). With respect to knots and checks, a reciprocal relation is expected. Due
to the very local formation of failure, the influence of these timber characteristics is
expected to be low. Taking into account the very heterogeneous densities of the
series compared and the comparable outcomes of C1 vs. C3 and C2 vs. C4, both

pairs without and with reliefs, no clear influence of the board width can be derived.
In accordance with the results from tests on single CLT nodes (Brandner et al. 2013),
the influence of board width on the shear parameters is evaluated as low, thus it is
proposed to disregard this parameter for practical applications.

4.3.3 Board (layer) thickness

This parameter was evaluated by comparison of series B2 & B3 (to a limited extent
also B5) as well as C1 & C3 and C2 & C4. With increasing layer thickness, a distinct
decrease in net-shear strength could be identified. This is in accordance with results
from tests on single CLT nodes (Brandner et al. 2013). This result can be attributed to
the locking effect due to the orthogonal arrangement of layers as well as the tenden-
cy of thicker boards to feature an increased proportion of wood prone to fail in the
longitudinal-tangential plane, featuring a lower shear strength, f, r, see Section 4.3.2.
Another potential effect is the size effect of wood under shear, i.e. area available in
which shear failure (e.g. cracking) can develop. The shear properties of the series
within group A were lower compared to the results of series within groups B and C.
However, the relative differences between series featuring board thicknesses

te = 20 mm and 30 mm were comparable. A comparison of the series within group B
showed that the shear strength of series B5 is unexpectedly low, accompanied by
very low densities and unexpectedly high CV. This series is therefore disregarded
when determining characteristic shear strength.
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4.3.4 Number of layers

A comparison of series A2 (3 layers), A5 (5 layers) and A9 (7 layers) showed, inversed
to the density, a slightly concave relationship between the shear strength, f net 12, and
the number of layers N. It should be noted that the boards used within series A5
were delivered at a later stage, a corresponding influence cannot be excluded. Due to
the relative small differences between the series, the parameter number of layers is
evaluated negligible for practical applications.

4.3.5 Stress relief

For an assessment of this parameter, three pairs of series with / without stress relief
were available. Due to the local interaction of shear and torsional stresses in the case
of net-shear failure, it was expected that higher relationships of (te / a) lead to lower
shear properties. Apart from one exception, only small differences could be found in
this comparison. With respect to building practice and regarding the potential ques-
tion of how to define individual shear parameters for CLT with stress reliefs, it is
proposed to disregard this parameter.

4.3.6 Layup parameter

The layup parameter (ratio between the sum of layer thicknesses in weak direction to
that in the strong direction) of all tested series featuring layer thicknesses tg = 20, 30
and 40 mm was in the range of 0.25 to 1.00. The results of the series of group A,
grouped according to the thickness of the failing layer, tg i, sShow a progressive trend
of gross-shear strength f, gross 12 While the net-shear strengths, f, net.12, Wwere rather
constant for given layer thickness, te il Series A4 exhibited comparatively low net-
shear strengths. In this series, not the cross but the top and middle layers failed. CLT
elements with ratios close to 1.0 can exhibit failure of the top and middle layers,
series A4 featured a comparatively high ratio of 0.86. It is expected that the missing
locking effect at the outer side of the top layers leads to a decreasing shear strength
in the magnitude of about one thickness class.

5 Design proposal

The results of the test series described in the preceding sections show that the main
parameters influencing the shear properties are the layer thickness (decreasing
properties with increasing thickness) and the gap execution (edge bonded, not edge
bonded and without / with gaps, with decreasing properties in mentioned order).
The distinct relation between layer thickness and net-shear strength leads to a
dependency of the gross-shear strength on the layup parameter (ratio between
sums of layer thickness). Therefore the most practical approach would be to define
a verification concept based on the net-shear strength and the associated layers
prone to fail. Such a concept would allow for a design independent of the above
mentioned layup parameter. In addition, it would mirror the approach applied for the
verification of longitudinal stresses in CLT elements under in-plane loads. In case of
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CLT-elements with a layup parameter > 0.8, indicating a potential failure of the
top and middle layer(s), verification of net-shear has to be met for both diaphragm
directions. In doing so, a reduced shear strength of the top layers, following the
approach in Section 4.3.6, shall be considered.

For CLT elements with expected gross-shear failure, a verification on the basis of
gross-shear strength and assuming the full element width is feasible. Due to the
longitudinal shear failure of all layers in edge bonded CLT elements, the dependency
on the layup parameter is expected to be low and not of practical relevance. This
implies however that the closed gap is preserved throughout the lifetime of the
structure. Cracks due to climatic changes are at least to be expected in the top layers.
The approach given in EN 1995-1-1+A1 (2008), implying the reduction factor k. to
take into account shrinkage cracks in glulam, could be translated to edge bonded CLT
elements. Following this approach, the cross-section utilized for verification would be
reduced by a certain proportion of the top layer thickness, hence by considering only
30 to 50 % of tg .. However, additional investigations to better quantify this approach
are required. Securing the full potential utilization of the core layers over the lifetime
of the structure implies as well, that the load-carrying capacity of the edge bond, i.e.
the certified applicability of the utilized glue and the correct execution of the bond,

is ensured and controlled.

For CLT-elements that are expected to fail in net-shear, the verification of torsional
stresses, i.e. the potential failure between two layers in the vicinity of the glued
bond, has to be met, in addition to the verification of net-shear. Following Schickho-
fer et al. (2010), i.e. considering a characteristic torsional strength f, tork = 2.5 N/mm?,
in combination with the values for f, etk presented in this paper, it can be concluded
that the torsional failure mechanism can potentially govern only in cases of CLT
diaphragms featuring a ratio between board thickness to board width / distance of
reliefs, t; / a or t, / wy, exceeding 0.25.

6 Conclusions

The new shear test configuration was successfully applied to the full spectrum of
tested configurations, demonstrating its functional and operational efficiency and
reliable shear failures of all tested CLT diaphragms. Consequently, we propose this
test configuration for implementation in EN 16351. Regarding the investigated pa-
rameters, qualitatively congruent results to experiences made on single node tests
were achieved. This comprises the influence of gap width and board or layer
thickness. All specimen without layers of edge bonded boards failed in net-shear.
For CLT-elements that are expected to fail in net-shear, a design concept based on
the net-shear strength of the layers in the weaker direction is proposed in combina-
tion with a net-shear strength f, netkref = 5.5 N/mm?. Here, layer thicknesses up to
40 mm and gap widths up to 6 mm are taken into account. For layers in weak direc-
tion with thicknesses between 20 mm < tj s < 40 mm and without gaps or reliefs
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higher strength values are expected. Also taking into account the results from single
CLT nodes (Brandner et al. 2013), a relationship funetk = funetkref - MIN{(40 / te si) ©3°; 1.20}
is proposed. The shear modulus can be determined according to Eq. (16) (Bogensper-
ger et al. 2010). For simplification a value of Gogo mean = 450 N/mm? is proposed. In
case of CLT elements with a layup parameter > 0.8, the net-shear strength of both
directions of layers has to be verified. The reason is the potential failure of the
weaker top layers. The lower shear strength of the top layers can be taken into
account using the approach given in Section 4.3.6.

In case of edge bonded specimen, gross-shear failure, followed by net-shear failure
was observed together with significantly higher resistances and shear moduli. For
such elements, the shear properties known from glulam, fy grossk = 3.5 N/mm? and
Gomean = 650 N/mm? are proposed. This necessitates, however, the consideration of
potential influences during the lifetime of the structure, e.g. crack formation and
delamination, in the design and production process, see Section 5. Further research
could include a comparison of shear properties of intact edge bonded specimen to
edge bonded specimen featuring pronounced shrinkage cracking. In addition to the
verification of CLT diaphragms in gross- or net-shear, the verification of the torsional
stresses, as third potential failure mechanism, is required in cases of CLT diaphragms
prone to fail in net-shear and featuring a ratio t, / a or t; / w), exceeding 0.25.
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Discussion

The paper was presented by P Dietsch

F Lam received clarification that the effect of compressive stresses on rolling shear
strength was taken into considered using adjustment factors.

H Blass and P Dietsch discussed the roller bearing details and member under pure
shear such as the case of shear wall. They also discussed the case of CLT as bending
members on edge where standard bending test would be available but difficult to
achieve shear failure of the members. Here torsional shear and rolling shear would
coexist. A Ceccotti stated that in a 3x3 m wall in shear connection design would be
more critical.

I Smith asked how the specimen size was selected. P Dietsch responded that they
were chosen to avoid localized stresses therefore a ratio of 1:3 for width to height was
chosen. G Schickhofer added that the tests are good for wall and diaphragm cases
but beam solutions would need more work.

P Zarnani asked whether mechanistic modelling approach would be used. P Dietsch
answered that the model is already mechanics based.
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