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Abstract.

Various design approaches for establishing the resistance of connections in cross-laminated

timber (CLT) structures have been developed and adopted in timber design standards worldwide. Although
the fundamental principles are similar, the new design provisions for CLT connections have been aligned in
some standards with the existing design philosophy and format adopted for sawn timber and glulam using
traditional fasteners such as dowels, nails, and wood screws for consistency and simplicity, in the other
standards, alternate approaches have been developed. This article presents a snap shot of the various design
approaches for connections in CLT adopted in Europe, Canada, the United States, and New Zealand. The
intent is for the reader to have a better knowledge of the underpinning assumptions, principles, and the

adopted design rules in each of these standards.

Keywords:

INTRODUCTION

Cross-laminated timber (CLT) panels are usually
made by cross-lamination of graded lumber using
either structural adhesives or wooden or metal
dowels. The cross-lamination and the built-up
nature of the panel, together with unique fea-
tures, including edge joints, stress-relieving
grooves, and gaps between laminations, com-
plicate the determination of the lateral and
withdrawal resistance of fastenings in CLT
compared with traditional sawn timber, glulam,
or structural composite lumber. CLT panels from
some manufacturers are produced with up to 6-
mm gaps between the laminations (Uibel and
Blaf3 2006).

It is well established and recognized in timber
design standards that the loading direction rela-
tive to the grain orientation of wood affects the
lateral load resistance of dowel-type fasteners,
such as bolts, lag screws, and self-tapping screws
(STS) with diameters greater than 6 mm, in
particular, their embedment (or dowel bearing)
strength. The embedment strength of smaller
fasteners, such as nails and wood screws, is less
sensitive to the wood grain orientation. CLT
manufacturers in Europe, North America, New
Zealand, and elsewhere are aware of the fastening
issues, and rigorous testing programs have been
established to develop the fastening capacity in
their products for different dowel-type fasteners.
One of the dominant approaches has targeted the
development of the embedment strength formulae
specific to CLT, taking into account the type of
lamination, layup, wood species, edge joints, and
other panel features. Similarly, the withdrawal
resistance of fasteners such as screws and nails

CLT, connections design, Eurocode 5, CSA 086, NDS, NZ 3603, embedment, withdrawal.

from the face and edge of the CLT panel has been
studied.

Although yielding failure modes in accordance
with the European Yield Model (EYM) are
dominant for slender fasteners in CLT, there is
also a potential for developing brittle failure
modes such as row shear, group tear-out, net
tension or splitting. However, it is unlikely that
such brittle failure modes would govern when
fasteners are driven perpendicular to the plane of
the panel at appropriate end and edge distances
and fastener spacing because of the reinforcing
effect of cross-lamination. But when fasteners are
driven in the edge of a thin panel or lamination
and loaded perpendicular to the plane of the
panel, it is possible to trigger splitting because of
tensile stress perpendicular to the grain. There-
fore, the conditions where brittle failure modes
may occur with large diameter fasteners used
with CLT have been studied as well. According to
tests conducted by Uibel and Bla (2006) in
Europe with dowels and screws loaded perpen-
dicular to the plane of the panel, the connections
exhibited considerable ductility. Even when plug
shear or splitting occurred in the outer layers, the
load remained at the same level or showed a lo-
calized marginal drop. Similar results were ob-
tained by Mohammad et al (2014) when testing
CLT connections with relatively large diameter
bolts in the direction parallel or perpendicular to
the grain of the outer lamination.

Various design approaches for establishing the
resistance of connections in CLT structures have
been developed and adopted in timber design
standards worldwide. Although the fundamental
principles are pretty much similar, the new design
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provisions for CLT connections have been
aligned in some standards with the existing de-
sign philosophy adopted for sawn timber and
glulam using traditional fasteners such as dowels,
nails, and wood screws for consistency and
simplicity, and in the other standards, alternate
approaches have been developed. This article
presents a snapshot of the various design ap-
proaches for connections in CLT adopted in
Europe (Eurocode 5), Canada (CSA 086), United
States (NDS 2105), and New Zealand (NZ 3603).
The intent is for the reader to have a better
knowledge of the underpinning assumptions and
principles and the adopted design rules in each of
these standards.

CLT CONNECTIONS IN EUROCODE 5

European Standardization for Timber
Engineered Structures

The erection of building constructions in the
member states of the European Union (EU) is
subject to a sequence of material, design, and
execution standards. For engineered timber
structures, the EN 1995 (or Eurocode 5) series,
consisting of Part 1-1: General—Common rules
and rules for buildings, Part 1-2: General—
Structural fire design, and Part 2: Bridges (CEN
2004a,b,c), represents the related European de-
sign standard and, thus, the core document of this
so-called standardization chain (Toratti 2016).
After a long period of development starting in
the early 1980s (Kleinhenz et al 2016), the first
(and still valid) generation of Eurocode 5 was
published by the European Committee for
Standardization (CEN) in 2004. In addition to
this harmonized, pan-European document set-
ting, “National Annexes” (NAs), published by
each national standardization body, serve as
national supplements and enable the heteroge-
neous interpretation of specific content of
Eurocode 5 by the member states. This concerns
the built environment’s safety, nationally ad-
justed by so-called ‘“Nationally Determined
Parameters” (NDP), which are—together with
additional, ‘“Non-Contradictory Information”
(NCI)—content of the aforementioned NAs.
Thus, engineers have to consider up to six

design documents (three harmonized and three
national ones) when realizing a timber structure
in a member state of the EU.

Starting in 2015 and as part of the whole Euro-
code series, the first generation of Eurocode 5 is
currently under revision. This process—organized
by CEN TC 250 (and its subcommittee SC 5)
and supported by COST Action FP1402—shall
end with the publication of the second Eurocode
5-generation in 2020; a comprehensive sum-
mary regarding this ongoing process is given in
Kleinhenz et al (2016).

Design Rules for Connections in Eurocode 5

Restricting the scope to the design of timber
connections composed by a certain number of
dowel-type single fasteners (note: fasteners de-
viating from this definition such as punched metal
plate fasteners, split ring, shear plate, or toothed-
plate connectors are excluded from the dis-
cussion, this also concerns glued-in systems),
corresponding rules are given in Part 1-1, section
8 of EN 1995. Apart from other failure scenarios
especially related to the timber member (the
area surrounding the connection, the net cross-
section, etc.); such a connection’s bearing re-
sistance Ferrk can be determined as follows:

Fef rk = N * Fry (N) (D)

Depending on the direction between the load and
fastener axis, Fgy is either the axial 1) or the
lateral 2) single fastener’s resistance and ner the
effective number of fasteners which is influenced
by the timber’s grain direction. In case of 1), the
focus is on fasteners, which can be anchored in
the timber member (nails, staples, and screws)
and reasonably applied for axial loading. The
failure scenario for determining Fgy, which de-
pends on the specific timber product, is their
withdrawal. The related material property is
denoted as characteristic (5%) withdrawal
strength f,, (or capacity F,rx) and either de-
termined by empirical approaches (smooth
nails and screws) or by tests (nails, profiled
nails, staples, screws). In case of 2), Fgy of all
dowel-type fasteners covered in Eurocode 5 is
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determined using the EYM, based on Johansen
(1949). Here, the fastener’s characteristic em-
bedment strength f;, x serves as timber-dependent
property and—similar to the withdrawal strength—
is proposed being determined by different em-
pirical approaches for the different fastener
types. To conclude: when restricting the scope
to those scenarios for axial and lateral load-
ing, where failure occurs by exceeding Fef gy,
Eurocode 5 defines two material properties,
namely the withdrawal and embedment strength,
which depend on the applied timber product and
are, thus, focused on within further discussions.
Furthermore, comments regarding n.r and fas-
tener arrangement are given as they also depend
on the timber product.

Design of CLT Connections in Eurocode 5

In fact, the definition (or even the phrase) “CLT”
is missing in this first generation of Eurocode 5,
Part 1-1. Consequently, the aforementioned de-
sign provisions for dowel-type connections in
section 8 do not cover the influence of the specific
CLT layup on both, the timber-dependent ma-
terial properties foxx (Faxrk) and fhx, and the
effective number of fasteners, n.;, and their ar-
rangement, the latter commonly defined by
minimum spacing, edge and end distances. It is
worth mentioning that this lack of knowledge
will be rectified by the ongoing revision process
of Eurocode 5. As explained by Kleinhenz et al
(2016), new topics not treated so far in the code
(not only CLT but also timber-concrete com-
posites) are currently being implemented. Within
a next step, already existing sections—here es-
pecially section 8 (“Connections”)—are adapted
to cover characteristics of these new products and
building techniques.

In the meantime, a design of CLT connections
embedded in Eurocode 5 is only possible by the
national adjustments as content of the member
states’ NAs. This unfortunately causes nation-
dependent, heterogeneous regulations, whose
quality mainly depends on the national timber
community’s state-of-knowledge. Germany and
Austria, for instance, already have long-term

experience in manufacturing and applying CLT
for structural purposes and accordingly cover
design provisions for CLT in their National
Annexes to Eurocode 5, Part 1-1.

In the currently valid German National Annex, the
DIN EN 1995-1-1/NA (DIN 2013), related NDPs
(partial factor yy;, modification factors kg, de-
formation factors kgef, etc.) regarding the appli-
cation of CLT as building product are provided,
whereas any NCI comprising the design of CLT
connections is missing. As an alternative, DIN EN
1995-1-1/NA refers to German National Technical
Approvals (NTAs) of CLT manufacturers wherein
related specifications can be found, c.f. Z-9.1-482
(2015) for instance. By contrast, ONORM B 1995-
1-1 (ASI 2015) as the Austrian National Annex to
Eurocode 5, Part 1-1 includes NDPs regulating the
main design parameters of CLT and NCI provides
provisions as to how to design connections in
CLT. Both, NDPs, and NCI, are provided in
Annex K of ONORM B 1995-1-1. The regulations
for CLT connections given therein shall supple-
ment those of section 8 (which means that existing
formulae were not modified) and predominately
based on the research work performed by Uibel
and Bla3 (2006, 2007, 2013) as it is discussed in
the following section. It should be noted, however,
that the research by Uibel and Blall used thinner
CLT laminations compared with the common
commercial production in Europe and North
America. Worth mentioning, their results re-
garding f, and foxx (or Fry) are derived from
empirical regression functions based on a com-
prehensive experimental campaign comprising
embedment tests of dowels, nails, and STS, as well
as withdrawal tests of nails and screws, conducted
in the faces and edges of CLT panels with varying
layups (N = {3, 5, 7} layers) and gap configu-
rations. For a better understanding, Fig 1 illustrates
a general definition regarding the specific layup
of CLT.

Lateral Resistance of CLT Connections

Bolts and dowels. Uibel and BlaBl (2006) pro-
vide two approaches for determining the embed-
ment strength of laterally loaded dowels, installed
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Figure 1. General definition of the specific layup of cross-
laminated timber (adapted from Ringhofer 2017).

in the face of CLT panels. Both were derived
by means of nonlinear regression analysis of al-
together 438 test results and differ in the way the
given CLT layup (V and ¢ in Fig 1) is considered.
The first and comparatively simple approach pre-
sented in Eqs 2 and 3 has a structure like the
common embedment strength model for bolts and
dowels, as given in EN 1995-1-1, section 8 (note:
here, characteristic values are already presented):

Joox 2
—————— (N/mm~), where (2
koosin®a + cos2a ( / ) @

fh,(x,k -

foox=0.031-(1 —0.015d)-p'® (N/mm?),
3)

as the dowel’s characteristic embedment strength
when loaded parallel to the outer layer’s grain
direction, d as the dowel diameter, py is the
panel’s characteristic density, koo = 1.10 is the
ratio of the embedment strengths fi, q—o°x and
Jha—90°k,» and a is the angle between the load
and the outer layer’s grain direction. In ONORM B
1995-1-1, Annex K, the formulae given in Eqs 2
and 3 were adopted for determining the charac-
teristic embedment strength of bolts and dowels,
setting the characteristic density py to 400 kg/m3 as
a typical value for CLT made of Norway spruce
and determined by Uibel and Blaf3 (2006):

foox=32-(1-0.015d) (N/mm?).  (4)

For simplicity, this approach does not contain any
information regarding the specific CLT layup. Thus,
there are certain restrictions to be considered.

According to Uibel and Bla (2006, 2013)
(adopted in ONORM B 1995-1-1 as well), the
maximum layer thickness # y,x 1S set to 40 mm,
dowels or bolts have to be situated in at least N =
3 layers and the ratio of layer thicknesses with
different grain orientations has to fulfill the fol-
lowing condition:

0.95 < Qi <21, (5)

liy

with £ , and £; , as single layer thicknesses parallel
(x) and perpendicular (y) to the outer layer’s grain
direction. In case of dowels inserted in the edge of
a CLT panel, Uibel and Blal (2007) proposed the
following equation to determine the characteristic
embedment strength:

fox =0.0453(1— 0.017d)p&3;r7k (N/mm?), (6)

with pjayer i being the characteristic density of the
layer where the fastener is located. By contrast to
CLT face application, Eq 5 is missing in ONORM
B 1995-1-1. The reason behind that is to avoid the
application of bolts or dowels in CLT edges, which
could result in excessive tensile stresses perpen-
dicular to grain and consequently panel splitting.

With regard to the effective number of fasteners, the
recommendations made by Uibel and Blaf} (2013)
that was to set ngr equal to n (because the cross-
lamination structure of CLT serves as reinforcement
against potential splitting in grain direction) has also
been adopted in ONORM B 1995-1-1.

Nails and STS. For the design of laterally
loaded (profiled) nails and STS located in the face
or edge of CLT panels, Uibel and Blaf3 (2006,
2007) recommend determining the characteristic
embedment strength as follows:

CLT face application.
fox=0.112-d7%%-p® (N/mm*)  (7)

CLT edge application.
foxk=0.862-d7%%-pp2¢ | (N/mm”)  (8)
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Here, d is either the nominal nail diameter or
the screw’s outer thread diameter. It is worth
mentioning that in case of CLT face application,
Uibel and Blaf (2013) restrict Eq 7 to layups with £,
; < 9 mm. Consequently, the embedment strength
of nails or screws located in the face of CLT panels
with #; exceeding this limit (which in fact is typical
of most CLT layups, c.f. Brandner et al [2016])
shall be determined with approaches derived for
solid timber, for instance, according to EN 1995-1-
1, section 8. Identical to f;, of dowels or bolts, in
ONORM B 1995-1-1, Annex K, both Eqs 7 and 8
were adopted, with p, = 400 kg/m3 and piayerk =
350 kg/m3, the latter being the characteristic density
of solid timber C24, c.f. EN 338 (CEN 2016):

CLT face application.
fox=60-d " °° (N/mm?) 9)

CLT edge application (conservatively
assuming fasteners driven in end grain).

fox=20-d~ % (N/mm?) (10)
ONORM B 1995-1-1 limits the application of
both formulae to panels with #; > 9 mm, which is
the exact opposite of the abovementioned re-
quirement published by Uibel and Bla (2013)
and, thus, maybe a typo to be corrected in a next
version. It is furthermore worth pointing out that
Eqs 9 and 10 are only valid for nonpredrilled,
profiled nails, whereas predrilled ones or smooth
nails are not part of this NCI. This also applies to
stapled CLT connections.

With regard to the effective number of fas-
teners, ONORM B 1995-1-1 does not provide any
information for profiled nails, whereas in case of
STS and in contrast to dowels or bolts, Eq 11
provided in EN 1995-1-1, section 8 was adopted:

n

QY

Nef = 1IN 09 4/ a1 s

13-d

where 7 is the number of screws in arow and a; is
the minimum spacing between two screws, both
parallel to the outer layer’s grain direction.

Axial Resistance of Fasteners in CLT
Connections

With regard to the design of fasteners in CLT
exposed to axial loading, related recommen-
dations made by Uibel and Blaf (2007, 2013)
are restricted to the application of STS and
provide an empirical formula for determining
the characteristic withdrawal capacity as
follows:

0.35-d 08109 p073
1.5cos2¢e + sin’e

(N (12

ax,s,k =

Here, [.; represents the inserted length of the
threaded part of the screw, py the CLT panel’s
characteristic density and € the angle between
screw axis and CLT face: (edge application:
€ = 0°, face application: € = 90°). The factor
1.5 in Eq 12 considers both, the difference of
the characteristic densities, py and pjayer, and
the worst case scenario of inserting the screw
parallel to the lamella’s grain direction in case
of CLT panel edge application. For screws
arranged in the panel’s edge, Eq 12 has been
adopted in ONORM B 1995-1-1, again setting py to
400 kg/m’:

Fark=20-d"*- 137 (N) (13)
As reported in Pirnbacher and Schickhofer (2012),
STS inserted parallel to the layer’s grain direction
show a poor performance with regard to long-
term axial loading. If possible, this arrangement
should be avoided. If not, ONORM B 1995-1-1
restricts the related application to partially threa-
ded screws with a penetration depth in the panel’s
edge of at least 3 d + [ The reason behind this is
that larger thread embedment was found to sig-
nificantly increase the screw’s long-term resis-
tance, Pirnbacher and Schickhofer (2012) and
Hiibner (2013). In addition, ONORM B 1995-1-
1 allows increasing F, rx according to Eq 13 by
a 1.25 factor if the angle between screw axis and
grain direction is at least 45°.

By contrast to edge application, Eq 12 was not
adopted for screws located in the face of CLT
panels. In this case, ONORM B 1995-1-1 refers



Mohammad et al—DESIGN APPROACHES FOR CLT CONNECTIONS 33

w I
as’(c’n a, - 1 =
< N 1,
i L3
Ra 3 3 : : *
g - %
N
L4 w
a a B E
4 3.t ! Panel face :f 5
I
P ¢ N S —— Pt ¥
meleire | VAVAVEY SNV

Figure 2. Definition of geometrical boundary conditions for the placement of fasteners in cross-laminated timber face and

edges (from Ringhofer 2017).

to the common equation for determining the
withdrawal capacity of STS in EN 1995-1-1,
section 8 (originally derived by Blaf et al 2006):
0.52-d%3-192-p98
1.2-sin*a 4 cos2a

Fax,u,Rk = (N) 3 (14)

where o is the angle between screw axis and grain
direction. In fact, there are two main reasons for this
harmonization, which leads to slightly higher values
for Fx o ri: first, experimental studies as reported in
Ringhofer et al (2015) show that there is no sig-
nificant difference in withdrawal capacity for screws
in CLT or glulam if the CLT does not contain
significant gaps. Second, the probability of placing
a screw in a gap along its whole inserted thread

length is much lower in case of face application than
in case of edge application (Ringhofer 2017).

Because the commonly applied nail diameters are
in a dimension similar to the gap widths occurring
in CLT panels, ONORM B 1995-1-1 restricts
their axial loading to CLT face application where
a visible insertion is possible. The corresponding
formula was adopted from Blal and Uibel (2007),
which provides background information for
Uibel and Blaf} (2006, 2007, 2013):

Faxri=14-d%% It (N) (15)
Eq 14 is of course only applicable for profiled
nails with an appropriate resistance against axial

Table 1. Overview of minimum spacings and edge and end distances of dowel-type fasteners situated in cross-laminated
timber.

Fastener type Position a; a, asg aszc da Agc
Self-tapping Face 4d 25d 6d 6d 6d 25d
SCrews Edge 10d 3d 12d 7d 5d 5d
Nails (profiled) Face B+ 3cosa)d 3d (7T+3cosa)d 6d B+4sina)yd 3d

Edge 10d 3d 12d 7d — 5d
Bolts Face min[4d, 3+ 2cosa)d] 4d 5d 4d 3d 3d
Dowels Face B3+2cosa)yd 3d 5d min[3 d, 4 d sin a] 3d 3d

Note: o represents the angle between the force and the outer layer’s grain direction.
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Table 2. Additional geometrical requirements of nails and self-tapping screws (STS) situated in cross-laminated timber.

Fastener type Nmin Position min 1, min Lnin dinin
STS 4* Face 6 mm
Edge 10 d d<8mm:2d 10d 8 mm
d<8mm:3d
Nails (profiled) 6 Face 8d 4 mm*
Edge 10d d<8mm:2d 10d
d<8mm:3d

*To be only considered for axial loading.

loading. Furthermore, ONORM B 1995-1-1 limits
both the nail diameter and the effective penetration
depth to d > 4 mm (F,4 gy of nails with d < 6 mm
has to be reduced by the factor 0.8) and /s > 8 d.

The determination of the effective number of
fasteners is similar to lateral loading conditions:
Again, no rules are given for nails, whereas in
the case of STS, the formula provided in EN
1995-1-1, section 8 was adopted:

Nep =n"? (16)

Here, n is the total number of screws in the
connection.

Placement of Fasteners in CLT

In addition to the already discussed boundary
conditions, which are directly linked to Eqs 2
to 16, ONORM B 1995-1-1 provides several
geometrical requirements regarding the design
of connections in CLT. They consist of mini-
mum spacing (a;, a,), edge (a) and end (as)
distances, as well as minimum diameter (d;,),
insertion length (.;,), and layer (#,,) and
panel thicknesses (#,;,). Based on the defini-
tions illustrated in Fig 2 exemplarily for STS,
Tables 1 and 2 summarize related characteris-
tics depending on the fastener type and CLT
face or edge application. The given values
were again predominantly adopted from Blaf3
and Uibel (2007) where a; was determined
by means of screw (or nail) insertion tests
verified by tensile-shear tests with laterally
loaded fasteners.

Ip addition to these minimum conditions,
ONORM B 1995-1-1 also contains maximum

spacing en.x, which ensures the compliance of
geometrical boundary conditions by the building
designers. In case of STS, they are as follows:

1. CLT-to-CLT connections: e,,,x = 500 mm,

2. CLT-to-GLT connections: e;,,x = 500 mm,
and

3. CLT-to-steel member connections: €, =
750 mm.

In case of profiled nails, e,,,x should not exceed
150 mm in general, whereas in case of dowels or
bolts, no limitations are given.

CLT CONNECTIONS IN THE CANADIAN TIMBER
DESIGN STANDARD CSA 086

Background and Design Approach

This section provides the background on the
development of the design provisions for various
types of connections in CLT in the Canadian
timber design standard CSA O86 “Engineering
Design in Wood” (CSA 2014). Although nu-
merous studies of the performance of fastenings
in CLT have been undertaken in Europe, Canada,
Japan, and New Zealand, the primary reference
for the derivation of design equations was the
comprehensive work by German researchers
Uibel and Blal (2006, 2007). Test data obtained
for Canadian-made CLT by Kennedy et al (2014)
served for confirmation of the proposed design
values.

Formulae proposed by Uibel and Blaf (2006,
2007) for the embedment and withdrawal
strength of fasteners in CLT were compared with
those given in CSA 086 for Canadian sawn
timber and glulam. In the absence of more
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rigorous research results, the approach of the
CSA 086 Technical Committee (TC) was to
adopt equations providing more conservative
strength values for bolts, dowels, lag screws,
wood screws, and nails based on the compari-
sons. At first, the German equations were pro-
posed for CLT in cases where they were more
conservative than those in CSA O86 for sawn
timber and glulam. However, discussions at the
CSA 086 TC led to an agreement to avoid in-
troducing new equations specific to CLT. In-
stead, for simplicity, it was decided to use the
existing design embedment and withdrawal
equations adjusted by a factor (Jx) for connec-
tions in CLT considering the differences in
performance due to CLT-specific features such
as edge joints and gaps between laminations,
where appropriate. The values of Jyx were cali-
brated to match the results obtained using the
German equations as close as possible. The new
design provisions for CLT and its connections
have been implemented in the 2016 Supplement
of CSA 086 (CSA 2014).

The following paragraphs provide results of
the comparisons between the German equa-
tions for connections in CLT and the adjust-
ments in the corresponding equations in CSA
086 for each type of fastener in the wood of
three key Canadian species combinations used
in the primary CLT layups as defined in CSA
086: Douglas Fir-Larch (DFL), Spruce—
Pine—Fir (SPF) and Northern Species (North-
ern). Comparisons of the proposed design
values with the available test data are shown.
Finally, the placement of fasteners in the panel
face and edge of CLT accepted in CSA O86 is
shown.

Lateral Resistance

Bolts, dowels and lag screws. To use Uibel
and Blaf} proposed embedment equation in CSA
086, a factor of 0.8 is applied to adjust the
characteristic values (10-min load duration) to
standard-term load duration. Also, an adjust-
ment factor of 0.765 is applied to convert the
equations from the characteristic density at 12%

MC to the mean oven-dry relative density (G)
used in CSA 086 as basis for calculation of
resistance of connections at 15% MC. Therefore,
Eqgs 3 and 6 adjusted to the CSA O86 format and
standard-term load duration would be expressed
as follows:

For panel face of CLT.
fp=55G""°(1-0.015dF) (N /mm?),

for loading parallel to the grain of

the outer layers 17
fo=50G""°(1 - 0.015dr) (N /mm?), for
loading perpendicular to the grain
of the outer layers (18)
For panel edge of CLT.
fi=15(1-0.017dr)G*®' (N/mm?),
for any loading angle to grain (19)

The CSA 086 equations for the dowel embed-
ment strength in the side grain of sawn timber and
glulam are given as follows:

fo=50G(1—0.01dr) (N/mm?),
for any loading parallel to the grain (20)

fo=22G(1—0.01dg) (N/mm?),
for loading perpendicular to the grain
21

There are no provisions in CSA O86 for bolts and
dowels installed in the end grain. For lag screws
inserted parallel to the grain in the end grain of the
main member, the lateral resistance shall be not
greater than two-thirds (0.67) or one-half (0.5) of
the lateral side grain resistance for perpendicular-
to-grain loading if wood side plates or steel side
plates are used, respectively.

To keep the existing CSA O86 format, Eqs 20 and
21 were adjusted to allow calculations of the
embedment strength for bolts and dowels in the
panel face of CLT as follows:
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fr=50G(1 —0.01dg)Jx,
for loading parallel to the grain

of the outer laminations (22)

fo=22G(1—-0.01dg)Jx,
for loading perpendicular to the
grain of the outer laminations (23)

The values of Jx were calibrated to match the
results obtained using the German equations as
close as possible.

In case of the panel edge of CLT, fasteners
are not necessarily inserted in the end grain
of laminations and even when they are, there is
a reinforcing effect from the adjacent cross
laminations. Therefore, for bolts and dowels,
which are subject to brittle failure modes
check, an appropriate adjustment factor Jx for
the embedment strength was chosen to match
conservatively Eq 19. For lag screws, there is
no explicit check for brittle failure modes in CSA
086; hence, it was decided to maintain the existing
rules and end grain factors for conservatism.

Table 3 shows the comparisons between the em-
bedment strength for bolts, dowels and lag screws
installed perpendicular to the panel face of CLT and
loaded parallel to the grain of outer laminations
calculated with Eq 17 and with Eq 22 using the
factor Jx = 0.9. An additional analysis of yielding
equations showed that the greatest difference in the
lateral resistance of fasteners would be in yielding
modes (b) and (c) for bolts of 1-inch diameter where
the embedment strength has the direct influence. In
most other cases, yielding mode (g) is dominating

Table 3.
timber (Eq 22 vs Eq 17), Jx = 0.9.

where the impact of the embedment strength is
significantly less; hence, the deviation from the
German equation was under 10%. Considering that
the axial tensioning component used in Eurocode 5
was ignored in these comparisons, it was decided
that the adjustment factor is acceptable with suffi-
cient conservatism.

Tables 4 and 5 show the comparisons between the
embedment strength for bolts, dowels, and lag
screws installed perpendicular to the panel face of
CLT and loaded perpendicular to the grain of
outer laminations calculated with Eq 18 and with
Eq 23 using the factors Jx = 1.8 and Jx = 1.0,
respectively. It is evident from Table 4 that Jx =
1.8 would have similar impact on the lateral re-
sistance perpendicular to grain as Jx = 0.9 on the
resistance parallel to grain. However, it was
decided to use Jx = 1.0 for conservatism. An
additional analysis of yielding equations showed
that the lateral resistance is underestimated by 25-
40% relative to the German equations without
accounting for the axial tensioning effect.

Table 6 shows the comparisons between the
embedment strength for bolts, dowels, and lag
screws installed in the panel edge of the CLT with
the fastener axis parallel to the panel face cal-
culated with the Uibel and BlaB3 (2007) and the
adjusted CSA O86 equations with the factor Jx =
0.6. In this case, the equations are applicable to
any load direction with respect to the grain. An
additional analysis of yielding equations showed
that the equation yields slightly conservative
values of lateral resistance with the difference
from the German equations less than 10% not
accounting for the axial tensioning effect.

Embedment strength, fip, for fastener bearing parallel to the grain of laminations in panel face of cross-laminated

CSA 086 (MPa)
Diameter (bolt, dowel,

Uibel and BlaBl (MPa) CSA 086/Uibel and Bla3

and lag screw) DFL SPF North DFL SPF North DFL SPF North
inch mm 0.49 0.42 0.35 0.49 0.42 0.35 0.49 0.42 0.35
0.25 6.35 20.65 17.70 14.75 21.8 18.2 14.7 0.95 0.97 1.00
0.38 9.53 19.95 17.10 14.25 20.6 17.2 139 0.97 0.99 1.02
0.50 12.70 19.25 16.50 13.75 19.5 16.3 13.2 0.99 1.01 1.04
0.63 15.88 18.55 15.90 13.25 18.3 153 124 1.01 1.04 1.07
0.75 19.05 17.85 15.30 12.75 17.2 14.4 11.6 1.04 1.07 1.10
1 25.40 16.45 14.10 11.75 14.9 12.4 10.1 1.11 1.13 1.17

DFL, Douglas Fir-Larch; SPF, Spruce—Pine-Fir; North, Northern Species.
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Table 4. Embedment strength, fiq, for fastener bearing perpendicular to the grain of laminations in panel face of cross-
laminated timber (Eq 23 vs Eq 18) Jx = 1.8.

4 CSA 086 (MPa) Uibel and BlaB (MPa) CSA 086/Uibel and BlaB
Diameter (bolt,
dowel, and lag screw) DFL SPF North DFL SPF North DFL SPF North
inch mm 0.49 0.42 0.35 0.49 0.42 0.35 0.49 0.42 0.35
0.25 6.35 18.17 15.58 12.98 19.8 16.5 13.4 0.92 0.94 0.97
0.38 9.53 17.56 15.05 12.54 18.7 15.7 12.7 0.94 0.96 0.99
0.50 12.70 16.94 14.52 12.10 17.7 14.8 12.0 0.96 0.98 1.01
0.63 15.88 16.32 13.99 11.66 16.7 13.9 11.3 0.98 1.00 1.03
0.75 19.05 15.71 13.46 11.22 15.6 13.1 10.6 1.01 1.03 1.06
1 25.40 14.48 12.41 10.34 13.5 11.3 9.2 1.07 1.10 1.13
DFL, Douglas Fir—Larch; SPF, Spruce-Pine—Fir; North, Northern Species.
Additional analysis ha§ .shown that applqug the fL=96d; 0.5¢;1.05 (N /mmz),
current CSA O86 provisions for lag screws in the
end grain to those inserted in the panel edge of for panel face of CLT 24)
CLT yields largely conservative results in
. . . _ —0.5,~0.56 2
comparison with Uibel and BlaB (2007). For CLT- fi=28dg G (N/mm?),
to-CLT edge-to-face connections with lag screws, for panel edge of CLT (25)

the lateral resistance with the embedment strength of
both members taken from Eq 23 with Jx = 1.0, is
36-50% less than that predicted by the German
equations. For CLT connections with lag screws and
steel side plates, the lateral resistance is under pre-
dicted between 20% and 40%. In these comparisons,
the axial tensioning effect was ignored, which would
allow significant increase of the lateral resistance of
threaded fasteners according to Eurocode 5. If it were
included in the European equations, the discrepancy

The CSA 086 equations for the embedment
strength equations for nails, spikes, and wood
screws inserted in the side grain of sawn
timber and glulam are given as follows:

fi2=50G(1 —0.01dg) (N /mm?),

for side and main members

. e made of lumber (26)
in the predictions would be even greater.
f3 =110G"*(1 — 0.01dg) (N/mm?),
Nails, spikes, and wood screws. The proposed for main member where failure
Eqgs 7 and 8 by Uibel and Bla} apply to any is fastener yielding @27

loading angle to the grain. Using the format

conversion shown in the previous section, Eqs 7
and 8 adjusted to the CSA O86 standard-term
load duration would be expressed as follows:

Like in the case of bolts and dowels, Eqs 26 and
27 were adjusted for the fasteners inserted in the
panel face of CLT as follows:

Table 5. Embedment strength, fiq, for fastener bearing perpendicular to the grain of laminations in panel face of cross-
laminated timber (Eq 23 vs Eq 18), Jx = 1.0.
X CSA 086 (MPa) Uibel and Blal (MPa) CSA 086/Uibel and Blafl

Diameter (bolt, dowel,

and lag screw) DFL SPF North DFL SPF North DFL SPF North
inch mm 0.49 0.42 0.35 0.49 0.42 0.35 0.49 0.42 0.35
0.25 6.35 10.10 8.65 7.21 19.8 16.5 13.4 0.51 0.52 0.54
0.38 9.53 9.75 8.36 6.97 18.7 15.7 12.7 0.52 0.53 0.55
0.50 12.70 9.41 8.07 6.72 17.7 14.8 12.0 0.53 0.55 0.56
0.63 15.88 9.07 7.71 6.48 16.7 13.9 11.3 0.54 0.56 0.57
0.75 19.05 8.73 7.48 6.23 15.6 13.1 10.6 0.56 0.57 0.59
1 25.40 8.04 6.89 5.74 13.5 11.3 9.2 0.59 0.61 0.63

DFL, Douglas Fir-Larch; SPF, Spruce—Pine-Fir; North, Northern Species.
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Table 6. Embedment strength, f;o, for fastener bearing at any angle to the grain of laminations in panel edge of cross-

laminated timber (Eq 23 vs Eq 19), Jx = 0.6.

CSA 086 (MPa)

Uibel and BlaB (MPa) CSA 086/Uibel and BlaB

Diameter (bolt and

dowel) DFL SPF North DFL SPF North DFL SPF North
inch mm 0.49 0.42 0.35 0.49 0.42 0.35 0.49 0.42 0.35
0.25 6.35 6.1 52 43 7.0 6.1 5.1 0.87 0.86 0.84
0.38 9.53 59 5.0 4.2 6.6 5.7 4.8 0.90 0.88 0.87
0.50 12.70 5.7 4.9 4.1 6.1 53 4.5 0.92 0.91 0.90
0.63 15.88 5.5 4.7 39 5.7 5.0 4.2 0.96 0.94 0.93
0.75 19.05 53 4.5 3.8 53 4.6 39 0.99 0.98 0.96
1 25.40 4.8 4.2 3.5 4.5 39 33 1.09 1.07 1.06

DFL, Douglas Fir-Larch; SPF, Spruce—Pine—Fir; North, Northern Species.

fi2=50G(1—0.01dp)Jx (N/mm?) (28

f3=110G"%(1-0.01dg)Jx (N/mm®) (29)
Tables 5 and 6 show the comparisons between
the embedment strength for nails, spikes, and
wood screws inserted perpendicular to the
panel face of CLT calculated with Eq 24 and
with the adjusted CSA O86 equations for f; »
(Eq 28) and f;3 (Eq29)using Jx =0.9 and Jx =
0.8, respectively. An additional analysis of
yielding equations for connections with nails
and spikes with light gauge and mild steel
side plates showed the ratio of 0.98 £ 0.13
(CSA 086/German equations). For wood
screws, the ratio was 0.98 £ 0.11. The axial
tensioning component used in Eurocode 5
was ignored in these comparisons, although it
can be shown that it would increase the lateral
resistance of the studied connections with
wood screws by an additional 13%, on the
average. Therefore, it was decided that the
adjustment factors are acceptable with suf-
ficient conservatism.

In CSA 086, the lateral resistance of connec-
tions with nails, spikes, and wood screws inserted
in the end grain of sawn timber and glulam
members is adjusted using the end grain fac-
tor Jg = 0.67. Except for some fasteners in
DFL, this reduction is acceptable for the most
practical connection configurations with CLT.
Furthermore, it appears that no further reduc-
tion of the embedment strength of CLT is
needed for wood screws, especially if the axial

tensioning effect were included in the European
equations for the comparison, which would add
more than 20%, on the average, to the lateral
resistance. However, for conservatism and
considering that the withdrawal of nails is not
considered in CSA O86 except for the short-
term loads, it was decided to apply the same
adjustment factors Jx = 0.9 for f; and f, and
Jx = 0.8 for f5 for the embedment strength in
the panel edge as it was carried out for the panel
face of CLT (Tables 7 and 8).

Withdrawal Resistance

Same conversion as described previously was
applied to derive the withdrawal resistance in
CSA 086 format. In addition, to preserve the use
of the penetration length without an exponent, an
additional adjustment factor of 0.61 was applied
as the regression coefficient between lgf‘g and /¢ in
the range between 25 mm and 200 mm. After that,
Eq 12 can be used to calculate the basic with-
drawal resistance of screws in the CSA 086
format as follows:

Y = 25d:"8G"" (N/mm) (30)
In CSA 086, the basic withdrawal resistance of lag
screws and wood screws from the side grain of
sawn timber and glulam is calculated as follows:

yw = 59d"%G""" (N/mm) (31)
Applying the adjustment factor Jx for fasteners
inserted into the panel face of CLT, the equation
transforms into:
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Table 7. Embedment strength, f; and f,, for fastener bearing at any angle to the grain of laminations in panel face of cross-

laminated timber (Eq 28 vs Eq 24), Jx = 0.9.

CSA 086 (MPa)

Uibel and BlaR (MPa) CSA 086/Uibel and BlaB

Fastener/diameter DFL SPF North DFL SPF North DFL SPF North
dr (mm) 0.49 0.42 0.35 0.49 0.42 0.35 0.49 0.42 0.35
Nails and spikes 2.84 21.4 18.4 15.3 24.2 20.6 17.0 0.88 0.89 0.90
3.25 21.3 18.3 15.2 22.7 19.3 15.9 0.94 0.95 0.96
3.66 21.2 18.2 15.2 214 18.2 15.0 0.99 1.00 1.01
4.06 21.2 18.1 15.1 20.3 17.2 14.2 1.04 1.05 1.06
4.88 21.0 18.0 15.0 18.5 15.7 13.0 1.13 1.14 1.15
5.89 20.8 17.8 14.8 16.8 14.3 11.8 1.23 1.24 1.25
7.01 20.5 17.6 14.6 154 13.1 10.8 1.33 1.34 1.35
Wood screws 35 21.3 18.2 15.2 243 20.6 17.0 0.88 0.88 0.89
4.16 21.1 18.1 15.1 22.3 18.9 15.6 0.95 0.96 0.97
4.82 21.0 18.0 15.0 20.7 17.6 14.5 1.02 1.02 1.03
5.48 20.8 17.9 14.9 19.4 16.5 13.6 1.07 1.08 1.09
DFL, Douglas Fir-Larch; SPF, Spruce—Pine—Fir; North, Northern Species.
yw =59 "8G Jx (N/mm)  (32) yw = 16.4d,"32G** (N /mm) (33)

Table 9 shows the comparisons of results between
Eqgs 30 and 32 for wood screws and lag screws in
withdrawal from panel face of CLT taking Jx =
0.9. With this factor, the withdrawal resistance of
denser species (DFL) is slightly overpredicted
(9% or less), whereas the predictions for wood of
lower density (SPF and Northern) are under-
predicted relative to the German model. It was
decided to use this factor until more research
information on Canadian CLT is available.

In CSA 086, the basic withdrawal resistance of
nails and spikes from the side grain of sawn
timber and glulam is calculated as follows:

Table 8.
timber (Eq 29 vs Eq 24), Jx = 0.8.

Eq 33 is valid for short-term load duration only
and it is applicable to smooth shank fasteners.
Although there is no reference for calibration of
the withdrawal resistance of nails and spikes from
CLT, it was decided to apply the same adjustment
factor Jx = 0.9 in Eq 33 as for threaded fasteners
until further information becomes available.

From Eq 12, it follows that the withdrawal re-
sistance of STS driven into the panel edge of CLT
is two-thirds of those driven into the panel face.
In CSA 086, the withdrawal resistance of lag
screws inserted into the end grain of wood is
reduced by the end grain factor Jg = 0.75. Given

Embedment strength, f3, for fastener bearing at any angle to grain of laminations in panel face of cross-laminated

CSA 086 (MPa)

Uibel and BlaR (MPa) CSA 086/Uibel and BlaB

Fastener/diameter DFL SPF North DFL SPF North DFL SPF North

dr (mm) 0.49 0.42 0.35 0.49 0.42 0.35 0.49 0.42 0.35

Nails and spikes 2.84 23.7 17.9 12.9 26.9 22.9 18.9 0.88 0.78 0.68
3.25 23.6 17.9 12.9 25.2 21.4 17.7 0.94 0.83 0.73

3.66 23.5 17.8 12.8 23.7 20.2 16.7 0.99 0.88 0.77

4.06 23.4 17.7 12.8 22.5 19.2 15.8 1.04 0.92 0.81

4.88 232 17.6 12.6 20.5 17.5 14.4 1.13 1.00 0.88

5.89 229 17.4 12.5 18.7 15.9 13.1 1.23 1.09 0.95

7.01 22.7 17.2 12.4 17.1 14.6 12.0 1.32 1.18 1.03

Wood screws 3.5 23.5 17.8 12.8 24.3 20.6 17.0 0.97 0.86 0.75
4.16 234 17.7 12.7 22.3 18.9 15.6 1.05 0.93 0.82

4.82 23.2 17.6 12.7 20.7 17.6 14.5 1.12 1.00 0.87

5.48 23.0 17.5 12.6 19.4 16.5 13.6 1.19 1.06 0.92

DFL, Douglas Fir-Larch; SPF, Spruce—Pine-Fir; North, Northern Species.



40

WOOD AND FIBER SCIENCE, AUGUST 2018, V. 50(SPECIAL ISSUE)

Table 9. Basic withdrawal resistance, y,,, of fasteners from panel face of cross-laminated timber (Eq 31 vs Eq 30), Jx = 0.9.

CSA 086 (N/mm)

Uibel and Bla3 (N/mm) CSA 086/Uibel and Blaf

Fastener/diameter DFL SPF North DFL SPF North DFL SPF North

dr (mm) 0.49 0.42 0.35 0.49 0.42 0.35 0.49 0.42 0.35

Wood screws 35 42.0 31.9 23.1 39.9 35.5 31.0 1.05 0.90 0.75
4.16 48.4 36.8 26.7 45.8 40.8 35.6 1.06 0.90 0.75

4.82 54.6 41.5 30.1 51.5 45.9 40.0 1.06 0.90 0.75

5.48 60.6 46.1 334 57.1 50.9 44.4 1.06 0.91 0.75

Lag screws 6.35 68.4 52.1 37.7 64 57 50 1.06 0.91 0.76
9.53 954 72.6 52.6 89 79 69 1.07 0.92 0.76

12.70 120.7 91.9 66.6 112 100 87 1.08 0.92 0.77

15.88 145.0 1104 79.9 134 119 104 1.08 0.93 0.77

19.05 168.4 128.2 92.8 155 138 120 1.09 0.93 0.77

25.40 213.2 162.3 117.5 195 173 151 1.09 0.94 0.78

DFL, Douglas Fir-Larch; SPF, Spruce-Pine-Fir; North, Northern Species.

that the German equation provides more conser-
vative results, it was decided to use Jg = 0.67 for
lag screws in the panel edge of CLT. According to
CSA 086, nails and wood screws driven through
the end grain shall not be considered to carry load
in withdrawal. Where designs rely on withdrawal
resistance of fasteners in the panel edge of CLTs,
precaution shall be taken to ensure that side grain
penetration occurs.

Comparison with Test Results in Canada

Kennedy et al (2014a,b,c) conducted a large
experimental campaign at Université Laval and
FPInnovations under the NEWBuildS network
focusing on the withdrawal resistance and the
embedment strength of dowel-type fasteners in
Canadian sawn timber, glulam, and CLT. Among
others, the experimental program included 360
tests with lag screws and 120 tests with STS with
diameters ranging from 6.0 mm to 19.1 mm
loaded in withdrawal from the panel face of CLT
from two Canadian producers. A comparison of
the factored withdrawal resistance of lag screws
using Eqs 30 and 31 vs test results showed that
both produce similar predictions and tend to
slightly underestimate the withdrawal resistance
of lag screws driven perpendicular to the panel
face of CLTs, especially for larger fasteners and
longer penetration depths (Fig 3).

Based on the comparisons, it was recommended
using the equations that provide more conservative

withdrawal strength values for lag screws, wood
screws, and nails. As discussed earlier, in cases
where the CSA O86 approach was more conser-
vative, current withdrawal equations for sawn
timber and glulam were adopted. In other cases,
where the German equations resulted in lower
withdrawal resistances, an adjustment factor (Jx)
corresponding to the ratio of the German and the
CSA 086 design approach was applied to the CSA
086 withdrawal equations. Recent studies by
Abukari et al (2012) and Kennedy et al (2014)
have shown that Eq 31 is also applicable to STS,
which are beyond the scope of the current edition
of CSA 086.

Placement of Fasteners in CLT

The minimum spacing requirements for the fas-
teners installed in panel face of CLT are the same
as those given in CSA 086 for other wood
products. However, a new clause has been in-
troduced to provide requirements on the place-
ment of bolts and dowels installed in the panel
edge of CLTs (Fig 4). The same requirements are
given for lag screws as they are also installed with
predrilling. Spacing requirements for nails,
spikes, and wood screws in the panel edge of
CLTs are also provided. These requirements are
intended to limit splitting of wood and are based
on the recommendations of Uibel and Blaf
(2007) for dowel-type fasteners and European
technical approvals (eg ETA-11/0030).
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CLT CONNECTION IN THE UNITED STATES TIMBER
DESIGN STANDARD (NDS)

This section provides background on the design
provisions for dowel-type fastener connections in
CLT panels in the 2015 Edition of the National
Design Specification® (NDS®) for Wood Con-
struction (AWC 2015). The design of dowel-type
fastener connections in CLT panels, in accor-
dance with the NDS, follows basic design
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Comparison of factored withdrawal resistance using (a) Eq 31 and (b) Eq 30 vs test results (from Kennedy et al

requirements applicable to connection design
using solid sawn lumber with additional pro-
visions to account for the effect of crossing layers
in the panel make-up. Connection design values
are obtained using the existing design for-
mula and adjustment factors in the NDS. Uni-
que aspects of CLT panels from a connection
design perspective are the presence of alternat-
ing direction of wood grain through the panel
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Figure 4. Placement of fasteners in panel edge of cross-laminated timber.
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cross-section and the presence of side and end
grain at the panel edges. New NDS criteria for
fastener spacing, edge, and end distance address
fastener placement in CLT panel edges.

Lateral Resistance of Connections with CLT

Bolts, dowels, lag screws, nails, spikes, and
wood screws. NDS yield mode equations are
applicable for the design of dowel type fasteners
in CLT panels. Calculation of design lateral ca-
pacity follows criteria in the NDS for sawn
lumber with additional criteria to address the
presence of crossing layers for fasteners installed
in the panel face and panel edge.

For dowels with diameter D > 0.250 inch (typi-
cally bolts and lag screws) installed through the
panel face, dowel bearing strengths are based on
the direction of loading relative to wood grain
of the lamination at the shear plane. In addition,
where direction of loading at the shear plane is
parallel to the grain, the dowel bearing length used
in calculation is reduced by multiplying the
bearing length of laminations loaded perpendicular
to the grain (Fe_L ) by the ratio of perpendicular to
parallel to grain dowel bearing strength (Fel) (i.e.,
Fe L/Fell). For this case, the adjusted length ap-
proach provides exact calibration to the calculated
Mode 1 yield limit state accounting for varying
bearing strength over the full length of the dowel.
Where the direction of loading at the shear plane is
perpendicular to the grain, no adjustment in
bearing length is required and it is conservatively
assumed that the perpendicular to grain bearing
strength is present over the length of the fastener.

Where dowel type fasteners with diameter D >
0.250 inch are installed in the panel edge, the
dowel bearing strength is required to be taken as
Fe L. The required use of Fel conservatively
addresses presence of alternating side grain and
end grain in the panel edge. In addition, the
calculated reference lateral design value is re-
quired to be multiplied by the end grain factor,
Ce; = 0.67, based on the assumption that the
fastener is installed in the end grain and in con-
sideration of practical difficulty in ensuring

adequate edge distance within individual sawn
lumber laminations when installed into the side
grain of the panel edge.

For dowels with diameter D < 0.250 inch (typi-
cally nails and wood screws), dowel bearing
strength for sawn lumber is the same for loading
both parallel and perpendicular to grain and,
therefore, no special provision is needed to ac-
count for the effect of panel crossing layers. Where
the fasteners are installed in the panel edges, ad-
justment of the calculated reference lateral design
value by the end grain factor, C., = 0.67, applies
only to fasteners installed in the end grain.

Withdrawal Resistance of Connections in CLT

NDS withdrawal equations for sawn lumber are
generally applicable for fasteners installed
through the panel face. New NDS criteria address
the alternating presence of side grain and end
grain when fasteners are installed in CLT panel
edges.

For lag screws installed in the panel edges, the
end grain factor, C., = 0.75, adjustment of the
calculated reference withdrawal design value is
applicable regardless of the actual grain orien-
tation of the installed fastener. Although the C,,
factor is normally applied only to end grain ap-
plications in sawn lumber, application to all grain
orientations in CLT edges is intended to con-
servatively account for the mix of end grain and
side grain in the narrow face by assuming in-
stallation is in the end grain or that minimum edge
distance requirements in the side grain of indi-
vidual sawn lumber laminations are not met. The
conservative basis is recognized and possible
omission of the 0.75 factor is addressed in the
NDS Commentary for cases where installation
into the side grain of the panel edge, meeting
applicable fastener placement for individual sawn
lumber laminations, can be assured.

For wood screws and nails installed in the panel
edge, the design withdrawal strength is the same
as for sawn lumber. For example, there is no
withdrawal value for such fasteners installed in
the end-grain (ie end grain factor equal to zero,
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Ce = 0.0) and no reduction in withdrawal value
when installed in the side grain.

Placement of Fasteners in CLT

For dowels with diameter D > 0.250 inch, the
NDS includes specific end distance, edge dis-
tance, and spacing requirements for fasteners in
the CLT panel edge like those for sawn lumber.
The new fastener placement provisions are based
on overall CLT panel edge dimensions as op-
posed to being based on individual laminations
making up the CLT panel. For smaller diameter,
D < 0.250 inch, and for fasteners in the panel
face, the placement requirements are in accor-
dance with NDS requirements for fasteners in
other wood products.

Member Stress at Connections

Within the NDS, a general clause to check local
stresses in connections using multiple fasteners in
accordance with principles of engineering me-
chanics is applicable for wood products including
CLT panels. One method to check strength limit
states of tension rupture, row tear out, and group
tear-out in solid sawn lumber and glued laminated
timber wood members is described in the Ap-
pendix E of the NDS.

Other Fasteners

The design of timber rivets, split rings, and shear
plates in CLT panels is beyond the scope of the
NDS. Where such fasteners are used, they must
be demonstrated by analysis based on recognized
theory, full scale or prototype loading tests,
studies of model analogues, or extensive expe-
rience in use that the design will perform satis-
factorily in its intended end use.

CLT CONNECTIONS IN THE NEW ZEALAND TIMBER
DESIGN STANDARD

The New Zealand Building Code cites a series of
standards as part of the verification method for
design that meets its performance requirements of

structural integrity. The verification method for
the specific design of timber structures, NZS3603
(NZS3603:1993), does not currently recognize
CLT as a structural system. Therefore, the design
of CLT structures in New Zealand is considered
an alternative solution so that increased design
review is required. It will involve the appointment
of an independent peer reviewer checking key
assumptions and calculations.

In spite of this hurdle, quite a few CLT buildings
have been completed. Figure 5 shows a 5-story
CLT building currently under construction in
Dunedin, New Zealand. There is only one do-
mestic CLT supplier who manufactures CLT
panels mainly out of New Zealand grown radiata
pine.

In the absence of a design standard, consulting
engineers rely on a combination of international
literature and guidelines, and manufacturer test-
ing for the design of CLT structures.

New Zealand is a highly seismic country with
stringent expectations with regards to seismic
design. Connection design, therefore, tends to be
governed by the establishment of resistance to
lateral loading. In several regions, peak ground
accelerations can go higher than 0.3 g with
possible spectral accelerations of 1 g for short
period structures such as 2-3 story CLT buildings
(NZS1170.5:2005). To ensure an economically
viable structure, engineers often rely on ductility
and energy dissipation within the structural
system to reduce seismic forces.

The Design of Moment Connections

Dowel-type connections are also commonly used
in CLT design in New Zealand. Bolts, screws and
dowels are used to transfer forces between
members and to the foundation. Under seismic
loading these connections need to reply on in-
elastic fastener bending and wood crushing to
provide energy dissipation. If high levels of
ductility are required, failure mechanisms that
have dowel bending should be designed for.
Crushing only failure may lead to significant
connection stiffness degradation or loss where
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(b)
Figure 5. Otago polytechnic student village (photos by Sam Leslie).
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a connection will have no resistance in sub-
sequent cycles until the previous maximum dis-
placement demand has been reached. Capacity
design approach is also widely used by multi-
plying connection capacities by probability-based
overstrength factors to ensure that nonductile
elements remain elastic. Because of the lack of
sufficient information on overstrength of CLT
connections, engineers tend to use conservative
overstrength factors.

As mentioned previously, CLT is not considered
within the current New Zealand timber code.
Also, it is challenging to predict exactly the type of
failure mode for a given CLT connection configu-
ration. For this reason, engineering judgment in
combination with international design literature is
used when targeting high ductility levels.

Without a standardized method, design consid-
erations can differ between practicing engineers;
however, one example of wall lateral design
assuming seismic demand in governing is:

1. Calculation of wall lateral demand in accor-
dance with NZS1170.5 assuming a system
ductility (eg 3)

2. Single fastener capacity is calculated in ac-
cordance with Eurocode 5 (EN 1995-1-1
2004) with embedment strengths from Euro-
code 5 and characteristic densities taken from
literature for local materials (Franke and
Quenneville 2011). When applicable, fastener
strengths may be calculated with relevant
manufacturer’s literature (for example Euro-
pean Technical Approval or New Zealand—
based test results). Checks are performed to
ensure failure modes include at least one
plastic hinge within the fastener when the
ductility factors higher than 1.25 are required.

3. Rational analysis is used to ensure brittle
failure modes are avoided. Group tear out, for
example, is calculated using the net tensile
strength of the individual boards. Literature
specified fastener spacing are not necessarily
relied on to avoid brittle failure (Ottenhaus
et al 2016).

4. Maximum building deflections are calcu-
lated considering elastic contributions. Elastic

contributions may include shear and bending
of CLT panels and connection elastic de-
formations in shear or tension. These are then
multiplied by desired ductility levels to check
maximum building deformation limits.

The above-mentioned approach is also valid for
structures where wind loading is governing the
design. However, less stringent check on brittle
failure is needed.

The Design of Shear Connections

Panel-panel and panel-foundation shear con-
nections also represent a critical load path in the
lateral load resisting system of the structure.
Proprietary shear connections such as long STS
from Europe may be used; however, these are
often costly when considering the high seismic
load demand. In addition, the onsite screwing can
add significant onsite time to what would oth-
erwise be a quick installation process. Innovative
shear connections through precut castellation (as
shown in Fig 5) have also been used; however,
this requires additional machining time during the
manufacturing process and creates panel wastage.

Recent research results have indicated that the
friction between panels is sufficient to resist
lateral loading if the vertical force on the inter-
face can be calculated and guaranteed. However,
the vertical force from the mass of the structure
cannot always be guaranteed, especially in the
presence of significant vertical ground accel-
erations, as observed in the 2011 Canterbury
earthquake. The efficient transfer of shear down
the building and the understanding of the role of
friction still represent a research gap in New
Zealand CLT design.

CONCLUSIONS

This article presents various design approaches
for connections in CLT structures developed and
adopted in timber design standards worldwide.
It is expected that the design procedures will
evolve further once the CLT products become
more versatile and gain more popularity among
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designers and other stake holders. New genera-
tion of CLT and proprietary connection systems
facilitating the design and assembly of CLT
structures are being developed in Europe, North
America, and elsewhere, which could also be
adopted in future design standards and serve to
the advancement of CLT as a mainstream con-
struction material.
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