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ABSTRACT

This paper presents the results of an extensivergmental study on the short-term mechanical parémrce

of timber screw connections comprising differemtety of fasteners (inserted at 45° and 90° to thim)yand
different timber products (solid sawn timber, gllachinated timber, cross laminated timber and |ateid
veneer lumber) made from both softwood and hardwagmties. Fifty eight specimens laid out in fountee
arrangements were tested under quasi-static maoigotoading. The test configurations were meant to
reproduce connections used in timber-to-timber idylbbomposite structures for applications in botlhvne
constructions and retrofit interventions. Resultnparisons regarding connection stiffness, strergjttjc
ductility, residual strength and failure mode aresented and discussed. Additionally, the experiatetata
are used to check the extents of validity of emgsaanalytical approaches (mainly developed fovgodds) to
screw connections comprising hardwood elementstiPahaspects concerning screw insertion into\waatl

elements are also addressed within the paper.

KEYWORDS: Hybrid structures, hardwood, beech LVL, timber pasite floors, timber connections,

inclined screws.

1 INTRODUCTION

Several typologies of self-tapping screws (forimg@mber constructions) covering a wide varietystsfictural
applications have been developed over the pastiéwades and are currently available on the makt A
possible way to classify them can be to refer éoftistener threaded part. Three main classes dderdied,
namely partially threaded screws (also referraastsingle-threaded screws, ST), double threaded/s¢DT)
and fully-threaded screws (FT, also referred tallbthreaded screws). There are also screws thattoeatly
fit into either of these three categories, as theydesigned for special purposes like couplindpeimwith
other materials, such as concrete or steel. lrrasttb other connector types (e.g. lag screws)etis currently
no harmonized standard that establishes the reqeires for structural screws. Consequently, eatiedthree
classes (ST, DT and FT) includes fasteners thigrdifom each other for thread, head and tip gepm&he
mechanical properties are provided by the produgerthe product standards (e.g. European Technical
Assessment, ETA: [22], [23], [24] and [25]).
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It is evident that when such connectors are usembirfigurations that are not specifically descrilgdthe
product standards, their performance needs to dleia@ed experimentally [2]. Extrapolation of thesults
from other “similar” fastener types is inadvisalble|ess these extrapolations are proof-checkea$tyng.
For example, in Eurocode 5 [15] it is advised thatslip modulus of a timber-concrete connectidaken as
double the value of the modulus calculated by me#nthe formula given for a parallel timber-timber
connection. That is because an approach has nobeen developed specifically for timber-concrete
connections. Hence, in the status quo, these tHitbeer extended predictions are backed up by testhe

timber-concrete connections under consideration.

The present paper focuses on connection configmstihat are intended for use in the field of tiraize
timber composite structures where the fastenersheayserted at an angle to the grain other th&dra@@
may connect different timber products (e.g. sofidis timber with cross laminated timber) and/or elata
from different timber species (e.g. softwood eletaavith hardwood elements). Extensive details erteisted

configurations and the purposes they are desigmedvill be provided in section 2.

Structural solutions in which DT and FT screwslaesled in a combination of shear and tension arerbi;g
more common. Interesting studies into the mechapiedormance of such connections (softwood) can be
found in the literature ([3] and [4]), where forratibns to evaluate connection strength and stiffiaee also
proposed. However, to the best of the authorsectite knowledge there are no data available osc®dws
loaded in a shear-tension configuration, despitdl@ve evidence of applications showing advantdgesa

such use [5].

The optimization/specialization process that leadgidening of the timber fastener range also imesltimber
as a construction material. Wood based strucpraducts now include solid sawn timber, glued-|aatead
timber, laminated veneer lumber and cross-lamintiteloer. “New” wood species (such as poplar, oaichb
and beech) are being actively considered for siratpurposes by the construction industry (seg[féland

[8]) and will soon compete with the traditional (fmnstruction) softwood species (e.g. pine, spriaceh).

This will only be really possible once the performoa of mechanical connections realized with the=se n
products (often characterized by very high densdlues) has been thoroughly investigated and sound

analytical formulations to predict their behaviave been developed.

Studies including [9] — [12] have provided firskights that will help close the gap between thedlalility
of new engineered components in renewable matewnils high mechanical performance and the wide

application of these components in real constoagpirojects.

In the following sections of this paper, the omes of an extensive experimental campaign on sbort-
testing of timber screw-connections comprising spens realized with multiple combinations of timber
products, screw types and screw configurations beipresented. The specimens and tests arddisstibed,
following which interpretation of the results tdén connection properties on strength, stiffness durctility

will be presented. Finally, conclusions are drawn.
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2 CONNECTIONTESTS

2.1 TEST CONFIGURATION AND GEOMETRY
The experimental campaign was carried out at theréory of the Department of Civil, Environmenaaid
Mechanical Engineering (DICAM) of the University @fento and totalled 58 pushout tests covering 14
configurations. Different solutions were investightin order to characterise the mechanical behgviou
terms of stiffness, strength, static ductility amsidual strength of connections mainly designedtlie
realisation of timber-to-timber composite (TTC)dts. The significant parameters that describe ¢sted
samples, such as geometry, materials and jointigumation, are reported in Table 2-1. Note thathimi
specimens where the screws were inclined at 45¢r@ws were parallel to each other (not in adXration)
to enable exploitation of the beneficial orientataf the screws (shear-tension configuration). Aewn in
Figure 2-3, the double-shear specimen layouts dggdg the tests are those commonly employed ihquuis
tests and consist of a central timber element #drtky two side elements symmetrically disposedwiishe
specified hereinafter, for some tests an interl@&j@ment made of timber boards was added. Thigsepted
the situation where timber reinforcing elementsgsitioned on the existing flooring, a common fic&cin
retrofit interventions. Consistently with EN 1995L115], the samples were designed in order tochfasliures
strictly related to inadequate screw spacing asthdces from the edges.
Table 2-1 Test configurations
Test App. Central element Interlay Side elements Connections
ID n° Type t[mm] Type t [mm] Type Washer «
PA 4 N Beech LVL beam - CLT panel 57 R8.5x150 - 45°
PB 4 N Beech LVL beam - CLT panel 57 SI0x220 W+GC  45°
PC 4 N Beech LVL beam - Beech LVL panel 40 AgDx160 W+GC 45°
PD 5 N Beech LVL beam - Beech LVL panel 40 AS0x220 SW 45°
PE 5 N Beech LVL beam - Beech LVL panel 40 AgDx220 w 90°
PF 5 R Spruce Solid wood 20 Beech LVLonitsside 0 5| STa1l0x220 W+GC 45°
PG 2 R Spruce Solid wood 20 Beech LVLonitsside 0 5| STa 10x220 GC 45°
PH 3 R Spruce Solid wood 20 Beech LVLonitsside 0 5| DTa 8.5x190 - 45°
Pl 3 N Spruce Solid wood - CLT panel 57 D8.5x150 - 45°
PL 3 N Spruce Solid wood - CLT panel 57 SlM0x220 W+GC  45°
PM 5 R Spruce Solid wooq 20 CLT panel 57| gB802x190 - 45°
PN 5 R Spruce Solid wood 20 CLT panel 57 830x200 W+GC 45°
PO 5 R Spruce Solid wood 20 CLT panel 57 s 30x200 w 90°
PP 5 R Spruce Solid wood 20 CLT panel 57 s 3Ux200 - 90°
Note: n°: Number of repetitions App.: Application : New application
R: Retrofit application W: Washer ST: Single threchderew
GC: Groove cut SW: Special washer DT: Double theelascrew
Essentially, the aims of the experimental campaigme two-fold. The first goal was to investigate th
mechanical behaviour of connections specificallgigized for newly constructed high-performance TTC
floors. Hybrid solutions, that coupled the lighta@$ softwood elements (spruce cross laminatedganéth
the strength of hardwood components (beech laminataeer lumber beams/panels) by means of different
types of connectors (tests PA and PB), were cordpaith “more common” timber-to-timber solutions<te
Pl and PL). In addition, hardwood-hardwood confadions were studied (tests PC, PD and PE).

3



91
92
93
94
95
96
97
98
99

100

101
102
103
104
105
106
107
108

109

110

111
112
113
114

115
116
117

The second goal was to evaluate the performancerofections designed for retrofit solutions on tixxgs
timber floors. In order to reproduce realistic s@ws present in historical buildings, only solidad elements
made of spruce were used for the central parteo$plecimens (instead of using for example gluldmstated
earlier, timber boards were inserted between theaeand side elements to simulate an existingriity. As
regards the reinforcing elements (correspondiriggdateral elements of the samples), two diffesghitions
were adopted: softwood cross laminated panels (Bt PN, PO and PP) and beech LVL beams arranged o
their side (tests PF, PG and PH). The use of alstdmeam element with a reduced section insteadoahel
enables enhanced out-of-plane performance of tirdigghragms in case of large deformations or where

adjacent existing joists exhibit different levefssagging.

2.2 TIMBER ELEMENTS

Different timber products obtained from differemtlv softwood and hardwood species were employéukein
experimental campaign. For the central componsptsice solid wood graded as strength class C243ji9)]
beech laminated veneer lumber (LVL) of grade GLI&) were considered. Two types of panel were sedect
for the side elements: three-layer cross lamintielder (CLT) of 57 mm thickness [21] and beech Lo
cross layers) of 40 mm thickness [20]. In additimnsimulate a further retrofit solution, beech L¥eams
(GL70) arranged on their side were used. The mecakproperties and the density (from product

documentation and experimental data) of the variderments are reported in Table 2-2.

Table 2-2 Strength and stiffness properties fob&nmelements

Beech LVL Spruce Solid Beech LVL Spruce CLT

Element type and grading wood panel panel
GL70[18] C24 [19] [20] [21]
Bending: fn.k [MPa] 70 24 80 24
Tension: frok [MPa] 55 19.2 60 14
' froox  [MPa] 0.6 0.5 15 0.12
Compression: fecox  [MPa] 59.4 24 57.5 21
' feook  [MPa] 10.2 25 14 25
Shear: fuk [MPa] 4 3.5 8 3.3
Mean modulus: Egmean [MPa] 16700 11500 16800 12000
Density: Pmean  [Kg/m?] > 740 420 800 450-500
Density Pexperim..  [KQ/M?] 796 460 846 465
(experimental): CoV 0.7% 2.7% 0.5% 1.2%

From Table 2-2 it is possible to note that beech. Ipdnel has better mechanical properties than be¥th
GL70 (with the exception of compression paralletite grain) despite both being made of beech laeiha
veeners. Such difference is to be attributed, adtlpartly, to the different veneer thicknegsrimfor GL70

beams an@ mmfor LVL panels).

2.3 CONNECTORS
The fasteners employed in the experimental camp@dgure 2-1) belong to two macro groups: single (o
partially) threaded screws (®]22] and STE [23]) and double threaded screws @J24] and D [25])

4
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Figure 2-1 Screw types

The geometries of the ST screws were quite sirtolaach other, with a countersunk head and a wpidliriter
between the thread and the shank. The main differbatween SJyand ST fasteners lies in the shape of the

tip, with a pronounced cutter on the tip ofgST

As regards the DT connectors, the different diansd&: andDy,) and pitchest: andpr) of the two threaded
parts, are optimised to generate a pulling andrajosffect in the joint. D screws are characterised by a
clearly-distinguishable smooth part at the scred-lmangth (s) and a cylindrical head having a diamet@s)(
comparable wittDy, (Table 2-3). Differently, DI screws have a shorter central smooth dajt & bigger

head diamete}) and considerably larger pitchgs: @ndpr).

The dimensions (Figure 2-1) and the mechanical got@s provided by the relevant European Technical
Approval (ETA) are summarised in Table 2-3.

Table 2-3 Connector geometry and properties

Connector: S1[22] STg [23] DTa [24] DTg [25]
L [mm] | 220 160 200 190 150 190
Lu [mm] | 100 100 80 90 70 80
d:  [mm] | 6.3 6.3 6.4 5.3 5.3 5.4
Du [mm] | 10 10 10 8 8 8.2
pe. [mm] | 6.6 6.6 5.4 6 6 3.2
Ls [mm] | 120 60 120 5 5 30
ds [mm] | 7.2 7.2 7 5.6 5.6 6.3
Le  [mm] - - - 90 70 80
do  [mm] - - - 5.025 5.025 5.4
D [mm] - - - 8.5 8.5 8.9
P [mm] - - - 5.68 5.6 3
dv  [mm] | 185 185 18.25 12 12 10
Myx [Nm] | 36 36 36 20 20 19.5
fyx  [Mpa] | 600 600 600 900 900 870
Rensk  [kN] 26 26 31.4 18 18 28.6
fork  [Nm] | 45 45 40 23 23 25.9




133
134
135

136
137
138
139

140

141
142

143
144
145

146
147
148
149

150
151
152
153
154
155
156

157
158
159

160

WhereMy is the characteristic yield momefyl is the characteristic yield strengBsns kis the characteristic
tensile strength,fork is the characteristic torsional strength gpgl,q , is the characteristic strength of the

screw head.

As supplied by the producers, washers with diffegeometries were adopted. In particular, SGrews were
coupled with the washers shown in Figure 2-2-C)(apd STE screws with the washers reported in Figure
2-2-C (bottom). The first type of washers is chegased by a thin section with a countersunk botsomfiace,

while the second type has a squatter, more conspracture with a totally flat surface at the bottom

Figure 2-2 Washers and groove cuts

For the configurations where the single threadesvgswere inserted at an angig different from 90°, groove
cuts (GC, Figure 2-2-D) were prepared prior todhgembly of the samples in order to have a widetacb
area between the wood and the washer (Figure 2-2-E)

For timber-to-timber hybrid retrofit solutions (wiegesoftwood joists are coupled with hardwood raicifoy
elements), samples without washers were also tésteetify the necessity of using washers. Thisitaaithl
solution was considered bearing in mind that, beeani the high density of wood (see Table 2-2) utite
screw heads, failure is determined by thread wétvadi from the softwood element.

As previously mentioned, the washers for singledated screws that are available on the marketsaraly
designed for a 90° configuration. As an alternaseéution to the groove cuts, the use of washeth wi
modified geometry could facilitate the assemblyraiens. However, due to the lack of washers desigu
hoc for timber-to-timber joints with inclined screwspecial washers (SW, Figure 2-2-A and FigureB)-2
that are designed for steel-to-timber connectioasevemployed. As shown in Figure 2-2-B, a grooveras
nonetheless necessary due to the shape of therbstidace of the SW. As will be discussed heregmathe

design of an optimised washer could result in ttalete elimination of groove cuts.

Regarding the double threaded screws selectelddaests, the following remarks can be reported: &Fews
compared to Dd screws are characterised by a wider pitch for dagad, a shorter smooth part of the shank

and a larger diameter of the head (see FigurertifTable 2-3).



161 2.4 TEST SETUP AND INSTRUMENTS

162 Every test specimen was subjected to quasi-stabicotonic loading. According to EN 12512 [16], the
163 constant rate of slip was set equal to 0.05 mnvar{ge between 0.02 mm/s and 0.2 mm/s is recomrddnde
164 [16]). The setup was designed to allow maximumldsgment values up to 100 mm. Although a slip liofit
165 30 mm is considered as ultimate condition by [1djere possible, the specimens were pushed up ito the
166 actual failure limit state in order to evaluate thsidual capacity also for high values of disphaent.

167 The load, introduced by a universal testing mackliigure 2-3) through a hydraulic actuator, was itooad
168  with a 1000 kN load cell (the values of maximuncks range in the field 80 — 360 kN). Two lineariaale
169 differential transformer transducers (LVDTSs) werapboyed (sensitivity of 2 mV/V) to measure the slip
170 between the central and side elements. A furthdwdtive transducer was introduced to provide adtive
171 measures of the total vertical displacement. Eoending was done continuously with a frequency odit2

172  Hz via a multi-channel data recording device.

a=45° a=90° <T% —— Load cell: Force D A [ '| |
(e
i [ e
W \a1 &~ K . oS
‘ a ‘ -4 LVDT: R Slip N -
I a Vai | LVDT: L Slip = | | ‘
' o ‘ ’ v vl
"~ || LvDT: Dispacement
t;
120 240
i ts
g\ a1>7d *
~ a2 2 4d
D ¥ 4
- )% a2c624d
L J a1,CG 2 10d
S Y
o ©
3 ay |8, oo Central element
Interlayer * According to EN 1995:2014 or the relevant
i Side element European Technical Approval (ETA)
173 Figure 2-3 Specimen geometry and test setup

174
175 2.5 ESTIMATION OF CONNECTION MECHANICAL PARAMETERS

176 The standards adopted as reference for the evatuaitithe connection performance parameters (yieidt,
177 secant stiffness, ultimate conditions and statititity) were EN 12512 [16] and EN 26891 [17].

178 The slip modulus of the connections (corresponding to the slip naglser provided by EN 1995-1-1 [15])

179 can be calculated by means of the following equdtld]:

K = 0.4 Fyax — 0.1 F oy )
* Vo4 — Vo1

180 wherevp1 andvpsare the connection slips (evaluated for each sg@gircorresponding to loading equal to
181 0.1F maxand 0.4F maxrespectivelyF maxis the mean value of the maximum force valdess, registered for
7



182
183
184
185
186
187
188

189

190
191

192
193
194

195

196

197
198
199

200
201
202

all test repetitions associated with each confioina/consistently with EN 26891 [17], excludingwes that
deviated by more than 20% from the mean). For éasthF max, IS equal to the actual maximum loBgax r
when the corresponding slip value was less thamrb5otherwise the load corresponding to a 15 mpFsh
was used [17].

According to [16], the yield poin&|, v) is determined as shown in Figure 2-4. In paricutase A refers to
a load-slip curve with two well-defined linear gartvhile case B refers to a curve with a pronourncad

linear behaviour. Case C is added to represerstwesi a linear-elastic behaviour up to the maxiniaad.

case A case B case C

i“ tgp =1/6tga
04F T

max

0.1 Fimax

Figure 2-4 Definition of yield point for a load{gli(F-v) curve

The ultimate slipv, corresponds to the first of the following condiso failure of the specimen, slip at 0.8
timesFmax,r0N the descending branch and a slip value of 3q6in The ductilityD is calculated as the ratio

between ultimate slip and yield slip according16][

2.6 EXPERIMENTAL RESULTS

In Figure 2-5 the experimental results from eaafifigoration tested are plotted in terms of conret8hear
force (per single fastener) versus slip (averaggeviaom both specimen sides). The red curve iih eégram

represents the mean curve of all measured forpeestives.

Consistently with section 2.5, the connection pnfince parameters (maximum load, slip modulusdyiel
point and ductility) that were derived from thettdata, are also reported in Figure 2-5. For epanameter,

the coefficient of variationGoV), is given.



203

204

=~
= O

12

Shear Force - F [kN]

58 & 3

(== )]

wm o

Shear Force - F [kN]

= NN W W
o (%3]

(== )]

BEHSEH

=
o w

Shear Force - F [kN]
(=]
(=]

0 10 20 30 40 50 60
Slip - v [mm)]
Test PA Mean CoV
Fmax,R [kN] 16.35 4.5%
Ks [N/mm] 13234 3.4%
Fy [KN] 12.98 4.8%
Vy [mm] 0.91 9.2%
D 8.53 14.8%
PC-1
i A e PC-2
T N/ '_.‘\\\\_ ----PC3
: 17/ oA NN, —-— P4
i ';' ," ‘.‘ \‘\_ PC-mean
_ ‘f”’ ‘\\ ] ".
¥4 ER R T -
- J 1 -.’ :
4 _;'
0 5 10 15 20 25 30
Slip - v [mm)]
Test PC Mean CoV
Fmax,R [kN] 44.95 5.0%
Ks [N/mm] 4924 7.3%
Fy [kN] 42.86 8.2%
Vy [mm] 8.20 6.7%
D - -
PE-1
R — . - PE-2
. P | ----PE3
| e : —-— PE4
7 = "‘--.\-\\ —--—PES
7 Y/ N PE-mean
)
] '
0 20 40 60 80
Slip - v [mm)]
Test PE Mean CoV
Fmax,r [KN] 35.03 6.8%
Ks [N/mm] 3035 13.6%
Fy [kN] 12.38 7.8%
Vy [mm] 4.12 9.1%
D 7.35 8.9%

Shear Force - F [kN]

Shear Force - F [kN]

Shear Force - F [kN]

95
(=]

PB-1
------- PB-2
2 7 ----PB3
—.— PB4
20 1 =< PB-mean
15
10 - Y
A
1
5 1 \
O T T T T T
0 10 20 30 40 50
Slip - v [mm)]
Test PB Mean CoV
Fmax,R [kN] 25.34 1.1%
Ks [N/mm] 5369 23.8%
Fy [kN] 16.13 8.1%
Vy [mm] 3.26 29.0%
D 7.76 19.1%
45
= .- PD-1
T R PD-2
35 ,ﬂ'/ e -=-=-=-PD3
) —.— PD-4
204 w7 s s3—iPD5
25 g PD-mean
20 A I‘.
154 47 y
10 -
S -
0 T T T
0 10 20 30 40
Slip - v [mm]
Test PD Mean CoV
FmaxR [kN] 38.91 3.9%
Ks  [N/mm] 4192 17.9%
Fy [kN] 20.46 17.0%
Vy [mm] 454 24.2%
D 5.33 17.3%

0 10 20 30 40 50
Slip - v [mm]
Test PF Mean CoV
Fmax,r [kN] 11.13 7.6%
Ks [N/mm] 3332 16.7%
Fy [kN] 9.36 6.6%
Vy [mm] 291 22.7%
D 4.09 18.5%




205

Shear Force - F [kN]

Shear Force - F [kN]

O = MW s~ WD

Shear Force - F [kN]

[ary
%]

=
]

oo

=
]

12

10

oo

PG-1

10 20 30 40 50
Slip - v [mm)]

Test PG Mean CoV
Fmax,R [kN] 10.45 2.2%
Ks [N/mm] 4472 14.9%
Fy [KN] 9.01 2.6%
Vy [mm] 1.93 12.8%
D 4.85 5.1%

10 20 30 40
Slip - v [mm)]

Test Pl Mean CoV
Fmax,r [kN] 8.00 7.8%
Ks [N/mm] 9773 12.8%

Fy [kN] 8.00 7.8%

Vy [mm] 1.36 13.0%

D 4.74 14.4%
PM-1
P PM-2
i ---- PM-3
—-—-PM4
— - — PM5

PM-mean

10 20 30 40 50 60

Slip - v [mm)]
Test PM Mean CoV
Fmax,r [KN] 9.06 10.0%
Ks [N/mm] 7835 28.4%
Fy [kN] 9.06 10.0%
Vy [mm] 1.86 27.5%
D 1.96 11.0%

10

Shear Force - F [kN]

[kN]

Shear Force - F

Shear Force - F [kN]

[ary
%]

=
]

= e
o N & O

O N OB O

= e
o N & O

O N OB O

PH-1
| Lo Tmemees PH-2
= --—-- PH3
h PH-mean
"'“‘A
- )
0 10 20 30
Slip - v [mm)]
Test PH Mean CoV
Fmax,r [kN] 9.83 10.1%
Ks [N/mm] 13468 20.6%
Fy [kN] 8.59 6.2%
Vy [mm] 0.66 12.5%
D 27.01 24.1%
PL-1
o A N —— PL-2
i N --=--PL3
* . PL-mean
1 3 \ .‘\“
t . K
n ) - - "'-._-“‘
_ !’ Bl : -:
0 10 20 30 40
Slip - v [mm)]
Test PL Mean CoV
Fmax,r [kN] 13.75 5.7%
Ks [N/mm] 3744 20.3%
Fy [kN] 12.59 3.4%
Vy [mm] 3.45 23.3%
D 3.45 32.1%
PN-1
4 mmemees PN-2
--—- PN3
] — . — PN4
: — -+ —PN5
PN-mean
0 10 20 30 40 50
Slip - v [mm)]
Test PN Mean CoV
Fmax,r [kN] 12.37 8.0%
Ks [N/mm] 5700 12.4%
Fy [kN] 8.90 12.3%
Vy [mm] 1.68 23.6%
D 12.02 34.3%




14 12
12 A 10 - .
= = P
§10 : R i g | G T N
R ' =
3 8 6
5 6 - PO-1 kS PP-1
T - PO-2 a4 £ - PP-2
g 4 ---- P03 ] ----PP3
& — . —.PO4 3, — . —.PP4
2 —--— P05 —--—PP5
O T T T T Il:)C)_rrlearl O T T T T Pp_mean
0 20 40 60 80 100 0 20 40 60 80 100
Slip - v [mm)] Slip - v [mm)]
Test PO Mean CoV Test PP Mean CoV
Fmax,R [kN] 11.41 8.5% Fmax,R [kN] 9.22 3.0%
Ks [N/mm] 749 22.6% Ks [N/mm] 616 11.8%
Fy [kN] 4.02 9.3% Fy [kN] 4.91 3.5%
Vy [mm] 4.94 13.8% Vy [mm] 7.57 16.6%
D 6.19 13.1% D 4.07 15.8%
206 Figure 2-5 Experimental results

207  For the sake of comparison, all the experimentllte in terms of maximum loaé{ax,9 and slip modulus
208 (Ks), are summarised in Figure 2-6. As will be bettescribed in the comparison paragraphs (see s&jtion
209 DT screws generally exhibited higher values ofrstiés than ST screws, while joints realized witidheod
210 (especially those where the central element is mbardwood) resulted in higher connection cayaatues

211 when compared to joints where softwood was used.
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212 ] 1]
213 Figure 2-6 Experimental results in terms of maximoead and slip modulus

214
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2.7 COMPARISON BETWEEN EXPERIMENTAL RESULTSAND THEORETICAL MODELS
In this section, the experimental results in teahhsonnection capacity and slip modulus are contbtrdhe

values predicted by means of theoretical modeldadla in literature.

The characteristic load-bearing capacify,{,  ») Of dowel type connectors subjected to shear f@pdi
(a=90°) can be calculated by using the theoreticalehmcluded in the EN 1995-1-1 [15], which is bhsa
Johansen theory [14]. For fasteners inserted anateo with respect to the shear plane@f <90°), a
theoretical model for the estimation of the coniectapacity was proposed by Bejtka and Blaf3 inl{8ihis
model, the ultimate load of the joints is related anly to the bending strength of the connectors the
embedment strength of the wood elements as in fili]also to the axial capacity of the fasteneis tae
friction forces between the timber elements. Tliedint failure modes expected for the configuratiashere

0°< 0. <90°, are illustrated in Figure 2-7.

Vv VA VA VA

\% x|

4
P ~, 2@\% ;},@ S,
NP X

N

X TN
A A T S\ %

(a) (b) (c) (d) (e)

VA

‘/\

(f)
Figure 2-7 Failure modes for inclined fasteners

The theory proposed by Bejtka and Blaf3 in [3] wadiad adopting the following assumption: for thosedes
where the failure mechanism is mainly governed h®y dtrength properties of just one of the two timbe
elements (i.e. modes b, d, § the axial capacity of the fastener was calcdlateconsidering only the screw-
portion within the “actively involved element”. Merdetails on the equations and the parameterstosed

calculate the theoretical load-bearing capacitypaogided in the Annex A to the document.

Sensitivity analysis showed negligible sensitivafythe predicted capacity values to small variegi@ -
10%) in timber density and screw yield moment, catifgle with observed differences between the

experimentally measured parameters and the vatogglpd by product certificates.

By applying the aforementioned theoretical approabharacteristic values (5% percentile) of the emtion
strength were determine@(ax ). The characteristic values of the experimentaldystrength (fxexp) and
maximum capacity (fxkex), were determined in accordance with Annex D of E990 [26]. The values
reported in Figure 2-8 were determined under thleviing hypotheses: log-normal distribution of thata
and coefficient of variation not known from priandwledge. In cases where the coefficient of variais not
known from prior knowledge, a minimum number ofethispecimens should be adopted in order to identify
the reference log-normal distribution [26]. It i©oh mentioning that due to malfunctioning of thatad
acquisition system, it was not possible to recbhedresults from specimen PG-3 and that means tiyatwo

test repetitions were available for PG test typengequently, for comparison purpose, the log-normal
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distribution was determined nonetheless, by adgptie characteristic fractile factor provided b][2or
three-specimen samples. A comparison between #dukgbed values and the experimental results isrtego

in Figure 2-8.
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Failure mode according to the theoretical models I:l Softwood |:| Hardwood

Figure 2-8 Comparison between the experimentatlamaretical results in terms of capacity

A significant underestimation of the load carryoapacity can be observed when the central elersenade
of hardwood. It is worth noting that the formulatsoavailable in literature for determining the inparameter
required by the theoretical model (e.g. embedmgength, screw withdrawal capacity, screw head-pull
through resistance), have been calibrated on wpedias characterized by density values not excgeaho
kg/me. Consequently, further studies are highly recondaenin order to improve the calibration of the

theoretical model.

The theoretical slip modulu& (. .,) was calculated by using the formulation propdsgdomasi et al. [4].
For fastener-to-sheaplane angles ranging between<0% <90°, the slip modulus was determined by
considering contributions from both the axial stydulus and the lateral slip modulus. For DT scretws
axial slip modulus was calculated considering thlt-qut of the both threaded parts of the connef3dai.

Otherwise, when ST screws were adopted, the aXifaless was evaluated considering the simultaneols
13
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out of the threaded part and the head penetratidimei lateral timber element. In determining therk slip
modulus, the deformation contribution from both lign elements forming the connection was taken into
account by adopting the analogy of two springseaddn series (three springs when an interlayerprasent).
The equations and the parameters used to cal¢hatbeoretical slip modulus are provided in thexénB.

In Figure 2-9, the comparison between the expetiahemd theoretical results in terms of slip modgus

reported.
14000 —
] M Kser,th
12000
O Kser,exp
10000 -
= 8000 o
=
< 6000
4000
2000 H I I I
0 II‘I I_D_
P-A P-B P-C P-D P-E P-F P-G P-H P-I P-L P-M P-N P-O P-P
C.element
S. element
Screw DT, ST, ST, ST, ST, ST, ST, DT, DT, ST, DTy STg STz STg
a 45°  45° 45° 45° 90° 45° 45° 45° 45° 45° 45° 45° 90° 90°

Keersn NNMmm] 3889 4179 6053 6053 7830 3501 2145 2776 3293 3708 5862 2787 1484 1484
Kserep N/MmM] 13234 5369 4924 4192 3035 3332 4472 13468 9773 3744 7835 5700 749 616

|:| Softwood |:| Hardwood

Figure 2-9 Comparison between the experimentaklaearetical results in terms of slip modulus

Regardless of the screw-type used, the above nmedtitheoretical approach (detail described in ArBex
resulted in an underestimation of the slip modulasonly for hybrid hardwood-softwood specimenshwit
inclined screws (tests PA, PB, PF, PG and PH)alsat for softwood-softwood specimens (tests PI,HMN,
and PN). This difference appeared as more pronauncie configurations where DT screws were adhpte
This was partly attributed to uncertainties asdediavith the axial stiffness related to the pult-of the
threaded part of screws and the influences of pldlihg and closing effect” generated by the diigtrthread
pitch between the front thread and rear threadhEustudy aimed at providing better estimationthefaxial

stiffness values is therefore strongly recommended.

For specimens made exclusively from hardwood (#€tsPD and PE), a general overestimation of tipe sl
modulus is clearly noticeable, evidencing an exgebs strong sensitivity of the formulations curtign

available to variations in timber density values.
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3 EXPERIMENTAL RESULT COMPARISON

3.1 COMPARISON PARAMETER: SCREW CONFIGURATION

As already mentioned in the introduction of thip@a studies into the influence of the fastenelination on
the mechanical behaviour of screw connections,aisiheas regards softwood-softwood joints conngdte
double threaded screws [4] and all-threaded scf8lvare available in literature. In the followintpe results
from the present test specimens with single thiadeaws arranged in different configurations (4Shear
tension and 90°) are discussed. In particulars f€tand PE (red curves) were made of hardwood @oamps,
while tests PN, PO and PP (black curves) were nodd®ftwood with the interlayer previously descdbe
(Figure 3-1).

45 | — — — PE(ST_A90°+ W) -
PC(ST_A 45°+ W) Test (connection) xR [KN] Ks [N/mm]

- - -~ PO(ST_B90°+W) e PE (ST 90°+ W) 35.03 3035
PN (ST_B 45°+ W)
,,,,,,,,,,,,, PP (ST_B 90°) o PC (ST 45°+ W) 44.95 +28% 4924 +62%
e PO (ST 90°+ W) 11.41 749
e PN (SE 45°+ W) 1237  +8% 5700  +661%
e PP (ST 90°) 9.22 616

_________

O 1 i T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 ﬁ H:I:[|:|
Slip - v [mm)]

Figure 3-1 Comparisons in terms of screw configarest

Not surprisingly, significantly higher values ofpegeity were registered for the specimens wheraandwood

was employed.

Table 3-1 Failure modes

Test Failure mode
e PE (S& 90°+ W)  Splitting on the side elementith formation of one plastic hinge in the screw
e PC (STh 45°+ W) Tensile failure of the screw shank
e PO (SB90°+ W) Thread withdrawal with formation of two plastic gis in the screw (rope effect)
e PN (ST 45°+ W) Thread withdrawal
e PP (SE90°) Head penetration with formation of one plastic leimg the screw (no rope effect)

As reported in Table 3-1, four different types afldre were observed. In particular, the PC testsew
characterised by the tensile failure of the screank without significant extraction of the threagbedit, while
for test PN, due to the lower density of softwoibed, failure was related to the thread withdrawal régards
the 90° configurations (Figure 3-2), the maximumdadn specimen PE was followed by splitting in side
elements with formation of a plastic hinge in tlseesv shank. In this case, the washer deformatiahtiag
high density of the panel have hindered the foromatif the second plastic hinge close to the scremdh
Conversely, two clearly-defined plastic hinges welbserved in specimen PO. As shown in Figure 3, t
washer reached the pull-through capacity remaipiagar to the panel surface. The absence of theexas

specimen PP allowed the head penetration, theretiging the formation of the second plastic hings.
15
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already observed in other tests [27], the impath@fope effect on the mechanical behaviour oftmmection

is highlighted by comparing specimens PO and PRadt the washer presence in specimen PO pernidgted
engage the screw withdrawal resistance, resultirgiincrease of + 24% in bearing capacity. Intaidithe
use of washers enabled an increase of the compmne&sice generated by the single threaded screws. A
friction between the timber elements is directlggmrtional to the force perpendicular to the irded, a larger
slip modulus (+ 22%) was registered for tests P{th(washers) compared to tests PP (without washers)

Lim— 3 5

: & : = ] ) o rie

1 iy \ L

1 1 i /7

e S // Interlaye]
Test PP i 4

HBS 10x200 |90°| 2+2

| TESTP-P

' ‘ N
TestPE G ¢ Test PO

Figure 3-2 Details of 90° test configuration spesns

Unexpectedly, the slip moduli for the ST screwg®i configurations seemed not to be positivelyiaficed

by an increase in the timber density. Actuallyiir&ss reduction of - 16% was observed when géioam
test PN (lower density) to test PC (higher densitgkpite the Sscrews in PN had shorter thread length than
the STA screws in PC (while similar screw head diar). Nonetheless, all 45° configurations (forhbot
hardwood and softwood) showed higher stiffnessesthan the 90° configurations where the slip masgul
appeared to be highly influenced by the embedntesgth of the timber elements and consequentithby
material density (test PO compared to test PE).

3.2 COMPARISON PARAMETER: TIMBER PRODUCT COMBINATION (HYBRID
SOLUTIONS)

In this section, the results from hybrid solutioffeardwood-softwood) will be discussed. As already
mentioned, tests PF, PG and PH were realised &r twdnvestigate the performance of connectiosigded

for retrofit solutions of existing timber floors éitherefore an interlayer of wooden boards wagteddFigure
3-3).

As observed before, independently from the timberdpct arrangement, DT screws exhibited a higher

stiffness, despite the smaller diameters of DT ectors (Table 2-3) with respect to the ST screvepsatl.
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(=]

Test (connection) xR [KN] Ks [N/mm]

PB(ST_A+W)

95 | — — — PA(DT_A) e PB (STh 45°+ W) 25.34 +55% 5369
- PF(ST_A+W) e PA (DTa 45°) 16.35 13234  +146%
<0 ] - ——- PH(DT_A) -
P S, PG (ST_A) o PF (ST 45°+ W) 11.13 +13% 3332
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Figure 3-3 Comparisons in terms of timber hybridfegurations

When different types of timber elements are coupteel mechanical behaviour of the connection isgaly
governed by the component with the lowest densitye;, especially regarding the failure mode. If side
element is made of hardwood (black curves), failaretrictly related to the thread withdrawal witithe
central element. Therefore, the maximum load dependhe geometry of the threaded part of the atione
used. In this case, the resistance increase oPtestith respect to test PH (+ 13%) is comparabléhe
increase in the thread length (+ 11%), despitdabthat the profiles (external diameters andha#) of the
threaded parts of the two types of connectorsldferent. It is reasonable that the direct linpesportion
between withdrawal capacity and embedment lengthedthreaded part in softwood [30] is reflectectiy

whole resistance of the connection.

Another consequence of using hardwood side elenasmtt ST screws is that the removal of the wasést (
PG compared to test PF) does not significantlycaffee maximum capacity (- 6%); on the contrary, an
increase in terms of slip modulus was observedi)3 This might be explained by the difficulty insiring
even contact between the bottom part of the waghgure 2-2-C-up) and the surface of the hardwadd s

element.

As regards tests PB and PA (red curves), an inengathe resistance was observed when comparest®o t
PF and PH. This was due to theaJWith washer) screws having a head pull-througtistance larger than
the thread pull-out resistance (when inserted $atiwood material) and DT screws having the reezat
withdrawal capacity higher (thanks to the head gmes) than the front-thread withdrawal capacitg. A
expected, the washer coupled with the groove cutlted in the highest value of strength, as showtebt
PB. Concerning DT screws (test PA), head pull-tglowas anticipated by the thread withdrawal in gige
element and this explain the similar values of slipdulus of tests PA and PH. Consequently, wheresitte
elements are made of softwood, a connection wittdgeerformance in terms of both stiffness and tasc

could be obtained by increasingaf DTa screws (Table 2-3).
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3.3 COMPARISON PARAMETER: SCREW TYPOLOGY (ST & DT)

The performance of softwood-softwood specimensnalskeal with different types of screws (all inclinatla

45° angle to the grain), is compared in Figure Bde to the high pull-through resistance of theheas, both
specimens employing ST screws (solid lines) failed to thread withdrawal. Also the DT specimensiied

lines) failed due to thread withdrawal in the cahtdement (because of the higher capacity oféhethreaded
part due to the head presence) but with maximuraggpvalues that are significantly lower than tadues

obtained from ST screws, owing to the differenescgeometry (i.e. thread length and screw diameter)

— PL(ST_A)

14 — — —PI(DT_A) Test (connection) xR [KN] Ks [N/mm]
Z 12 1 PN (ST_B) e PL (STa 45°) 13.75  +72% 3744
=, -=-=-- PM|(DT_B)
=10 1 o PI (DTa 45°) 8.00 9773 +161%
8 84 gk, e PN (SE 45 1237  +37% 5700
S el T~ e PM (DTs 45°) 9.06 7835  +37%
© el T~
@ il e _"_-u - -
541 TR STo=a

2 | -

O T T T T T

0 5 10 15 20 25 30

Slip - v [mm)]

Figure 3-4 Comparisons in terms of screw types

Despite the different geometry of the connectoiguife 2-1 and Table 2-3) and the presence of tieglayer,
specimens Pl and PM (dashed curves) showed a simdahanical behaviour with a failure mode strictly
related to the withdrawal capacity of the threagad inside the central element. Also in this casegported

in Table 3-2, the extended thread length o When compared with DiTscrews (+ 14%) resulted in a higher
maximum capacity (+ 13%).

Table 3-2 Characteristic axial withdrawal capaeitg head pull-trough capacity from ETg € 350 kg/mi)

Test Screw LImm]  Du[mm]  faxkas [N/Mm?]  Faxkas [KN]  Rnheadk[KN]
PI DTa (L=150) 70 8 10.73 6.01 -
PM DTg (L=190) 80 8.2 13.35 8.76 -
PL STa (L=220) 100 10 10.00 10.00 10.90
PN STe (L=200) 80 10 10.64 8.51 10.75

The capacity of connections made with DT screwsagimum when the two threads are evenly inserted in
the two timber elements, as the withdrawal rescgds directly related to the thread length [30jefiefore
for applications like TTC floors where the joistadathe slab have significantly different heightse t

connection capacity is limited by the height of tiénner element (i.e. the slab).

A possible solution to overcome this limit couldtbenave uneven fasteners where the reduced lefgtte

rear thread is balanced by an improved head puigtn capacity (e.g. by having connectors with hexds
18
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larger sizes). However, to better understand thecisf on the connection stiffness, further invedtan is

required.

3.4 COMPARISON PARAMETER: TIMBER PRODUCT ARRANGEMENT AND FAILURE
MODE

As visible from Figure 3-5, a wide range of capacitlues characterizes §Tscrews when different
configurations (types of washer or the arrangeroétite timber components) are considered. As shawed

Figure 3-6, this can be explained by analysingdifferent failure modes involved.

50

45 | PC(ST_A+W) . Fmax,R Ks -

o | o~ PD(ST_A+SW) Test (connection) kN]  [N/mm] Failure mode
Z 5 AT PB(ST_A+W) e PC (ST 45°+ W) 4495 4924  Tensile strength
230 . o PF(ST_A +W) R o
w30 ’,’ . - PL(ST_A+W) e PD (ST 45°+ SW) 38.91 4192 Splitting
S 25 b e PB (STa 45°+ W) 25.34 5369  Head pull-through
[=] “
c04 /2 PF (ST 45°+ W) 11.13 3332  Thread withdrawal
[1+] [}

_‘% 15 4 /g e PL (STa 45°+ W) 13.75 3744  Thread withdrawal

10 A 3/\

5 W/
O T T T T T T T
0 5 10 15 20 25 30 35 40
Slip - v [mm)]

Figure 3-5 Comparisons in terms of timber configioras and failure modes

The highest resistance registered (test PC) iseckta the tensile strength of the screw shanktifailure).
For the same timber configuration but replacingwulsher (W) and the groove cut with the specialheas
(SW), a decrease of resistance is observed. Ircéisis, at high stress levels (force exceeding \aimend 35
kN), the tooth on the bottom part of the speciadhe (Figure 2-2-A) started to act as a knife legdo failure
because of splitting in the side timber elements.akeady mentioned, the lower values of resistavere
obtained when the crisis involved the withdrawaglazity of the thread in the central element, indeleatly
of the type of side wooden element (tests PF andIPis worth mentioning that in case of failure/olving
thread withdrawal, the shape of the load-slip cdoveslip values below 10 mm reflects the typilkcald-slip
curve of axially loaded connectors [30]. An intediade value of maximum capacity was registereddest

PB, where pull-through failure of the washer wasesbed.
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Figure 3-6 Single threaded screw: failure modes

3.5 COMPARISON PARAMETERS: DUCTILITY AND RESIDUAL STRENGTH
The values of yield slipy(), ultimate slip Yu) and ductility D) for each configuration are reported in Figure

Thread withdrawal
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C.element
S. element
Screw pT, ST, ST, ST, ST, ST, ST, DT, DT, ST, DTy STy STg STg
Lecrew [MM] 150 220 160 220 220 220 220 190 150 220 190 200 200 200
a 45° 45° 45° 45° 90° 45° 45° 45° 45° 45° 45° 45° 90° 90°
Washer - W+GCW+GC SW W W+GC GC - - W+GC - W+GC W -
Interlayer - - - - - 20 20 20 - - 20 20 20 20
|:| Softwood |:| Hardwood

Figure 3-7 Experimental results in terms of yidig,aultimate slip and ductility

The definition of ductility, described as the rabietween ultimate slip, and slip at yields, reported in [16]

gives comparable results for different timber catioes only if the values of the yield slip are 8an As

visible in Figure 3-7, the influence of parametguish as the screw inclination relative to the sipéame, the
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composition of timber members and the type of ssr@a&d to high scattering of yield slip values. rEfiere,
a direct comparison between the ductility valuetsioled for all the tests might be misleading: fearaple,
test PH showed the highest ductility value but #vident that its ability to accommodate larg@ldisements

was far from being at the highest level.

The definition of an absolute ductility parametather than a relative one [29], such as difference v,
could better represent the “ductility concept” gr@mit to obtain comparable results for differeypes of
timber connections (screws, bolts, nails, etc). [&/khe determination of ultimate sl is substantially
unaffected by ambiguities, the evaluation of theld/slipvy is strongly dependent on the shape of the curve
[28].

The upper bound limit of 30 mm suggested by [16]the ultimate slipi, seems quite reasonable when the
referenced connection is designed to be part gparstatic system that most likely includes commbs ghat
are incompatible with such large deformations. Hmvein case of screws arranged in the shear amafiign

(o = 90°), this 30 mm limit has a significant impact thie ductility value that is calculated. In fadtetreal
ultimate slip of this type of connections largekceeds the limit (especially for softwood elemeiatsyl this
causes a significant underestimation of static iiiyctBy analysing the results of test PE (harddeo
hardwood), it can be noted that up to slip valuegeding the 30 mm threshold, no significant fosztction
was registered. In this case, a decrease of streggial to 20 % was observed for a mean slip validd.61
mm (Table 3-3), associated with a ductility equal1.80 (+ 61 % with respect to the value calcdlatgh an
ultimate slip of 30 mm). Higher values of ductilitguld be obtained for tests PO and PP (softwoditveod)

where the real ultimate displacements were nostexgid due to the set-up limitsX Vimax setup= 90 mm).

The post-peak behaviours of the connections aerithed in Table 3-3, where the mean slip valussaated
with a strength loss of 20, 30, 40 and 50 % apented. For statically indeterminate structureshsiata are
required to determine how the load redistribute®ragnthe connectors once they have reached thelr pea

capacity.

Table 3-3 Residual strength

VemaxR [mm] 34 171 111 163 331 68 53 71 14 57 19 109 47,6 70,6
Vosrmexr  IMM] 77 241 o 232 486 114 93 174 64 114 36 187 s :
Vorrmae  IMm] 157 207 2 251 £, 128 106 220 83 130 48 232 2 o
= £
Vosrmar  [MM] 218 338 & 268 £% 193 180 278 11,6 164 57 323 = >
= L L N N
Vosemxr  [mm] 36,6 39,6 9 281 3 ° 263 27,7 314 209 220 87 435 > >
Test PA PB PC PD PE PF PG PH Pl PL PM PN PO P-P
C.element
S. element
Screw pT, ST, ST, ST, ST, ST, ST, DT, DT, ST, DTy STz STy ST
Lecrew [mm] 150 220 160 220 220 220 220 190 150 220 190 200 200 200
a 45°  45° 45° 45° 90° 45° 45° 45° 45° 45° 45° 45° 90° 90°
Washer - W+GCW+GC SW W W+GC GC - - W+GC - W+GC W
Interlayer 20 20 20 - - 20 20 20 20

|:| Softwood |:| Hardwood
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From the comparison between tests Pl with testsiRidn be observed how the specimens having<€afews
are characterized by a more “gentle” post-peakgtreloss than the specimen realized withs B@rews. This
might be attributed to the shorter thread pitch fothpy and @) of DTs.

It must be highlighted that all the consideratiabsut ductility and residual strength are baseduasi-static
monotonic testing. Therefore, cyclic testing ishygrecommended in order to assess the behaviotiveof
connections under dynamic loading, especially wethard to dissipation capability.

4 CONSIDERATIONSON PRACTICAL ISSUES

In this section, a brief discussion on practicahsiderations, especially regarding screw insertidn
hardwood elements, is reported. According to [15]for all screws in hardwoods and for screws in sofids
with a diameter &> 6 mm, pre-drilling is required (the lead hole fibre threaded portion should have a
diameter of approximately 70 % of the shank diamete This of course increases the challenge when both
elements that have to be coupled require pilotshdl® avoid problem related to precision in oveplap,

both central element and side element were clanquggrther during pre-drilling operations.

The high temperature generated by friction duriagdivood predrilling can lead to problems on dritsp
especially if long pilot holes are required (Figdr&). Working with TTC floors where hundreds otdware
necessary, drills and drill-bits with high perfommea are recommended. As an example of a suitablegy
to tackle this challenge, during the experimentahpaign, grease was used for screw insertion ieezhp

LVL elements in order to reduce friction.

Figure 4-1 Practical issues: close up on brokeertrists, drill bits and on damaged bit-holes iregcheads

For the assembly of specimens with hardwood ceatemhents, an impact driver was used in lieu ahare
traditional” (torque) drill. This was done in orde&r avoid overheating of the equipment (favouredthmsy
particularly high torque level required to overcofrietion) and to ensure a better tightening effg&. to
maximize the compression force developed by sitiglkad connectors). Not rarely, the rupture ofitisert
drill bit occurred during the assembly phase (Fegdrl). Damage to the bit-hole inside the screvd iveas

also frequent.
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It was demonstrated (test PF and PG) that for 8wscand hardwood side elements the use of washeos
necessary to increase connection stiffness anstaase. Therefore, the dimensions of groove cutsbea

reduced or eliminated decreasing the time requdstgdint fabrication.

5 FINAL REMARKS

The results of an extensive experimental campangtinaber screw connections is presented. Variouber
products (i.e. softwood and hardwood in differeminis: solidwood, glulam, crosslam, laminated veneer
connected by different types of screw fastenereviadricated and tested. The most significant ougsocan

be summarized as follows:

= independently of the timber product arrangemeld®,screws exhibited higher stiffness than ST
screws, despite having a smaller diameter (Taldg 2-

» regarding the ST screws, the shear-tension loafibcwations ¢ = 45°) resulted in stiffer and stronger
connections when compared to the shear load camafign @ = 90°). For test arrangements with side
elements made of softwood, the use of ST screwswathers permitted to obtain significantly higher
values of capacity than those exhibited by DT serinsimilar configurations.”

* increases in both stiffness and maximum capacite wegistered for test configurations employing
hardwood (i.e. hardwood-hardwood and softwood-haatlywhen compared to traditional softwood-
softwood configuration. This was particularly netble when hardwood was used for the central
element because of the inhibition of the threadhdviawal from the hardwood element;

» hardwood-hardwood specimens with inclined ST sci@b8) under shear-tension loading, failed due
to tensile failure of the screw shank. The useadranector with a larger diameter could therefesal|
to an increase of the maximum capacity allowing fillé exploitation of hardwood mechanical
performance;

= Use of grease and an impact driver (instead afréfugtional torque drill) significantly facilitatesntry

of the screws into engineered hardwood structumadponents.
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NOTATIONS

The following symbols are used in this paper:

Fmaxr @actual maximum load reached during test [kN]

Vmax,R  CONNection slip corresponding to the actual maxmhoad reached during test [mm]
Fis load corresponding to a connection slip ofmis [kN]

F'max  mean maximum load according to EN 26891 [kN]

F' maxi maximum load of the th sample according to EN 26891 [kN]
Vo.1 connection slip corresponding to a load of .dax [mm]

Vo.4 connection slip corresponding to a load of .4 [mm]

Ks slip modulus according to EN 26891 [N/mm]

Kser  slip modulus according to EN 1995-1-1 [N/mm]

Kat lateral slip modulus (perpendicular to the screangh [N/mm]
Kax axial slip modulus (parallel to the screw shanklynim]

Fy yield load according to EN 12512 [kN]

Vy yield connection slip according to EN 12512 [mm]

Fu ultimate load according to EN 12512 [kN]

Vu ultimate connection slip according to EN 12512 [lmm
D ductility of connection
i friction coefficient for wood to wood surface
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ANNEX: FORMULASAND PARAMETERS FOR THEORETICAL VALUES CALCULATION
A: THEORETICAL LOAD-BEARING CAPACITY CALCULATION

The load-bearing capacity of the screws inserteoha@nglex with respect to the shear plane{@°<90°) and
subjected to shear-tension were calculated by adppite model proposed by Bejtka and BlalR in [3. A
mentioned in the chapter 2.7, the following assimnptvas introduced: for those modes where the riilu
mechanism is mainly governed by the strength ptseof just one of the two timber elements (i.edes a,
b, d, e, Figure 2-7), the axial capacity of thedasr was calculated by considering only the sqrertion
within the “actively involved element”. Hence, f@ilure modes a and d, the axial capacity is theimmum
between the tensile strength of the shank andehd/tvasher pull-through capacity (or the threadhimgsin
capacity when double threaded screws are concerfRedjnode b and e, the axial capacity is the munm

between the tensile strength of the shank anchtiead withdrawal capacity.

The characteristic load-carrying capadity,, , ., Was calculated as the minimum value obtained ftioen

following expression (see Figure 2-7):
Ry, =Rgxp1Cosa+ fpip°S1-dy-sina (A1)

Ry = Rgxr2CoSa+ fpop Sy dy sina (A2)

_ P fraksida(,  u 2 S2 S2 2 3 (32 2 —
RC - Rax,k (M sin & + cos (X) + (1 ) |:\/B + ZB [1 + S1 + (S1> ] + B (51)

1+B tana (A3)

—p(1+ j—j)]
Ry = Rgykq1 - (u-sina + cosa) +fh'12":—'sﬁl'dl(1 — taﬁa) [\/2,8(1 +B) +‘W];IZ;—.M;£?ZQ— ,8] (A4)
Re = Raxrz* (- sina + cos a) + f—h'i'f;;dz (1 - ta’; a) [\/Zﬁz(l +p) + 4[3-(1;}?[1?’1'.1\(;12,;:2:1'112(1 - ﬁ] (A5)
Rf = Rgxx - (u-sina + cosa) + (1 - taﬁa) \/%\/2 "My fork - dy - sina (AB)

Wherea is thefastener-to-shear plan@ngle; p is the friction coefficient for wood-tead surfaces assumed
as equal to 0.25; is the anchorage length of the screw insertedetgmentgd; is the effective diameter of
the screw part inserted into timber elemety, §,, for ST screws]1.1-d.,,, for DT screws),f, ; ; is the
characteristic embedment strength of the relativebar element; = fy,,x/fn1k: and M, is the
characteristic yield moment of the screw. In theesitwe of experimental dafd,, , was determined according
to the relevant technical approval (see Table 3), , is the axial resistance of the screw part inserted
the lateral timber element. For ST screwg, , ; was assumed as equal to the minimum value bettieen
characteristic head pull-through resistan®g.{4,) and the characteristic tensile strength of thevsc
(Rtensk). Otherwise, for DT screwsR,, ;1 was assumed as equal to the minimum value between
characteristic thread withdrawal resistanBeg,{..4 ) and the characteristic tensile strength of thewsc

(Reensk)- Raxk2 is the axial resistance of the screw part insdrtede central timber element, corresponding
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to the minimum value between the characteristieatiwithdrawal resistancR .44 1) and the characteristic

tensile strength of the screw,(, ). As regards equations (A3) and (AB), , = min{Rax,k’1 ; Rax,k,z}.

Every term in equations (Al) - (A6) was determiraxtording to the provisions contained in the reieva
product certificate ([22],[23],[24] and [25]). Whenissing, the formulations reported in the Eurocbd&5]

were used.

When considering connections comprising hardwoethehts, in the absence of specific indications fiimen
literature, the thread withdrawal capaci®;/f,eq.qx) and the head-pull through capaci®,f,q ) were
considered to be greater than the tensile stresfgthe screws to better represent the experiméetadviour

(e.g. brittle failure of the screw shank registere®-C test).
The results of the theoretical load-bearing capawtculation are summarized in Table A-1:

Table A-1 Theoretical load-bearing capacity caltata

P-A P-B P-C P-D P-E P-F P-G
Reri KN] 6,76 10,89 26,00 26,00 26,00 26,00 26,00
Raxks [KN] 18,00 26,00 26,00 26,00 26,00 10,00 10,00

faix INNMM? 15,01 15,22 25,66 25,66 44,90 25,66 25,66

faox INNMM? 25,43 24,88 24,88 24,88 43,54 14,76 14,76
M,, Nmm] 20000 36000 36000 36000 36000 36000 36000

Fonaxien [KN] 7,06 11,28 23,61 23,61 11,29 10,49 10,49
P-H P-I P-L P-M P-N P-O P-P
R [KN] 18,00 6,76 10,89 9,51 10,75 10,75 3,50
Ry k2 [KN] 8,18 6,36 10,00 8,76 8,51 9,36 9,36

faix INNMM? 25,30 15,01 15,22 14,94 15,25 26,69 26,69

fazx INNMM? 15,09 15,09 14,76 15,06 14,76 25,83 25,83
M,, Nmm] 20000 20000 36000 19500 35830 35830 35830

Fracien [KN] 8,32 6,50 10,32 8,73 8,98 5,97 4,50
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B: THEORETICAL SLIP MODULUS CALULATION

In order to evaluate the slip modulus of the cotinas where the screws were inserted at an angléh

respect to the shear plane{@<90°), the formulation proposed by Tomasi et al vi&p used:
Ksor = Kt - sina (sina — p - cosa) + K, - cosa (cosa — p - sina) (B1)

WhereK;,; andK,, are, respectively, the axial and lateral slip mioduthe screw connection and p is the

friction coefficient for wood to wood surfaces asmd as equal to 0.25.

The axial slip moduluk,, of the DT screws was calculated considering thrusaneous pull-out of the two
threaded parts of the connector as proposed byrkevaki [31]. By analogy with the behaviour of tsprings

placed in series, the axial slip modulus can beutated as followed:

1

K =
“ 1/Kax,1 + 1/Kax,Z (BZ)

The same equation was employed for the connectidrere ST screws were used. In this cdgg,,
corresponds to the axial stiffness due to the peaétration in the lateral timber akig, , is the axial stiffness

of the threaded part of the connector.

The axial stiffness related to the pull-out of theeaded part of screws was calculated as:

C
Koxi=c¢1- dic2 ) le},i (B3)

Where d is the outer thread diameter alyd is the penetration length of the threaded pad the timber

member. The coefficients;, ¢, and c; were assumed according to the relevant technipploaals
([22],[23],[24] and [25]).

Due to the lack of specific indications for evalogtthe axial slip modulus associated with the $&ch
penetration into the lateral timber member tentaéiguation (B4) was used:
K - m-d?-sina
T A tide (B4)
Where d;, is the diameter of the screw head (or diameteh@fvasher when adopted)angle between the
screw axis and the graity;;,. is the thickness of the lateral timber member Bné the modulus of elasticity
along directionx with respect to the grain. The criterion propokgdHankinson [32] was used:

_ Ey - Ego
Ey - sin?a + Eq - cos?a (BS)

Eq

The lateral slip moduluk;,; was evaluated by considering the deformation agwyin both timber elements

through the following relation:

1

K, ., =
“CT 1/ Kiger + 1/ Kiags (B6)
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601  WhereK,,., andK,,, , are the lateral slip moduli (perpendicular togheew shank) relative to the deformation

602 of the single timber components. The lateral siggulus was calculated as:

cs
Kt = 2 <pf;: C_6> (B7)

603  Which is consistent with the formulation recommethtg EN 1995-1-1 [15] for steel-to-timber and cater
604 to-timber connections (where the fastener part elade into the concrete is assumed as rigid). Wadgh
605 noting that in cases where the two timber compaant made from the same timber mateHal, (B6)

606 becomes equal téser[15]. The coefficients,, cs andcg, were assumed in accordance with Table 7.1 of [15].

607 For tests PF, PG, PH, PN, PO, PP and PP wherdatayrer made of timber boards was present, tleedat

608  slip modulusK;,; was evaluated by considering the deformation ielseparate contribution:

1
1/Kigr1 + 1/Kipe + 1/K 12 (B8)

Klat =

609 Where the lateral slip modulus relative to theiilatyer was calculated as:

des

Kine = p,c,f C_6 (B9)

610 The results of the theoretical slip modulus caltoleare summarized in Table B-1:

611 Table B-1 Theoretical slip modulus calculation

P-A P-B P-C P-D P-E P-F P-G

Ko [N'mm] 3253 3848 4987 4987 - 4574 2404

K INMm] 4948 4730 7830 7830 7830 1712 1712

K. [N'mm] 3889 4179 6053 6053 7830 3501 2145

P-H P-l P-L P-M P-N P-O P-P

Ko [N'mm] 3598 3253 3848 8536 3569 - -

Ko [N'mm] 1406 3359 3474 1405 1484 1484 1484

K., [N'mm] 2776 3293 3708 5862 2787 1484 1484
612
613
614
615
616
617
618
619
620
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